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Enhancement of the skyrmionic excitations due to the suppression of Zeeman energy
by optical orientation of nuclear spins
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An effective experimental method for compensation of Zeeman energy of two-dimeng@atlectrons
based on optical pumping of nuclear spins is proposed and used to enhance skyrmionic excitations under
conditions of integer and fractional quantum Hall effect. We demonstrate that photoexcitation by circularly
polarized light can result in a strong spin orientation of nuclei al@igagainsk the direction of the external
magnetic field and that the energy of the hyperfine contact interaction between 2D electrons and optically
oriented nuclear spins can be comparable to the electronic Zeeman energy. It is shown that a compensation of
the Zeeman energy by the hyperfine interaction at fixed magnetic field results in an enhancement of skyrmionic
excitations and the dependence of the skyrmionic radius as a function of the ratio between Zeeman and
Coulomb energies is measured. A strong increase of the skyrmion radius is obseri#&dHEgr< 0.005, and
the quenching of the skyrmion &, /E-=0.011*+0.001 is established. Strong electron-nuclear coupling was
used for optical detection of the nuclear magnetic resonance from the variation of the polarized luminescence
intensity.[S0163-182609)12527-X]

INTRODUCTION tained by different methods and further investigations are
necessary. It follows from theory that the size of this spin-

It is well known that the spin polarization of the ground texture excitatior(skyrmion is a strong function of the pa-
state of a two dimensiondRD) electron system in perpen- rameterE;/Ec and for zero Zeeman energy its size would
dicular magnetic field is defined by a competition betweerbe infinitely large’ Therefore, to enhance skyrmionic excita-
the single-particle Zeeman ener§y= uzgB and the many- tions and to unambiguously detect them experimentally one
body energy of Coulomb interactioE.=e% elg (where would need to use a method of controllable change of Zee-
ue-the Bohr radiusg-electronicg factor, B-magnetic field, Man energy, which allows to suppress it down to zero.

e- dielectric constant, ants-the magnetic length This was There are several methods to reduce the Zeeman energy

I blished both th cdlf and _ T of electrons in GaA$-*?All these methods are based on the
well established both theoretically and experimenta influence of the band structure of GaAs on the bare Lande
for the ground states of different fractional Quantum Hall¢z~tor of electrons. The value of the electrogjdactor in

