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Optically Pumped Nuclear Magnetic Resonance Measurements of the Electron Spin

Polarization in GaAs Quantum Wells near Landau Level Filling Factor v = %
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The Knight shift of the’'Ga nuclei is measured in two different electron-doped multiple quantum
well samples using optically pumped NMR. These data are the first direct measurements of the electron
spin polarizationP(v,T) = % nearv = 1. TheP(T) data atv = ! probe the neutral spin-flip
excitations of a fractional quantum Hall ferromagnet. In addition, the satufBted drops on either
side ofr = i, evenin aB,, = 12 T field. The observed depolarization is quite small, consistent with
an average of-0.1 spin flips per quasihole (or quasiparticle), a value which does not appear to be
explicable by the current theoretical understanding of the fractional quantum Hall effeci neair.
[S0031-9007(98)06614-9] )

PACS numbers: 73.20.Dx, 73.20.Mf, 73.40.Hm, 76.60.Cq

The electron spin played no role in the earliest thetemperaturg0.29 < T < 20 K) OPNMR measurements
ory [1] of the fractional quantum Hall effect (FQHE) [2], described below were performed using either a sorption-
where the Zeeman enerdy, = g™ u.Bo; Was assumed pumpedHe cryostat or &He bucket dewar, in fields up
to be infinite. However, for a two-dimensional electronto 12 T. The samples, about X 6 mn? in size, were
system (2DES) in GaAg;; is only ~% of the electron- in direct contact with helium, mounted on the platform
electron Coulomb energc = e?/elz ~ 160 Kat10 T, of a rotator assembly in the NMR probe. Data were
raising the possibility that interactions can lead to quanacquired using the previously described [6,7] OPNMR
tum Hall states with nontrivial spin configurations [3]. timing sequence: SAT7.—7p—DET, modified for use
This idea underlies the recent theoretical predictions [4,5below 1 K (e.g., 7p ~ 40 s, laser power-10 mW/cn?,
that the charged excitations of tire= 1 integer quantum low rf voltage levels). A calibrated RuQhermometer, in
Hall ground state are novel spin textures called skyrmionsgood thermal contact with the sample, was used to record
with experimentally observable consequences [6—9] (herthe temperature during signal acquisition.

v = n/ng, wheren is the number of electrons per unit Figure 1 shows OPNMR spectra (solid lines) over a
area, andiz = eB/hc = 1/2ml} is the number of states range of temperatures at= % Nuclei within the quan-
per unit area in each Landau level). The spin physics nedum wells are coupled to the spins of the 2DES via the
fractionalr should be even more interesting, since it is theisotropic Fermi contact interaction [15]. The correspond-
interactions that give rise to the FQHE [10-12]. ing well resonance (labeled¥”) is shifted and broadened

In this Letter, we report optically pumped nuclear mag-relative to the signal from the barriersB") [6,7]. We
netic resonance (OPNMR) [13] studies of the KnightdefineKy to be the peak-to-peak splitting betwedhand
shift Ks of 7'Ga nuclei in two different electron-doped B. The spectra at = % are well described by a simple
multiple quantum well (MQW) samples. ThEs data two-parameter fit [16] (Fig. 1, dashed lines):
are the first direct observations of the spin polarization

Ksin
P(v,T) = &0 of a 2DES neaw = 1. These ther- I(f) = apg(f) + ] df'g(f = f")
modynamic measurements provide new insights into the 0
physics of this important FQHE ground state. f!
Both of the MQW samples in this study were grown X KsT—f’

by molecular beam epitaxy on semi-insulating GaAs(001)

substrates. Sample 40W contains forty 300 A wide GaAsvhere g( f) is a 3.5 kHz FWHM Gaussian due to the
wells separated by 3600 A wide AlGayoAs barriers. nuclear spin-spin coupling [15]. The amplitude of the
Sample 10W contains ten 260 A wide wells separated byarrier signalaz, which depends on the OPNMR parame-
3120 A wide barriers. Silicon delta-doping spikes locateders, was suppressed for sm&lk spectra. The other
in the center of each barrier provide the electrons thaparameter of the fit, the intrinsic hyperfine shift of nuclei
are confined in each GaAs well at low temperaturesin the center of each quantum well, &, = A.Pn/w,
producing 2DES with very high mobilitfu > 1.4 X  wherew is the width of the well andd. is the hyper-
10% cn?/V's). This MQW structure also results in a fine constant. Ksi,; can be derived fromKs (both in
2D electron density that is unusually insensitive to light,kHz) using the empirical relatioiKsy,, = Kg + 1.1 X
and extremely uniform from well to well [14]. The low [1 — exp(—Ks/2.0)]. A comparison of Kg;, (T — 0)
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Z FIG.2. Ks(v)nearr =1 atT = 1.5 K. (a) Samples 40W
(filled symbols, three separate runs) and 10W (open symbols) at
Bt = 3.6263 T. (b) 40W atB,,, = 3.2589 T. The densities
arengw = 6.69 X 10'° cm™2 andngw = 7.75 X 10'° cm2.

