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ESR Detection of optical dynamic nuclear polarization in GaA#Al,Ga; _,As quantum
wells at unity filling factor in the quantum Hall effect
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This paper presents a study of the enhancement of the Zeeman energy of two-dime28&iproahduction
electrons near the=1 filling factor of the quantum Hall effect by optical dynamic nuclear polarization. The
change in the Zeeman energy is determined from the Overhauser shift of the transport detected electron spin
resonance in GaAs/ABa _,As multiquantum wells. In a separate experiment the NMR signal enhancement
factor is obtained by radio frequency detected nuclear magnetic resonance under similar conditions in the same
sample. These measurements afford an estimation of the hyperfine coupling constant between the nuclei and
2D conduction electrons.

I. INTRODUCTION is summed over all isotope.e., ®°Ga, ""Ga, and "°As),
each with natural abundanad”, gyromagnetic ratioy!’,
Recently the quantum Hall effe¢€QHE) at filling factor  and nuclear spin expectation val(lé‘)) along thez axis. In
v=1 has received much interest following the discovery of athe context of electron spin resonan&SR), B,, is known as
new type of spin order in the two-dimensional electron systhe Overhauser shift. In this paper we report the enhance-
tem (2DES of Al,Ga _,As/GaAs quantum well structurés. ment of E, for 2D conduction electrons near the=1 filling
Experimental investigatioRs® have largely substantiated factor in the QHE regime by optical dynamic nuclear polar-
theoretical predictioris** that charged spin texture excita- ization (DNP). The change in the Zeeman energy is deter-
tions (i'e.’ Skyrmi0n$ can occur in the V|C|n|ty Oﬁ/:l and mined. from the OVerhauser Sh|ft Of the transport deteCted
other integer and fractional fillings under certain conditions ESR in GaAs/AlGa _,As multiquantum wells. Further-

According to theory, the relevant parameter governing théNore, we obtain the NMR signal enhancement factor by ra-

number of spin flips associated with the excitation is thedio frequency detected NMR under similar conditions in the
. . ~ 2 same sample. These measurements allow us to estimate the
dimensionless Zeeman energg=|gy.|#By/(e“/ely),

. . / hyperfine coupling constant between the nuclei and 2D con-
whereg~—0.4 is the single electron Landgfactor, ye is  §ction electrons.

the electron gyromagnetic ratia negative quantiy o In the absence of the spin-orbit interaction, as in the con-
=(fileB,)"?is the magnetic lengte is the dielectric con-  duction band of GaAs, neither the cyclotron energy nor the
stant of GaAs, an@, is the component of the total magnetic electron-electron Coulomb interactions are affectedBhy

field By normal to the 2DES. To study these ground-stateregardless of its magnitude and sign, because the origin of
excitations, several different methods have been employed 18, is the contact interaction between the electron and
controlg. For example, they factor can be reduced by the nucleus’? In semiconductors, the nuclear spin polarization
application of hydrostatic presstfeor by the addition of (I,) can be dramatically enhanced by microwz\@&2 or
aluminum®® However, these techniques result in a consider-optical DNP?*~° Enhancement oB, has been previously
able reduction in the electron density and a severe degradeeported in a variety of homogeneous and heterogeneous
tion of the 2D electron mobility. Alternativelyg can be Semiconductor systems. In bulk GaAs, optical DNP enhance-
controlled by the tilted field methott*~*¥but this method ~ment of B, causes the Hanle curve for depolarization of the
also has several fundamental drawbadk)sr[ can On|y in- shallow donor trapped electron-hole recombination phOtOlU'

= ; ; 3132
creaseg, (i) Landau level mixing or subband energy ZwllnGescerEe/G;(')A be dtlsplagetd fr%m IE)el\rI% f'%;:a' In N
changes can be introduced when or B, are varied® (i ) x9S S quantum dots, optica enhancemen

the temperature must be varied to measure the activatiort! induce local nuclear_ fl_elds of up to ;'O T that can t_)e
energy. observed as Zeeman splittings of the exciton recombination

~ hotoluminescence lin€.In a previous study of the 2DES in
Ideally, one would like to be able to changevhile keep- P P y

. h d i o Al,Ga _,As/GaAs heterostructures, magnetoresistance de-
ing the temperature and external fi8g constant. One pos- aciion of ESR(Ref. 34 was used to measure microwave

;ibiljty is to use the local nuclear hyperfine fiell,, res%lt— DNP induced Overhauser shifts as large as 430°7¥ .
ing in a total Zeeman enerdy,=gvy.4(Bo+ B,,), wheré