effect (FQHE) states in the extreme quantum limit. The g ¢ isg=—0.44 (Ref. 13 and it is defined by the band
value of the ratio between Zeeman and Coulomb energiesiyycture of the materigmainly by the energies of the band
E,/Ec was especially important for observation of the NeWgap and of the spin-orbit splitting of the valence b¥nd
collective-charged excitations in 2D-electron system, whichThese energies can be changed by hydrostatic préésare
are called skyrmiongor spin texture excitations’ Skyrmi- by quantum confinement.For example, to achieve the limit
onic excitation describes a macroscopically large distortiorof g=0, one should apply rather strong hydrostatic pressure
of the electronic spins in the vicinity of filling factar=1.  of about 20 kbargRef. 12 or to use very narrow quantum
According to theory, the ground state of a 2D-electron syswells with a width of 5.5 nnt® However, a modification of
tem is fully spin polarized av=1, however a small devia- the band structure under the pressure results in a strong de-
tion from v=1 results in a strong spin depolarization of the crease of the concentration of 2D electrons due to corre-
system. The ground state of the system with one additionadponding changes of the band-gap and chemical-potential
(to v=1) spin-reversed electron does not correspond to éevel. For example, in our samples with highest concentra-
single-flipped spin, but involves a smooth rotation of the spintion of 2D electrons measured at zero pressure under illumi-
field from antiparallel to a parallel spin, which is spread overnation (1s=6x 10'* cm™2), the electron density decreases 3
a macroscopic sizRlg. Therefore a characteristic feature of times atP=10 kbars and drops to zero at 20 kbésse also
skyrmions is a narrow peak in the filling-factor dependenceRef. 16. Such a strong decrease of the electron concentra-
of the electron-spin polarization in the vicinity e&=1. The tion is accompanied by an even stronger reduction of elec-
size of the skyrmionR (measured in units of magnetic tron mobility (also several times and moreso that the sys-
length can be determined from the widtbr shapg of this  tems with and without pressure become hardly comparable.
peak. Such dependencies were experimentally obs&fved,Similar problems appear for narrow quantum wells, in which
however some controver§yexists due to the results ob- the mobility of 2D electrons is more than one order of mag-
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nitude lower, as compared to conventional single heterojuncsame optical orientation of nuclear spifparallel or antipar-
tions. Since a rather weak disorder is enough to destroy Cowllel) with respect tdB. In this case, necessary verification of
lomb correlation effects in the 2D-electron system, thethe power level was performed Bt=0. Measurements were
gradual reduction of the quality of a sample is not acceptablélone in the temperature range of 0.3-1.8 K, and the particu-
to study skyrmionic effects, and an alternative method thatar temperature was chosen in accordance with the magnetic-
would allow us to suppress Zeeman energy without changinfield strength in order to realize a maximal sensitivity of our
the electron density and mobility is necessary. optical method® For NMR measurements a RF coil was
In the present paper, we propose such a method, which jsrepared around the sample, which provided the RF
based on compensation of the Zeeman energy by the hypemagnetic-field-oriented perpendicular to the external mag-
fine interaction between 2D electrons and the optically-netic field. Other details of experimental technique will be
oriented nuclear spins of Ga and As. A high degree of spirpublished elsewhere.
orientation of nuclei is achieved by optical pumping with
circularly polarized light. We show that under these condi-
tions the hyperfine energy is comparable with the Zeeman
energy(both of about 1-2 K in the range of relevant mag-  The main idea of the optical pumping method developed
netic fieldg and therefore an effective compensation, as welby Kastler® is that optical excitation results in a selective
as an enhancement, of the Zeeman energy can be obtaingsbpulation in one of the degenerate, or nearly degenerate
At the same time, we extract the degree of the electron-spigublevels coupled through an optical transition. The reason
polarization from the degree of circular polarization of thefor this is the anisotropy of optical excitation, caused by the
light emitted in the recombination between 2D electrons andransversality of the electromagnetic wave. This anisotropy
photoexcited holes bound to acceptors. Using this techniqugan be enhanced by using excitation light with linear or cir-
we unambiguously demonstrate that a suppression of theular polarization. For example, in the case of photoexcita-
Zeeman energy results in a sharp enhancement of the skyion by circularly polarized light, the optical pumping will
mionic effects, whereas in the opposite case such effectgsult in the angular momentum orientation. This is a direct
completely disappear. As an situ experimental test, we consequence of angular momentum conservation—when po-
optically detect nuclear magnetic resonariit®IR), which  |arized photons are absorbed, their momentum is transferred
indicates the importance of the electron-nuclear coupling. Fito the medium.
nally, we investigate a detailed dependence of the skyrmion The method of optical pumping is quite universal and for

RESULTS AND DISCUSSION

size as a function of the parametes/Ec . a long time it was used to polarize isolated gas atoms. In
solid-state physics, this method was successfully introduced
EXPERIMENTAL TECHNIQUE by Lampel*® Optical orientation in semiconductéPsis

Olizlased on the fact that in the process of the interband absorp-
tion of a photon, an electron in the conduction band and a
hole in the valence band are generated, which have the total
spin equal to the angular momentum of the absorbed photon.

[electron mobility = (0.9-3)X 10° cr?/Vs] Photons W?th right &) or left (c7) circular polariza_tion_
have a projection of the angular momentum on the direction

GaAs/ALGa,_,As single heterojunctions with &-doped of the wave vector equal te-1 or —1, respectively. This
monolayer of Be acceptorsi{i=2x10° cm 2) located in  angular momentum is distributed between the photoexcited

the wide (1 uwm) GaAs buffer layer at a distance of 30 nm electron and hole in accordance with the selection rules,

from the interface. In all samples, a variation of concentra- which are determined by the band structure of the semicon-
tion of 2D electrons was performed by use of a top gate. Foductor. In IlI-V semiconductor$GaAs type there are sev-
photoexcitation, we used pulses from a tunable Ti-sapphireral direct interband optical transitions near the center of the

