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Spin Polarization of Composite Fermions: Measurements of the Fermi Energy

. V. Kukushkin,-? K. v. Klitzing,! and K. Eber
'"Max-Planck-Institut fiir Festkdrperforschung, Heisenbergstrasse 1, 70569 Stuttgart, Germany
2Institute of Solid State Physics, RAS, Chernogolovka, 142432 Russia
(Received 30 November 1998

From the degree of circular polarization of the time-resolved radiative recombination of 2D electrons
with photoexcited holes bound to acceptors we have measured the magnetic field dependencies of the
electron spin polarization for various fractionat € 2/3, 3/5, 4/7, 2/5, 3/7, 4/9, 8/5, 4/3, and
7/5) and composite fermions/(= 1/2, 1/4, and3/2) states. The Fermi energies of these composite
fermion states are measured for the first time and the corresponding value of the composite fermion
density of states mass at= 1/2 is found to be about 4 times heavier than the previously reported
values of the “activation” mass. [S0031-9007(99)09059-6]

PACS numbers: 71.10.Pm, 73.40.Hm

The existence of unusual new quasiparticles, composit®llows from the above mentioned experiments, in which
fermions (CFs), assembled from several magnetic fluxhe CF wave vector was measured, that the system of CFs
gquanta and an electron, has been demonstrated in varioisscompletely spin polarized & = 10 T. This apparent
experiments on two-dimensional (2D) electron systems imliscrepancy was our main motivation to measure the
high magnetic fields [1-3]. These CFs were introducedpin polarization of CFs using a well-established optical
theoretically [4,5] to explain the fractional quantum Hall method [11].
effect (FQHE). According to this theory, at half filling of  In the present Letter we investigate the magnetic field
the Landau levely = 1/2), two flux quanta are attached dependence of the spin polarization of a 2D system in the
to an electron to form a CF, which moves in zero effec-v = 1/2, 3/2, and1/4 CF states. The CF Fermi ener-
tive magnetic field, since external field is compensated byies for each of those states have been determined from the
attached fluxes. The CF concentration is equal to that ofalue of the magnetic fiel@t,. at which a system of CFs be-
2D electrons and the system of these quasiparticles can lkemes completely spin polarize{" = E, atB = B,).
characterized by a Fermi wave vector and a Fermi energfthe CF density of states mass is found to be about 4
Any deviation of the magnetic field from exactly half fill- times heavier than the previously reported “activation”
ing of the Landau level results in the appearance of an efmass [2,10] and more close to the value obtained from the
fective magnetic field, which quantizes the CF motion andemperature dependence of CFs scattering [12]. Another
splits their energy into Landau levels. Every integer filling experimental task solved in the present Letter concerns the
of the CF Landau levels corresponds to a specific FQHEphase transitions between differently spin polarized ground
state. The recent experiments [6—8] not only supportedtates of the FQHE. Several spin transitions between un-
the validity of this theoretical concept but demonstratedpolarized, partly polarized, and fully polarized spin states,
also the semiclassical behavior of these strange quasipakhich are accompanied by threshold changes in the elec-
ticles. A well-defined Fermi wave vector was establishedron spin polarizationy,, are detected for the = 2/3,
[1,3], and its dependence on the CF concentration was e%/5, 4/7, 2/5, 3/7, 4/9, 8/5, 4/3, and7/5 FQHE states
perimentally determined [8]. and absolute values of, are determined for these partly