Il. ELECTRICALLY DETECTED ESR EXPERIMENTS

8 L ) ) . .
B.=— a@ [ yg(ry12¢1 D) 1 We have employed magnetoresistanpg,) detection to
"3 gEj: Yl (TN @ obtain ESR spectfa in three different AlGa, _,As/GaAs
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FIG. 1. Summary of transport detected ESR data neat, T ~ 15 |
=2.4 K in three different samples: EA-124, EA-211, and EA-216. E
Plots ofp,, correspond to the axis at right. The electrically detected = |
ESR spectra at two different microwave frequencies are shown in & wl
the inset. =1
= I
o |
multiple quantum well samples, namely, EA-124, EA-216, 2 3
and EA-221. These samples have 2D electron densities rang- = :
ing from 7.0x 10 (EA-124) to 1.6< 10'* cm 2 (EA-221) S I
and 4.2-K mobilities in the & 10°-cn?/V s range. Contacts C o

to the 100um-wide Hall bar pattern were made using
Au,Ge; _,N. A second unpatterned sample from wafer EA-
124 was set aside for the NMR experiments, to be discussed
later. We will concentrate on the results from EA-124, since
the enhancement &f ,) due to optical DNP was detected by ric
both NMR and via the Overhauser shift in this sample unde

similar conditions. Sample EA-124 has a capping layer of 1 ase the nuclear relaxation was followed by repe8igdp-sweeps.

nm GaAs and 100 nm Of BhGa A, quantum well widths (b) Open circles,B,(t) pumping due to exposure to unpolarized
of 30 nm, and barrier widths of 360 nm. The 2D electronsjignt, as described in the text. Filled circles, relaxation decasof

were introduced by S& doping in the center of the barrier. fojiowing optical excitation(see text
For the microwave generation we employed a yttrium iron
garnet(YIG) oscillator tunable over the 10-18 GHz range
with an output power of 100 mW and a single frequency
bandwidth of 1 MHz. A solid-state doubling amplifier pro- 29 _ i
duced >100 mW microwave power in the 20-36 GHz s.u.rements.m single heterost'ructu?és'[he detection sensi-
range. For lock-in detection of thep,, change due to ESR tVity is estimated to be 10spins/G.
absorption, the microwaves were amplitude modulated. A 10 observe the optical DNP enhancement of the Over-
gear-driven goniometer stage was employed for rotation of@user shift, the samples were illuminated through a
the samples to obtain thg,, minimum aty=1, while main- 600-um-diameter optical fiber mounted 1 cm above the

taining the ESR frequency within the range of the microwave>@Mple. The diameter of the unpolarized output light spot on

system. The microwave field was introduced through a cotn® Sample was=4-5 mm. Figure &) shows the experi-

axial transmission line terminated by a loop antenna. ghe Mental dependence of the induced local nuclear fi&|(t)
andAp,, signals were simultaneously recorded using an in-UPON exposure of sample EA-124 to an unpolarixe300

jection current of 1—3uA. The ESR spectra were recorded N light with a power density df=240 mWw/cni. The time

by monitoringA p,., at constant microwave frequency, while dependencd,(t)=(l;) can be derived assuming that cross
sweeping the external magnetic field at a typical rate of gelaxation petv_veen the electron splns.of the 2DES and the
mT/s. The ESR data presented here were collected usirgj"d,ear SpIns 1S doorgg',rg%tgd by f[uctuaﬂons of_the scalar hy-
either the Keck resistive magnet or the 100-mm 6-T superPerfine interactior”***% Ignoring the relatively small

conducting magnet, both of which are located at thethermal equilibrium contribution to the nuclear spin polariza-

NHMFL.3” The “He bath temperature was determined fromt?on* and neglecting spin diffusiotvalid for short pumping
the vapor pressure and from a calibrated TD@arbon film  imes, (I) obeys
resistor mounted 1 cm above the sample.
A summary of our ESR data near=1 is presented in (I(1) 97 ((S)—So 14 s o
Fig. 1. Thepyy andA p,, magnetic field traces are plotted on o v S + Tin
the same abscissa. In EA-124|=0.41 was obtained, while I
in the higher density samples EA-216 and EA-22d| X{1—exd —t(T\g+Ty;) 1} v

FIG. 2. Sample EA-124 data near-1 atT=2.4 K. (a) Elec-
ally detected ESR spectra recorded as a function of time follow-
ng exposure to unpolarized light, as described in the text. In each