(the wavelength was close to 780 htaser with a duration Brillouin zone allowed in the dipole approximation. These
of 20 ns, peak power of I¢'— 102 Wi/cn?, and frequency are: two dipoles rotating clockwise and counterclockwise in
of 10°—10° Hz. Luminescence spectra were detected by ahe plane perpendicular to the wave veckotheavy hole
gatable photon counting system with a spectral resolution dband to conduction-band transitionswvo dipoles oscillating
0.03 meV. To analyze circular polarization of the lumines-along the direction ok and two dipoles rotating in the plane
cence signal at low temperatur@own to 300 mK, we used perpendicular td (light-hole band to conduction-band tran-

a three-fiber optical system with 3 quarter wave pldfes  sitions. It is important that transition-matrix elements defin-
each fiber located on one linear polarizer in liquid helium ing the intensities of the corresponding transitions are differ-
near the sample. One fiber was used for measurement$ of ent for the optical processes involving heavy holes and light
ando~ components of the luminescence and two additionaholes. This result coincides with the results obtained by con-
fibers were used for excitation by circularly polarized light sidering the selection rules for optical transitions between
(one for left-hand polarization and another for right-hand poiwo atomic levels with angular momentujs3 andj=3.
larization with respect to direction of light propagatioAll Similar to the atomic physics selection rules;™() light is
three fibers were focused on the same spot of the samplemitted by|+3)—|+3) and by|+3)—|—3) transitions,
which was defined by a mask. A change of the direction obut the intensity of the first transition is 3 times higher than
the external magnetic fieldB), necessary for analysis of of the second one. Therefore, in the case of excitation by
circular polarization of luminescence, was accompanied byight-hand polarized light, the ratio of the photoexcited elec-
the corresponding change of input fiber in order to keep thérons with spins+ 3 and— 3 is equal to 3, yielding a degree

In the present paper, we present the results obtained
several low-density [ng=(0.36—2.4)x10'* cm 2] and
high-quality
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of electron spin polarization of 0.5. E;/Ec
Optical pumping of the nuclear spins is a two-step P"?O? u ‘0'?1 L ‘ .
proces<? which involves in the first step a spin polarization Lo boe e ®om nEE®
of electrons by circularly polarized ligliés described aboye <>6
and in the second step the electron-spin polarization is trans- =0 o
ferred to the nuclear-spin system via the contact hyperfine o
interaction, orienting the nuclear spins parallel to the opti- 0.5 - &
cally induced electron-spin polarization. Orientation of the 5 (a)
nuclear spins results in a static effective nuclear magnetic o
field (proportional to the degree of nuclear orientatjon V=2/3
which in turn acts back on the electron system, changing the
Zeeman splitting in the electron spectri@verhauser shift 0.0 .
. S . 4
It is important that the energy of the hyperfine interaction, B (T)
which is usually very smal([published maximal value is

0.015

16
about 1-2 K(Refs. 20 and 2, may be comparable to a >
typical electronic Zeeman energy in Gafat B=5 T E, £
=1.5 K). This fact gives an opportunity to control and ma- 141z
1490 1500

nipulate the electron spin-splitting energy at a constant ex- +

. g ) p— enerlg4}? 5( meV)
ternal magnetic field and we use this method both to enhance \llg-

and to suppress the Zeeman energy. — (b)
It has been shown in our previous wdtkhat, for thev Lo/
=2/3 FQHE state, an increase of the magnetic-field results in B/T = 3T/K

a rather sharp transition from a spin-unpolarized state into a
spin-aligned ground state. The reason for this effect is a ‘ ‘ ' -

phase transition between two FQHE ground states with dif- 8'0 0.2 0.4 v 0.6 0.8 1.0

ferent spin configurations, which is very sensitive to the ratio €

between Zeeman and Coulomb energies. We have studied FIG. 1. (a) Magnetic field dependence of the spin polarization of