However, there exists an apparent inconsistency insidspin polarized FQHE ground states.
this simple picture, describing the FQHE in terms of CFs. We studied several low-density:[ = (0.36-2.4) X
In the case of normal 2D electrons, their Fermi energy iS0'! cm™2] and high-quality [electron mobilityu =
equal to the cyclotron gap at filling facter = 2. If this  (0.9-3) X 10° cm?/Vs] GaAs/Al,Ga,_,As single het-
holds for CFs, their Fermi energfis' , can be taken as erojunctions with as-doped monolayer of Be acceptors
the value of the energy gap measured for~ 1/3 (for  (ny = 2 X 10° cm™2) located in the widg1 um) GaAs
this state, the CF filling factor iscp = 1). Since for  buffer layer at a distance of 30 nm from the interface [13].
the magnetic field3 = 10 T this gap is typically 8—12 K In all samples a variation of 2D-electron concentration
[2,9], EFF can be estimated as 10 K (the same value can beas possible by the use of a top gate. For photoexcita-
also directly obtained from the published CF mags =~  tion, we used pulses from a tunable Ti-sapphire laser (the
0.6mg [2,10] atB = 10 T). Because of the small value of wavelength was close to 780 nm) with a duration of 20 ns,
the g factor of electrons in GaAs, the Zeeman enerBly)( a peak power ol0~4-10"2 W/cn?, and a frequency of
atB = 10 T is only about 3 K, which means that-" > 10*-10° Hz. Luminescence spectra were detected by a
Ez and, therefore, one may expect that the Fermi gas of CEatable photon counting system with a spectral resolution
is practically spin unpolarized & =~ 10 T. Incontrast,it of 0.03 meV. To analyze the circular polarization of
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the luminescence signal at low temperatures (down to V=2/3 -

300 mK), we used an optical fiber system with a quarter ~ = | B=z.26T $ "{"U

wave plate and a linear polarizer placed in liquid helium % ; (a)
just nearby the sample. Measurements were performedin 7z | “/“7'%° S NG o o)

the temperature range of 0.3—1.8 K. Other details of the m
experimental technique will be published elsewhere [14]. 1490 1495 1500

energy (meV)

The spin polarization of the ground state of the 2D-
electron system is defined by a competition between the
Zeeman and Coulomkk(l) energies. This was well es-
tablished both theoretically [15,16] and experimentally
[17-19] for the ground states of different FQHE states
in the extreme quantum limit. It was found that some
electronic states (such as= 1, 1/3, and1/5) are fully
spin polarized even for vanishing Zeeman energy, whereas
other fractional states show spin transitions from unpo-
larized to a fully (or partly) spin polarized state depend-
ing on the ratioEz/Ec [16]. In our previous work [11], FIG. 1. (a) Typical luminescence spectra measured irvthe
we demonstrated unambiguously that such spin transitiorgnd o * polarizations forv = 2/3, B =226 T, T = 0.75 K
can be directly detected from the degree of circular po@nd (b) calibration dependence [11] of the rafio//, on
larizationy, of time-resolved radiative recombination of tr}e::f%r% slg}nT iol;xgga(t;m:,o %tﬁ'peg /;Oféagz(;'(z
2D electrons with photoexcited holes bound to acceptorg ¢s k). 7_ and 1. are the integrated intensities of the
[y = (I- — I+)/(I- + I4), wherel_ andI; are inte- luminescence, measured in the~ and o* polarizations,
gral intensities of the luminescence measured indhe  respectively.
and o™ polarizations, respectively]. There are two inde-
pendent reasons for the luminescence to be circularly po-
larized. One reason is the spin polarization of the holé

system due to the Zeeman effect, which depends on tHgct one. The magnetic field dependence of the electron

magnetic field and the temperature of the photoexcite&pin pc_)larizationye(B) meas_ured for two Qifferent con-
holes (i.e., on the population of the different spin-splitcentrat'ons of 2D electrons is plotted in Fig. 2. It shows

levels). The other reason is the spin polarization of théronounced minima and maxima at several FQHE states.

2D electrons, which depends on filling factor, temperatureBOth Of the fundamental sequences of fractional states
and magnetic field. Itis possible to derive the contributionf’/ (27 *+ 1) (v =2/5,3/7, 4/9) andn/(2n — 1) (v =

of the holes to the circular polarization of the Iuminescence2/3’ 3/5,4/7) are present in these data. In addition, the
separately by investigating the emission from fully occu-

pied electron Landau levels (at= 2, 4, 6,... and also .

xtrapolation ofy.(T) to T — 0 was taken as the cor-

well below the Fermi surface), because in this case both v=1 %%% ég‘?}é jl_ % Ji_

spin up and down states of electrons are completely occu- 1.0 1 };‘“%% s

pied and the circular polarization of the luminescence is o 1 2R .