=0.39. This decrease in magnitude of théactor with in-
creasing magnetic field is in agreement with previous mea-
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where 1T g is the electron-nuclear cross-relaxation ratg, (a)
is the nuclear spin lattice relaxation time in the absence of i
light, andl is the nuclear spin polarization at thermal equi- 0.02 -
librium. Equation(2) is independent of the statistics obeyed
by the electrons and applies equally well for paramagnetic S
ions or electrons in a 2D met#l*°A least-squares fit to Eq. &
(2), represented as the solid curve in Figb)? yielded a o
polarization time constant of 30 s. S
There are several noteworthy features of EZ). in its i
application to a 2DES. First, the thermal equilibrium spin 004 |
polarization of the electrons in the 2DES,, is now filling L ; , ‘ ‘
factor dependent, bu,=0 sinceg<0. In the case of un- 535 54 545 55 555
polarized light,(S,)—0 when equal numbers ohg= = 1/2 Field (T)
electrons are excited, and the enhancement factor is given by (
the ratio of the electron and nuclear Larmor frequencies,
gve!vn. Since y.g>0 in GaAs andy,>0 for all three
isotopes(l,)<0. In this caseB,>0, and the effect can be
viewed as aBy+ B,)/By enhancement of thg factor. Sec-
ond, Eq.(2) reveals the possibility for suppression ©f by
optical DNP. The electron spin polarizatidi$,) is deter-
mined by the electric dipole transition matrix elements of the
direct interband transitions near the center of the Brillouin
zone, andS; is the thermal equilibrium electron spin polar-
ization. This establisheéS,)=F1/4 for = (right or left
circularly polarized pumping light in bulk GaAs. Equation
(2) implies that optical DNP can, under certain conditions,
provide a suppression of the Zeeman energy, in contrast to
microwave DNP, which can only produce a positive en-
hancement in GaAs.
The decay ofB, due to nuclear spin lattice relaxation
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FIG. 3. Sample EA-124 data near 1 at a temperature near 2.4
K. (a) Electrically detected ESR spectra acquired as a function of

- ; . time following down-swept resonant microwave DNP. A maximum
following a fixed 154-s exposure of EA-124 to unpolarized Overhauser shift of 120 mT was inducét) Decay of Overhauser

light (A =784 nm,7=180 mw/cnd) is shown in FIg. 2. ghift of the ESR transition following down-swept microwave DNP.
Figure Za) presents the ESR spectra, after subtraction of the

nonresonant background contributionXp,,, as a function  crowaves, as demonstrated in Fig. 3. A maximum Over-
of the post-excitation delay. The decay of the Overhausepsyser shift oB,= + 120 mT was observed using50 mwW
shift, determined from the field displacement of the ESRmjcrowave power at the source. The power at the sample is
maximum from the thermal equilibrium position, is shown in astimated to be on the order of a few mW. The Overhauser
Fig. 2(b). The least-squares fit to this data by a single exposhift of the ESR to lower magnetic field is in the same di-
nential is represented by the solid decay curve of 9.2t yection as the shift obtained by unpolarized optical excita-
should be noted that the relaxation decay tim&@Qf=214s  tjon, The decay of the Overhauser shift was fit to a single
does not correspond to the relaxation time at a single magsxponential, represented as the solid curve in Fil).3he
netic field (or filling factor) but rather to a value averaged gecay constant of,,= 280 s is comparable to the relaxation
over the entire range of filling factors covered by the sweepiime found for the decay of the Overhauser shift following
From Fig. Za) it is apparent that the ESR peak intensity optical DNP, as described above.