such spin tran;itions for. all families of FQHE states and,p_electron system at the=2 FQHE state, measured from the
these results will be published sgparat’élhowever, inthe  analysis of the degree of circular polarization of time-resolved ra-
present paper we use such transitions to measure the inter@htive recombination of 2D electrons with photoexcited holes
nuclear magnetic field, which appears under optical pumpingound to acceptors. The presented data were obtained from 6 dif-
by circularly polarized light. In Fig. (B), we show the ferent samplegcorresponding data are shown by different sympols
magnetic-field dependence of the electron-spin polarizatioand additional variation of the electron concentration was achieved
(ve) measured for 6 different samplésith additional varia- by use of front gate. For photoexcitation linearly polarized light of
tion of electron density by top gatat fixed filling factorv very low peak power (0.1 mW/cthwas used. The variation of the
=2/3. To measure the electron-spin polarization, we used thparameteE; /Ec with magnetic field is also show(b) Calibration
method proposed earlié? which is based on the analysis of dependencéRef. 10 of the ratiol /I . on electron spin polariza-
the degree of circular polarizatiory() of time-resolved ra- tion y., obtained forB/T=3 (I_ andl. are integrated intensities
diative recombination of 2D electrons with photoexcited©f luminescence, measured in~ and o* polarizations, respec-
holes bound to acceptors. There are two independent reasofié!y). From the experimental value /1, =12.5£0.1 (shown on

for the resulting circular polarization of the correspondingthe figure, the value ofy.=0.52+0.02 was derived. Typical time-
luminescence. One reason is the spin polarization of the hoI'E?SO'Vfd(de"'?‘y time 300 ”)szlum'”escence spectra measuredrin
system due to the Zeeman effect, which depends on the maghdo " polarizations for=3, B=2.26 T,T=0.75 K are shown in
netic field and the temperature of the photoexcited h@les e inset.

the population of different Zeeman sublevelBhe other rea-  at |ow temperatures the relaxation time strongly increases,
son is the spin polarization of the 2D electrons, which de-and atT=0.3 K it is close to 100 ns, so that rather long-time
pends on filling factor, temperature, and magnetic field. Fordelays(300 ng were necessarﬁ? Therefore, the degree of
tunately, it is possible to derive the contribution of the holespolarization of the holes can be easily excluded from the
to the polarization of the luminescence separately by invespolarization of luminescence, which yields in a direct corre-
tigating the emission from fully occupied Landau levéd$  spondence betweey, and v, for a fixed value oB/T. As a
v=2,4,6... and also well below the Fermi surfagcbe- result, our procedure for the experimental determination of
cause in this case the electron system is spin-unpolarized atide degree of electron-spin polarization is the following: we
it does not influence the polarization of the radiative measure the degree of circular polarization of the lumines-
recombinatiort’ It has been demonstrated that the spin po-cence at a fixed magnetic field and a fixed temperature and
larization of the hole system is defined only by the r&id@.  then we use the calibration dependence obtained in Ref. 10
This statement makes the foundation of the proposed experie determine the value of.. The same procedure was re-
mental technique and it is valid only for time-resolved mea-peated for several other temperatures in order to optimize the
surements in which a complete relaxation of the photoexprocedure. Note that for enhancement of the sensitivity of
cited holes down to the base temperature is provided. Noteur method, the temperature value was varied so that 2
that the energy relaxation time of the photoexcited holes is<cB/T<5 (B and T are measured in Tesla and Kelvin,
rather short at high temperaturgbout 2 ns aT =4 K), but  respectively.'®
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Typical time-resolvedwith a delay of 300 nslumines- 1.0 e
cence spectra, recordeddn ando ™’ polarizations, and the 0.8 - Hmﬂﬂ* BNMBV_Q 3
calibration curve, reflecting a direct correspondence between 06| __;f
the degree of circular polarization of the luminescenge >0 'G&s;*-"**”‘* e-e-* LP B=2.55T
and the electron-spin polarization, are shown in Fidp).1t 0.4 1 o
is clear from this figure that for a fixed value Bf T there is 0.2 1 "a ° Byur B
a well defined interval of variation of, , which is defined 0.0 : e oaeo (a)
by the spin polarization of the holes. FB/T=3 this win- 0 5 10
dow corresponds to the interval of the ratias/l , between 1.0 Feecaspgggoos I eTe Deea e § S S S e =
9.1 and 15.31_ andl . are integral intensities of lumines- 0.8 1 %%o@ ) —2/3
cence, measured ia~ and o™ polarizations, respectively, 0.6 1 QQ% ==
andy, =(1-—1,)/(1-+1.)]. Within this interval, the ratio ~ »2 " | coq, B=3.42T
| _ /1, is almost a linear function of,. ForB/T=4 the low ] %,
and high limits ofl _ /I , are: 18.0 and 26.5. After determin- 0.2 1 %o, ByuB  (b)
ing the ratiol _ /1, , we used the calibration curves obtained 0.0 RARLEC ST PP