determined only by the spin polarization of the holes [11]. ] f‘ TR o

It has been demonstrated experimentally (and in agreement 51 : ’ %fé ‘;ﬂ{’ A@ . ¢’Y

with calculations [11]), that the spin polarization of the ¢ ww"ﬁgf“"w&a

hole system is defined by the ratiky T, so that it can be ] (@) poh o7 B (1) 12

excluded from the polarization of the luminescence for a 0.03 P 4 6

fixed value of B/T and a direct correspondence between s 545 1 543 2

v, andvy, can be established. v=1 3579 21197 5
Typical luminescence spectra, recorded for bothand 1.0 fwb‘ F ";'bo :

o* polarizations and the calibration curves, obtained for © I I a N

different temperatures for a given magnetic field are shown < S 3p28s fﬁff“ Y

in Fig. 1. For a fixed value oB/T, the spin polarization 0.5 1 . 5 °

of the holes is also fixed and it determines the interval of & o & ifswf

variation of y,. For B/T = 3 T/K this interval corre- (b) J%% *%TB(T) 18

sponds to thex, = 0) low boundary of the ratid_ /1, = 0.0 ) ' i ' 6

9.1 and to the high ¢, = 1) boundary/_/I, = 15.3. B (T)

Within this interval, the ratio/_/I; is an almost linear L .
function of It was established that, increases slightl FIG. 2. Magnetic field dependence of the electron spin
; Ve ghtly polarization vy, measured for two different 2D-electron
with decreasing temperature but saturates at low tentoncentrations: (a)ns = 3.5 X 101° cm™2 and (b) ng =

peratures (see Fig. 1b). The valuewoffound from the 5.5 X 10'° cm™2. Insets show the details aroumd= 3/2.
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series of fractions B3, 8/5, 7/5, and 43 aroundv = 3/2  cessible for each fraction. Data measured for different
is clearly visible iny.(B) shown in the insets in Fig. 2. samples are shown by different symbols (fo= 2/3) and
However, it was rather inconvenient to analyze the magillustrate the consistency of the obtained results. Well-
netic field dependence of, at a fixed electron density defined spin transitions between various differently spin-
since, depending ony, the features at fractional filling polarized ground states, governed by the magnetic field, are
factors sometimes show up as minima or as maxima, oclearly visible from Fig. 3a for all studied fractions. For
even disappear. Instead, much more clear behavior was = 2/3 only one transition (if one neglects the weakly
detected for a fixed filling factor value, when the depen-developed feature arourgl= 2.3 T) from spin unpolar-
dencey.(B) was analyzed at a given ized to a completely spin polarized state was observed at
In Fig. 3a we plot the magnetic field dependence ofB = 2 T. In contrast, the magnetic field dependence of
the electron spin polarization measured for several FQHE,, obtained for other FQHE states, such d% &nd 47,
states from the sequenee= n/(2n — 1). Inorderto ob- definitely indicates a broad region of stability of the partly
tain it, we investigated six different samples with top gatespolarized spin statesy( is close tol/3 for » = 3/5 and
which has allowed us to vary the electron concentrationit is about1/2 for v = 4/7), and additional transitions
so that a rather broad interval of magnetic fields was acbetween unpolarized, partially polarized, and completely
spin polarized ground states were detected {for 4/7
such transitions take place Bt= 1.8 T andB =~ 4.8 T).
Ez/Ec . o . o .
0.005 0.01 0.015 Interestingly, a similar sequence of spin transitions with
LTI T nearly identical absolute values gf was observed also
0.5+ ° v=2/3 for FQHE states from the other sequenees n/(2n + 1)
(see Fig. 3b). A correspondence betwe¢B,23/5, and
i 3/7 states from one side angd®, 3/7, and 49 states from
0.5 e v=3/5 the other side is apparent from a comparison of Figs. 3a
>e o ul and 3b. Such a similarity is consistent with the model
Lt T of composite fermions and can be illustrated by a well-
0.5] (&) o000 0-0-0 v=4/7 known single-particle model for Landau levels of CFs [2].
" According to this model the cyclotron energy of CFs is
0 2 4 6 8 10 proportional toy/B, whereas the Zeeman splitting is a lin-
0.005  0.01 0.015 ear function ofB and therefore spin transitions (as well as
: T EE i v.) are defined by the crossing of the Landau levels corre-
0.5 - y=2/5 spo_nding to different spin numb_ers_ [2,20].
Figure 3c shows the magnetic field dependence of the
0 e Se—e——s—o—=—v—o— electron spin polarization measured for the CF state at
v = 1/2. First of all, it is clear from the measured de-
pendence that the system of CFs becomes fully spin po-
0 At larized atB, = 9.3 = 0.5 T. It means that aB = B, the
05 (b) & y=4/9 CF Fermi energy is equal to the Zeeman splitting, which is
w? equal to 2.8 K at 9.3 T (the Cgfactor is the same as that
0% 3 p) 3 3 10 of electronsgcr = g. = —0.44). Note that the Zeeman
energy of the CFs can be enhanced by interaction between
0905 oot 0015 . | them; however, this effect is expected for odd CF filling
R factors (for example, the/B FQHE state), but not for the
B°T v = 1/2 state. Moreover, the experimentally measuged
v=1/4 factor of CFs was found to be very close to that of the
electrons in GaAs, and this fact means that the interaction
o 0 ISP between CFs is rather weak [2]. If we assume a parabolic
- (c) M‘a"’“ BCT dispersion law for the CFs at = 1/2, then the value of
0.5 o0 their density of state masaps (or “polarization” mass
’ v=1/2 [20]) can be estimated from the values of thef" and
0 , i , ( density @cp = ng = 1.26 X 101" cm™2 for B=93T
*B(m° 10 andv = 1/2), which yieldsmps = 2.27mq (my is the free
electron mass in vacuum). The obtained mass is several
FIG. 3. Magnetic field dependence of the electron spin potimes heavier than the previously reported values, mea-
larization y, measured for different FQHE and CF states g, req from the activation energies. However, these masses