S 0 -5 -10  -15 comparison to the skyrmion model will require data below
Frequency (kHz) 1.5 K, sinceP(v = 1) is only ~80% in Fig. 2.

S Using the electron densities calculated above, we tilt
FIG. 1. Solld1 lines: 7'Ga OPNMR spectra of sample gqcp sample by the angle necessary to achieve =
10W atw =3, taken atg =368° in B = 12T (fo = 1n g " 12T (where iy — 46.4° 10w = 36.8°).
155.93 MHz). The dashed lines are fits, described in the text. Figure 3(a) showsKs as a function of temperature at

v = 1. Two different symbols are used for th®W
in three different samples yieldd, = (4.5 = 0.2) X data, corresponding to independent cool downs from
10713 cm? /s, which makesKs;,, an absolutemeasure of 00m temperature, vv_hich demonstrates the reproducibility
the electron spin polarization. An implicit assumption©f the data. The inset shows tha&fs saturates for
in this model is that the well line shape is “motionally Poth samples at low temperatures, as previously seen
narrowed” [15]. This requires that the reversed spindt » =1 [6]. In Fig. 3(b) we plot the corresponding
(e.g., thermally excited spin waves) are delocalizedtemperature dependence of the electron spin polarization,
so that(S.(v,T)), averaged over the NMR time scale using P(v = ,7) = ,(’((7}1)0) The resulting curves
(~40 useo, appears spatially homogeneous. are almost identical for the two samples. The subtle
Using the rotator assembly, we could vary the angledifferences that remain might be due to a slightly higher
6 (—60° < 6 < 60°) between the sample’s growth axis spin stiffness [18] for sampleOW .
and the applied fieldB,, thus changing the filing  The P(v = 3,T) data in Fig. 3(b) probe the neutral
factor v = nhc/eB, in situ (here B, = By, cosf). spin-flip excitations of a fractional quantum Hall fer-
Figure 2 showsKs measurements in the two samplesromagnet. For comparison, the dashed line is the po-
nearr = 1. The excellent agreement between positive larization P*(T) calculated fornoninteractingelectrons
(squares) and negative (circles) data is consistent with at » = 1, where P*(T) = tanNE;/4kgT), Biot = 12 T,
the rotator accuracy of-0.1°. We infer the densities andg® = —0.44. Both P(v = 1,7T) [6,19] andP(v =
n from these measurements assuming tkigtd) peaks %,T) saturate at higher temperatures th&A4(7); how-
at v = 1, hence determiningsow = 6.69 X 10'° cm2  ever, the data av = % lie much closer to thisP*(T)
andnow = 7.75 X 10'° cm™2, consistent with low-field limit. Fitting tanhA /4kT) to the saturation region of
magnetotransport characterization of the wafers. Thesthe data, we findA = 2E; at v = % as opposed to
values are very robust, as the four independent runs showk = 10Ez atv = 1 [6]. We also note that the 40W data
in Fig. 2 for samplel0W reproduce: to within +0.5%. set is very well described b = 1.82E; over theen-
Note that the sharp peak iRy at » = 1 is quite tire temperature range, in sharp contrast to the behavior
similar to the “skyrmion feature” previously observed at» = 1. These results are consistent with the spin stiff-
in a higher density sample at strongBy, [6]. The ness being much less at= %than atv = 1[18]. While
“size” of the skyrmion inferred from Fig. 25 = /A =  a recent numerical result [20] is in qualitative agreement
3.1 for By, ~ 3.5 T) is slightly larger than beforéS =  with the data in Fig. 3(b), it remains to be seen whether
A = 2.6 for Bi,x ~ 7 T) [17], in qualitative agreement other theoretical approaches, such as those used=atl
with the change itz /E¢ [4,5]. However, a quantitative [21], can be modified to explain these data.
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ture. Open circles: sample 10W &t= 0.77 K; filled circles:

1.0 - sample 40W af" = 0.46 K; open and filled diamonds: samples
' Gﬁ (b) S 1.0q~ewd o 10W and 40W atl’ = 1.5 K, respectively. Solid and dashed
- © L e9 lines are described in the text.
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§ 0.8 1 ‘%% H . .“
E % © 2
N ooged ¢ b% o 0.8+ - more remarkablyP(») decreases monotonically asis
g L % - S i lowered below} over the observed rangés ~ —30%).
0O 0.4 QQ; @ This strongly suggests that the charged quasiparticles and
£ P Temperature (K) quasiholes of thev = 1 ground state involve electron
" o244 0 e o K . spin flips.
......................... OO A second, independent measurement provides further
0.0 : : : : : | | evidence for the presence of reversed spins below 1.
0 > 4 6 8 10 12 14 While the high temperature spectra are motionally nar-

rowed [15], Table | shows that the well line shape broad-
ens dramatically at low temperatures below= % This

FIG. 3. Temperature dependence of & and (b) 7 for  change in the line shape indicates that the time-averaged
samples 10W (open symbols) and 40W (filled symbols) ays.) is no longer spatially homogeneous. The inhomo-
v =73 With B = 12T, faw = 464°, and 610w = 36.8°).  geneity requires the existence of spin-reversed regions,
Dashed line isP*(7), defined in the text. Insets show the yhich pecome localized over the NMR time scale as
saturation region (note the error bar). the temperature is lowered below0.5 K (~0.3 K) for
sample 10W (40W) [16]. In order to avoid the complica-
tion of a spatially inhomogeneoys, ), the data presented

Temperature (K)

The Knight shift was also measured at fixed tempera
ture as a function of sample tilt angle, with,, = 12 T.
Figure 4(a) show«s(v) nearv = % for sample 10W at
T = 0.77 K, and for sample 40W af’ = 0.46 K. By
these low temperature&s(v = %) has essentially satu-
rated for both samples. The data in Fig. 4(a) show that
Ks(v) drops on either side of = % a result that is remi-
niscent of earlier measurements near= 1 [6]. The
Ks(v = %) feature is distinctly “sharper” for sample 10W
as opposed to sample 40W. This difference between the
samples is not an artifact of the temperatures plotted, as(%
Fig. 4(b) shows that the distinction is already present by
T = 1.5 K. In order to measur&(v) this accurately,
we took into account thextrinsictilt-angle dependence of
the barrier frequency [Fig. 4(b), solid and dashed curves]
caused by a paramagnetic rotation stage.

The Kg(v) data shown in Fig. 4(a) are converte
to the corresponding electron spin polarizatittiy) =

C))

kg

Polarization
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d FIG. 5. Dependence doP on filling factor at fixed tempera-
ture. (a) Sample 10W & = 0.77 K (open circles); Eq. (1)
Ksm () -2 77 with v, = % for A = S =0 (dashed line),A = 0.085 and

Kmv=173 and are plotted in Fig. 5. The polarization § — (15 (solid line), and A = $ = 1 (dash-dotted line).

of both samples decreases asis varied away from (b) Sample 40W af = 0.46 K (filled circles); Eq. (1) with

%, despite the presence of the 12 T fielBerhaps even v, = i A = 0.053 andS = 0.10 (solid line).
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TABLE I. The percentage increase of the well linewidth for as 10W show much more structure, with well-developed
samplle 10W, relative to the value of 5.2 kHzZat= 1.5 Kand  minima in Py At v = 12 2 and% at T = 300 mK

3 51 7
V¥ 7 3 [14,26]. 5 3
T (K) The possible explanations of these valg§s~ A ~
v 1.5 0.9 0.7 05 0.3 0.1) are constrained by many different aspects of the data.
1/3 0% 1% 1% 3% 5o, FOf example, the values af and “A do not appear
0.29 206 12% 20% 36% 3205 10 change up td” = 1.5 K. Furthermore, the motional
0.27 12% 21% 45% 69% 539 harrowing of the NMR line requires that the time-averaged

electron spin polarization is spatially uniform for all
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