0 10

for different values ofB/T and determinedy, for a fixed W (rr?w/cnf )
magnetic field and various temperatures. It was established
that vy, slightly increases with decreasing temperature, but FIG. 2. Power density dependence of the degree of electron-spin
saturates at low temperatures. This low temperature limit opolarization measured for the= FQHE state in different external
v is taken as the correct value. It follows from Figbjlthat ~ magnetic fields[(a) and (b)] from the degree of polarization of
the ratiol_ /1, is very sensitive toy, and for 1 percent luminescence under different conditions of photoexcitations. Open
accuracy of determination df /I, realized in our experi- circles(squarescorrespond to photoexcitation by circularly polar-
ment, it allows the measurement gf with an uncertainty of ized light, which orient§ ngclear spi.ns agf'ii(nlbng the direction
about 0.02for B/T=4 the uncertainty increases up to 0.03 of .the ext(_arnal magnet_lc fle[d and filled circles correspond to exci-
Other details of this method were publishedRef. 10, but  fation by linearly polarized light.
it is necessary to emphasize that we specially investigated
the influence of the nuclear-spin orientation on the spin splitsuppression of the effective Zeeman energy, which results in
ting of the neutral acceptor’s levels and that no observabla strong variation of the electron-spin polarization. Note that
hyperfine coupling of the hole and nuclear spins was dein our system we have two types of electrons—these are the
tected. This is a rather natural result due to pitgpe of the 2D electrons, which exist without illuminatiofdue to the
Bloch function in thel’ point of the valence banf,which  doping of ALGa, ,As laye) and are located very close to
gives us an opportunity to derive the electron-spin polarizathe interfacetypical width is about of 10 nm and electrons
tion from the degree of circular polarization of the that are created in the GaAs buffer layer by absorption of
luminescencE without modification of this method. photons within a length of about Lm (the penetration
Figure Xa) shows the magnetic-field dependence of thelength of lighy and have rather small life timél n9 with
electron-spin polarization measured under a low-excitatiomespect to the recombination with free photoexcited holes.
intensity (peak power density was less than"20wW/cn?).  The optical pumping procegboth electronic and nuclegis
For this power level, we did not find any difference for both only due to the spin orientation of the photoexcited electrons,
circularly and linearly polarized light being used for excita- whereas the studied luminescence is due to the 2D electrons.
tion. However, an increase of the power level results in arhe process of nuclear-spin orientation by photoexcitation is
dramatic change in the electron-spin polarization for the a rather slow process and requires considerable tarfew
=2/3 FQHE state, depending on the polarization of lightseconds to reach a saturation of the nuclear polarization.
used for excitation. In Fig. 2, we plot the power-density de-However, after being polarized, the nuclear-spin system acts
pendence of the spin polarization of 2D electrons, measuredn the spins of 2D electrons, changing the degree of polar-
for the v=2/3 FQHE state in different magnetic fields and ization of the corresponding luminescence. The observed in-
under various photoexcitation conditions. Circles correspon@rease of variation of, with excitation power is due to an
to excitation by circularly polarized light, whereas squaresncrease of the degree of nuclear polarization, which is de-
correspond to excitation by linearly polarized light. One canfined by the intensity of photoexcitation. As for the results
see from this figure, that in contrast to the case of excitatiombtained for linearly polarized light, it is clear from Fig. 2
by linearly polarized light, which was almost ineffective in that its efficiency for nuclear polarization is very low and
changing the electron-spin polarization, the application ofgives rise to a small increase of Zeeman eneigyagree-
circularly polarized light strongly influences the spin con-ment with previous investigatioffy.
figuration of the 2D-electron system. We attribute this effect To estimate the internal nuclear-magnetic fieBi ) cre-
to the optical orientation of the nuclear spins by circularlyated under the optical pumping conditions, we studied the
polarized light. This understanding is supported by the facinfluence of optical pumping on the threshold dependence,
that the left- and right-hand circularly polarized light pro- shown in Fig. 1a), which is sensitive to the Zeeman energy.
duce opposite effects, as they orient nuclear spins in differeiVe analyzed such dependencies measured for ithé
ways—parallel(open circles in Fig. Rand antiparalle(filled FQHE state(and also for other incompressible fractions,
circles in Fig. 2 to the external magnetic field. An effective such asv=2) under optical pumping conditions and found
internal nuclear field is then added or subtracted from theéhat, for all samples studied, there is a systematic shift in the
external magnetic field, giving rise to an enhancement odependencey,(B), which is shown in Fig. 3 for different
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FIG. 3. The influence of optical pumping on the threshold de- 13 14 15 16 17
pendencey,(B), (similar to the one shown on Fig),Imeasured for frequency (MHz)
the V:§ FQHE state under different excitation powers. The varia-
tion of electron-spin polarization obtained under optical orientation FIG. 4. Nuclear magnetic resonangas’(a and G&°, Ga'*
of nuclear spins againgalong external magnetic field is shown by (b)], optically detected as a variation of the luminescence intensity
open circlegsquares (detection inc~ polarization as a function of RF frequency, mea-