% Vsiq?/e; (;en”d/ 1(%1 _TL)é r(ek;)uniegﬁoevcgefgé(i" 2731%)’3, 3ﬂd have a different meaning [20]. Indeed, the filling factor de-

ferent symbols correspond to the data obtained for differenP€ndence of the ground state energy has a cusp at fractional
gated samples. v and the activation energy is sensitive to the strength of
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this cusp (slopes), but not to the absolute value of the mini-
mum, corresponding to the ground state energy. In con-
trast, the competition between differently spin-polarized
ground states, driven by the Zeeman energy, is sensitive
only to the energy of this minimum and, therefore, the
density of states mass describes the energy splitting be-
tween the states with differemt. Since there is no energy
gap (cusp) atv = 1/2 the only relevant CF parameters
are their Fermi energy and the density of state mass. It
is important that if one assumed that CFs are 2D particles
with a parabolic dispersion law (at effective magnetic field

Ez/E¢
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B = 0 at v = 1/2), then the magnetic field dependence
of y, should be a linear function of the parameker/Er

(ve = Ez/2Epr), so thaty, « B'/? (due toEp = n, = B
and the expected increase in the CF mass/Bg20]).
The dependence, (+/B) measured for = 1/2 was found

to be a slightly sublinear function afB, which is mainly |
due to the temperature smearing of the Fermi surface. The .
dependence of.(B) measured fow = 1/4 is shown in

Fig. 3c. From the value o, = 5.2 = 0.2 T we derived FIG. 4. (a) Magnetic field dependence of the electron spin

— — 11 —2 —
that for v = 1/4 and ng = 032 X 10"' cmM™=, mps = pojarizationy, measured for the = 8,5, 4/3, and7/5 FQHE
1.13mo. Note that the values of the CF mass obtainecstates and for thev = 3/2 CF state. (b) Phase diagram

for v = 1/2 and1/4 are simply2vmg/g., which follows  Ez/Ec(v~') illustrating at which magnetic fields the spin

from equating the Zeeman and Fermi energies. transition into fully polarized states takes place for different
In Fig. 4a we plot the magnetic field dependence offlraCt'O“S (open circles) and also for various CF states 3/2,

/2, and 1/4 (filled circles). Other details are explained in

Y.(B) measured for several FQHE states from the seg g text.

guence® — [n/(2n = 1)] (v = 8/5, 7/5, and4/3) and

also forv = 3/2 (the dashed ling, = 1/3 shown in this

figure corresponds to the complete spin polarization of the We thank T. Chakraborty, V. Falko, and J. Smet for
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