decreases and broadens with increasing time as the Over-

hayser shift decays back to |ts.thermal equilibrium valu_e. Il. NMR EXPERIMENTS
This can be accounted for by inhomogeneous broadening
due to several possible sources. The optical field in this mul- Additional information about the local nuclear field in-
tiple quantum well sample will be most intense for quantumduced by optical DNP can be obtained from radio-wave de-
wells near the surface of the sample and, due to optical aliected NMR experiments:*3%3! To eliminate any back-
sorption, least intense for wells furthest away. Thus, theground NMR signal due to the GaAs substrate, the substrate
nuclear spin polarization varies from one well to the next,was removed by chemical etching. The,AGa, (As/GaAs
while we detect the ESR signal from all of the wells. In multiquantum well film was then transferred to a silicon sub-
addition, variations of the nuclear spin polarization within strate and fixed with epoxy. The NMR data were collected at
each well can also occur due to the variation|in(r)|? a fixed field d 3 T in a high homogeneity Oxford supercon-
(1,)(r) [see Eq(1)] across the well. The use of single quan- ducting magnet. A typical optical DNP-enhancEa NMR
tum well samples in future experiments should help identifyspectrum is shown in Fig.(d). No Knight shift was ob-
the source of the broadening. served at 4.2 K, presumably due to the relatively high tem-
In comparison with the 15-mT optical DNP enhancementperature and low electron density of this sample. Three NMR
of the Overhauser shift, a greater Overhauser shift could bknes are observed, each with a linewidth ef3 KHz
induced by saturation of the ESR transition by resonant mi{FWHM) and separated by 55 kHz. The splitting is due to a
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optical DNP in EA-124 at 2.4 K, wittf=106 mW/cn?. The data
were collected aB,=3.3 T, nearv=1. The wavelength depen- £ 5. Fourier transform NMR spectra dfGa in the film
dence gf the central aqd satellite NMR transition amplitudes argample EA-124(a) and(b) spectra obtained at 4.2 K using a Jus-
shown in(b),(c), respectively, for sample EA-124 B,=3.0T,T  eqonant radio-frequency pulse following a 40-s period of optical
=4.2 K,7=800 mWi/cnt. irradiation at\=812.9 and 813.3 nm, respectivelg) NMR spec-
trum of the EA-124 film obtained at 300 K after averaging 30 000
strain-induced nuclear quadrupole interaction caused by thisee-induction decays. The weak satellite transitions of the GaAs
difference in the thermal expansion coefficients of the film!ayers at=15 kHz may be seen under careful inspection.
and the Si support. Due to the20 us dead time of the
receiver, it was necessary to extrapolate each complex fregccur at shorter wavelength, and simultaneously, the Over-
induction decay to the origin of time defined by the termina-hauser shift abruptly increases.
tion of the 1.5us rf detection pulse. This procedure elimi-
nates the phase shift proportional to the rotating frame fre-
qguency offset. The NMR signal is predominantly due to
nuclei in the GaAs quantum well regions. With longer opti- It is interesting to compare the wavelength dependence of
cal pumping times, the central peak is seen to grow disprothe optical DNP-induced local nuclear fieB},, as detected
portionately due to spin diffusion into the AlGa, As re- by the Overhauser shift of the electrically detected ESR sig-
gions. The satellite transitions cannot spin diffuse into thenal, with the wavelength dependence of the optical DNP en-
barriers due to the mismatch in transition energy with thehancement of the radio-wave-detected NMR signal. As is
Aly 1Ga ¢As satellites, which experience a substantial firstapparent from Fig. @), there is no reversal of the sign of the
order quadrupole broadening due to the presence of 10%verhauser shift at any wavelength. This indicates that the
aluminum3® This spectral assignment is confirmed by com-total hyperfine nuclear field summed over all NMR transi-
paring the known composition of the film with the thermal tions of all three isotopes does not invert.
equilibrium NMR spectrum shown in Fig.(d. The en- We note that by measuring the nuclear spin polarization
hancement by optical DNP of the satellite and central NMRand Overhauser shift under identical experimental conditions
transitions varies dramatically with wavelength, as demonin the same sample, an estimate of the hyperfine coupling
strated in Figs. @) and 4c). For instance, the spectra of constant can be obtained. The polarization of the central
Figs. 5a) and §b) show that a 180° phase inversions occurstransition following a 40-s optical excitation at 801.5 nm is
upon changing the excitation wavelength by only 0.335 nnestimated to bél,)=3.2x10"3, which corresponds to the
(150 GH32. These inversions are probably due to spin stat@bserved signal enhancement factor of 1050 over the thermal
selective optical pumping in the lowest two Landau levels.equilibrium signalFig. 5(c)] at 300 K. Under similar optical
Also note the antiphase relationship between the satellite andNP conditions, an Overhauser shift Bf,=6 mT is ob-
central peaks, which is observed over the entire wavelengtierved, which establish&,= —3.%1,) as the collective hy-
range. The antiphase NMR line shape is consistent with theerfine coupling constant between the conduction 2DES and
existence of an octupole polarization with an admixture ofquantum well nuclei, taking into account the contribution
dipole polarization. The NMR phase inversions cease talue to all three isotope€§.We hypothesize that a larger value

[ll. ESTIMATION OF THE HYPERFINE COUPLING
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would result if not for the destructive interference betweenapplied to NMR studies of the QHE? For example, optical
hyperfine field components. The estimated hyperfine coubNP may be useful as a method for suppression of the Zee-
pling constant for this 2DES is remarkably close to the the-man energy in order to enhance the number of spin flips
oretical estimate of 3.53 T for the shallow donor trappedinvolved in Skyrmionic excitations in the quantum Hall ef-
electrons in bulk GaA&%* fect.
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