sured in different magnetic fields and for different sweep rates
excitation powers. It is clear from this figure, that optical (dF/dt) of RF field under optical pumping, which oriented nuclear
orientation of nuclear spins against the external magnetiéPins against the external magnetic field.
field results in a shift of the threshold to higher magnetic
fields, whereas nuclear spin orientation along the magnetiexcited holes measured in a dominating circular polarization
field shifts the dependence to lower fields. The amplitude ofvill also vary in accordance with a change of electron-spin
this shift is a measure of the internal nuclear-magnetic fieldpolarization. In Figs. &) and 4b) we show the optically
and illustrates that it could be as high as 1-3 T under strondetected NMR, which was measured for different nuclei and
pumping conditions. However, to determine the exact valugsotopes (A%, G&° and G&Y) in various magnetic fields
of By we took into account the change of Coulomb energy asnd sweep rates of the RF field. It is clear from these figures
a function of magnetic field and determined an effective Zeethat in order to record a correct NMR curve, it was necessary
man energy from the value of the electron spin polarizatiorto use rather slow sweep rateéf/dt, which indicates rather
and calibration dependeng¢shown in Fig. 1a) for v=3]. long relaxation times in the nuclear system. Optically de-
Note that this internal nuclear-magnetic fi@g acts only on tected NMR is not only a direct evidence of a strong
spins of electrons, but not on their orbital motion. As a checkelectron-nuclear coupling, but also an illustration of a re-
of the procedure we have measured the valueBypfising  markable property of the optical-spin orientation method,
the calibration curves obtained for different fractional statesvhich gives the possibility to monitor both the electron- and
and found that the values @& derived from all fractions the nuclear-spin polarization. We were able also to measure
were in agreement with each other. the Knight shift using the above mentioned possibility to

An explanation of the observed shifts in the dependencieshange under different optical pumping conditidogenting
of y.(B) under optical pumping conditions by the electron- nuclear spins along or against the external magnetic)field
nuclear interaction requires a more direct experimental verifrom the completely polarized to the unpolarized spin state
fication of the importance of the coupling between 2D elecfor v=3. This shift is a change of the nuclear-spin-splitting
trons and nuclei. In order to obtain a direct confirmation ofenergy due to electron-nuclear coupling and the variation of
such coupling we developed method of optical detection oklectron-spin polarization. The value of the Knight shift,
nuclear magnetic resonand®MR), which is based on measured aB=4.2T for v=3 from our optically detected
analysis of the time-resolved radiative recombination of 2DNMR was about 17 KHz, which is in reasonable agreement
electrons with photoexcited holes bound to acceptors. Theith the data reported in Ref. 8. In addition, NMR was also
advantage of this method, in comparison with conventionatletected in our samples for luminescence lines correspond-
NMR detection scheme, is that it is selective for nuclei lo-ing to donor-acceptor recombination in the GaAs buffer
cated in the vicinity of the 2D channel. A depolarization of layer, which is an indication of a strong nuclear polarization
nuclear spins under conditions of the NMR saturation, detot only at the interface, but also in a rather thidkum)
stroys the internal nuclear field and results in the variation ofayer of bulk GaAs.
the electron-spin polarization. As a consequence, the inten- In Fig. 5, we plot the dependence of the internal nuclear-
sity of radiative recombination of 2D electrons with photo- magnetic field on the excitation power. The data were ob-

-
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FIG. 5. Power dependence of the internal nuclear-magnetic field
By, appearing due to optical pumping by circular light, measured F|G. 6. The dependence of the degree of electron-spin polariza-
in one of the gated samples in different external magnetic fields. tjon v, (a) and its derivatively,/dv (b) on filling factor, measured

for a sample with electron concentration 8.20°° cm 2 under

tained for the same gated sample at different fixed externalifferent conditions of optical pumping, which resulted in various
magnetic fields under the condition of optical pumping,internal nuclear fieldsBy=0, —1.0, — 1.6, and— 2.2 T. Negative
which orients nuclear spins agairBtyr. To measure this values ofBy correspond to nuclear-spin orientation against external
dependence at fixeBgxt we changed the concentration of magnetic field. The size of the skyrmiddwas directly measured
2D electrons in order to obtain different fractional states afrom the amplitude of discontinuity afy./dv for different values
this magnetic field, and, finally, used the corresponding caliof the ratio E;/E¢ (indicated on right figure R=0.1+0.3 for
bration curves for determination of the nuclear field. TheEz/Ec=0.0108; R=1.0+0.3 for E;/Ec=0.0077; R=2.1+0.3
results obtained for different FQHE states were in a goodor Ez/Ec=0.0058,R=4.8+0.3 for E;/Ec=0.0038.
agreement with each other. As shown in Fig. 5, by using
strong optical pumping, we were able to achieve a high leve@in increase of the strength of the nuclear-field results in a
of nuclear-spin orientation that creates an internal nucleardecrease of electron-spin polarization in the vicinity iof
magnetic field as high as 4 T. Interestingly, we have ob-=1, and a very narrow peak of spin polarizatiorvat1 was
served a saturation of the nuclear field as a function of optiobserved at the highest negatiBg . This peak is a charac-
cal power and it was not possible to gBf, higher than teristic feature of the skyrmion, which gives an opportunity
Bexr. A possibility to obtain experimentally such a strong to quantify the parameters of these topological textures. In
By is usually provided by the localization of photoexcited the theory! the size of a skyrmionR (measured in units of
electrons on donor impurities, since the nuclear orientatiofmagnetic lengthcan be measured directly from the filling-
will take place mainly around these donor impuritiesthin ~ factor dependence of the electron spin polarizatigs(v).
their Bohr radiu In our case, a similar enhancement mostAccording to Ref. 7, forvr<<ldy./dv=2R, whereas forv
probably appears due to the confinement of photoexcited1, dy./dv=-2(R+1). Figure @b) shows also the
electrons in the potential well near the interfdea electric  filling-factor dependence ady,/dv, from which we deter-
field in a buffer layer attracts photoexcited electrons to themine the size of the skyrmioR (the value ofR was obtained
interface, increasing their local concentration and thereforérom the amplitude of discontinuity afy./dv at v=1) and
nuclear orientation efficiengy Additional localization of its variation under suppression of Zeeman enétlyg corre-
photoexcited electrons in the plane may arise due to an asponding values of the parametes/E¢ are indicated on the
tractive (for excitons potential of the neutral acceptor lo- right figure. Note that values oR derived from thev>1
cated in thesd layer near the interface. The binding energy ofand v<<1 regions are close to each other, which illustrates a
the exciton to a neutral acceptor is about 2 meV and theelf-consistency of the obtained results. It is also necessary to
corresponding Bohr radius is about 30 nm. Therefore, in oumention that the small values Bf(like R=0.15) obtained in
case the internal nuclear-magnetic field can be rather nonunsuch a procedure most probably indicate that no skyrmion is
form, reaching such high values only in the vicinity of ac- formed (since smooth rotation of spins in skyrmion requires
ceptor centers. However, since our method is based on loather largeR), however, in order to compare results mea-
cally probing the 2D electrons exactly around these acceptasured in different experimental conditions, we apply the
centers, it allows polarization measurements with compensaame formal procedure and derive the corresponding values
tion of the Zeeman energy by hyperfine interaction. of R

The possibility to suppress Zeeman energy by the optical Finally, we have used the described method to measure
orientation of nuclear spins against the external magnetithe basic dependence of the skyrmion $z&s a function the
field was used to enhance skyrmionic effects in the vicinityparameterE, /E, which was varied by optical orientation
of v=1. Figure &a) shows the filling-factor dependence of of the nuclear spins. In Fig. 7, we plot this dependence
the electron-spin polarization, measured for the same sampR(E,/Ec), measured for different samples from the ampli-
aroundv=1 (Bgxt=3.4 T) under different conditions of tude of discontinuity ofdy./dv aroundv=1. It is clear
optical pumping. In this figure we present data obtained botlirom this figure, that the size of a skyrmion rapidly grows as
without (By=0) and with rather strong nuclear optical ori- the Zeeman energy vanishes and, in contrast, the skyrmion
entation 8y=—1.0, — 1.6, and—2.2 T), with nuclear spins quenches if the paramet&/E: reaches a value close to
being aligned again8gx. It is obvious from the figure that 0.011*+0.001. These observations are in a contradiction with
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FIG. 7. The dependence of the skyrmion sRein units of

SUMMARY

In summary, we have developed an effective experimental
method for compensation of the Zeeman energy of 2D elec-
trons based on optical pumping of nuclear spins, which was
used to enhance skyrmionic excitations. We have demon-
strated that photoexcitation by circularly polarized light can
result in a strong spin orientation of nuclei both along and
against the direction of the external magnetic field and that
the energy of the hyperfine interaction between 2D electrons
and optically oriented nuclear spins is close to the electronic
Zeeman energy. A compensation of Zeeman energy by hy-
perfine interaction at fixed magnetic field results in an effec-
tive enhancement of the skyrmionic excitations around
=1 and the dependence of the skyrmionic radius as a func-

magnetic lengthon the ratio between Zeeman and Coulomb ener-tion of the ratio between Zeeman and Coulomb energies was

gies E;/E-, measured for different sampléshown by different

measured. We demonstrated that the skyrmion quenches in

symbols under variation of the Zeeman energy by optical orienta-sjze atE, /E.=0.011+0.001. A method of optical detection

tion of the nuclear spins. Typical error bars are indicated.

some previous resulf$ which were obtained for thg=
—0.44 casd(in these publications values &=2—3 were
measured foE;/E-=0.015-0.018), but they are in rather

of NMR is suggested and realized, which is based on the
analysis of the circular polarization of time-resolved radia-
tive recombination of 2D electrons with photoexcited holes
bound to acceptors.

good quantitative agreement with the results obtained for

vanishingg factor! (skyrmionic effects in this work were
significant only forE,/E-<0.004). A possible explanation
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