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The Knight shift of the71Ga 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 electro
spin polarization,P sn, T d ; kSz sn,T dl

maxkSz l
, nearn ­ 1

3
. TheP sT d data atn ­ 1

3
probe the neutral spin-flip

excitations of a fractional quantum Hall ferromagnet. In addition, the saturatedP snd drops on either
side ofn ­ 1

3
, even in aBtot ­ 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 effect nearn ­ 1

3
.

[S0031-9007(98)06614-9]

PACS numbers: 73.20.Dx, 73.20.Mf, 73.40.Hm, 76.60.Cq
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The electron spin played no role in the earliest the
ory [1] of the fractional quantum Hall effect (FQHE) [2],
where the Zeeman energyEZ ; gpmeBtot was assumed
to be infinite. However, for a two-dimensional electro
system (2DES) in GaAs,EZ is only , 1

70 of the electron-
electron Coulomb energyEC ; e2yelB , 160 K at 10 T,
raising the possibility that interactions can lead to qua
tum Hall states with nontrivial spin configurations [3]
This idea underlies the recent theoretical predictions [4,
that the charged excitations of then ­ 1 integer quantum
Hall ground state are novel spin textures called skyrmion
with experimentally observable consequences [6–9] (he
n ; nynB, wheren is the number of electrons per unit
area, andnB ­ eByhc ; 1y2pl2

B is the number of states
per unit area in each Landau level). The spin physics ne
fractionaln should be even more interesting, since it is th
interactions that give rise to the FQHE [10–12].

In this Letter, we report optically pumped nuclear mag
netic resonance (OPNMR) [13] studies of the Knigh
shift KS of 71Ga nuclei in two different electron-doped
multiple quantum well (MQW) samples. TheKS data
are the first direct observations of the spin polarizatio
P sn, Td ; kSzsn,Tdl

maxkSz l of a 2DES nearn ­ 1
3 . These ther-

modynamic measurements provide new insights into t
physics of this important FQHE ground state.

Both of the MQW samples in this study were grown
by molecular beam epitaxy on semi-insulating GaAs(00
substrates. Sample 40W contains forty 300 Å wide GaA
wells separated by 3600 Å wide Al0.1Ga0.9As barriers.
Sample 10W contains ten 260 Å wide wells separated
3120 Å wide barriers. Silicon delta-doping spikes locate
in the center of each barrier provide the electrons th
are confined in each GaAs well at low temperature
producing 2DES with very high mobilitysm . 1.4 3

106 cm2yV sd. This MQW structure also results in a
2D electron density that is unusually insensitive to ligh
and extremely uniform from well to well [14]. The low
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temperatures0.29 , T , 20 Kd OPNMR measurements
described below were performed using either a sorptio
pumped3He cryostat or a4He bucket dewar, in fields up
to 12 T. The samples, about4 3 6 mm2 in size, were
in direct contact with helium, mounted on the platform
of a rotator assembly in the NMR probe. Data we
acquired using the previously described [6,7] OPNM
timing sequence: SAT2tL2tD2DET, modified for use
below 1 K (e.g., tD , 40 s, laser power,10 mWycm2,
low rf voltage levels). A calibrated RuO2 thermometer, in
good thermal contact with the sample, was used to rec
the temperature during signal acquisition.

Figure 1 shows OPNMR spectra (solid lines) over
range of temperatures atn ­ 1

3 . Nuclei within the quan-
tum wells are coupled to the spins of the 2DES via th
isotropic Fermi contact interaction [15]. The correspon
ing well resonance (labeled “W”) is shifted and broadened
relative to the signal from the barriers (“B”) [6,7]. We
defineKS to be the peak-to-peak splitting betweenW and
B. The spectra atn ­ 1

3 are well described by a simple
two-parameter fit [16] (Fig. 1, dashed lines):

Is fd ­ aBgs fd 1
Z KSint

0
df 0 gs f 2 f 0d

3

s
f 0

KSint 2 f 0
,

where gs fd is a 3.5 kHz FWHM Gaussian due to the
nuclear spin-spin coupling [15]. The amplitude of th
barrier signal,aB, which depends on the OPNMR parame
ters, was suppressed for smallKS spectra. The other
parameter of the fit, the intrinsic hyperfine shift of nucle
in the center of each quantum well, isKSint ­ AcP nyw,
where w is the width of the well andAc is the hyper-
fine constant. KSint can be derived fromKS (both in
kHz) using the empirical relationKSint ­ KS 1 1.1 3

f1 2 exps2KSy2.0dg. A comparison ofKSintsT ! 0d
© 1998 The American Physical Society 673
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FIG. 1. Solid lines: 71Ga OPNMR spectra of sample
10W at n ­ 1

3
, taken at u ­ 36.8± in Btot ­ 12 T s fo ­

155.93 MHzd. The dashed lines are fits, described in the tex

in three different samples yieldsAc ­ s4.5 6 0.2d 3

10213 cm3ys, which makesKSint an absolutemeasure of
the electron spin polarization. An implicit assumptio
in this model is that the well line shape is “motionally
narrowed” [15]. This requires that the reversed spi
(e.g., thermally excited spin waves) are delocalize
so that kSzsn, T dl, averaged over the NMR time scale
s,40 msecd, appears spatially homogeneous.

Using the rotator assembly, we could vary the ang
u s260± , u , 60±d between the sample’s growth axis
and the applied fieldBtot, thus changing the filling
factor n ­ nhcyeB' in situ (here B' ; Btot cosud.
Figure 2 showsKS measurements in the two sample
nearn ­ 1. The excellent agreement between positiveu

(squares) and negativeu (circles) data is consistent with
the rotator accuracy of60.1±. We infer the densities
n from these measurements assuming thatKSsud peaks
at n ­ 1, hence determiningn40W ­ 6.69 3 1010 cm22

andn10W ­ 7.75 3 1010 cm22, consistent with low-field
magnetotransport characterization of the wafers. The
values are very robust, as the four independent runs sho
in Fig. 2 for sample40W reproducen to within 60.5%.

Note that the sharp peak inKS at n ­ 1 is quite
similar to the “skyrmion feature” previously observe
in a higher density sample at strongerBtot [6]. The
“size” of the skyrmion inferred from Fig. 2sS̃ ­ Ã ­
3.1 for Btot , 3.5 Td is slightly larger than beforesS̃ ­
Ã ­ 2.6 for Btot , 7 Td [17], in qualitative agreement
with the change inEZyEC [4,5]. However, a quantitative
674
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FIG. 2. KSsnd nearn ­ 1 at T ­ 1.5 K. (a) Samples 40W
(filled symbols, three separate runs) and 10W (open symbols
Btot ­ 3.6263 T. (b) 40W atBtot ­ 3.2589 T. The densities
aren40W ­ 6.69 3 1010 cm22 andn10W ­ 7.75 3 1010 cm22.

comparison to the skyrmion model will require data belo
1.5 K, sinceP sn ­ 1d is only ,80% in Fig. 2.

Using the electron densities calculated above, we
each sample by the angleu necessary to achieven ­
1
3 in Btot ­ 12 T (where u40W ­ 46.4±, u10W ­ 36.8±).
Figure 3(a) showsKS as a function of temperature a
n ­ 1

3 . Two different symbols are used for the40W
data, corresponding to independent cool downs fro
room temperature, which demonstrates the reproducibi
of the data. The inset shows thatKS saturates for
both samples at low temperatures, as previously s
at n ­ 1 [6]. In Fig. 3(b) we plot the corresponding
temperature dependence of the electron spin polarizat
using P sn ­ 1

3 , T d ­
KSintsTd

KSintsT!0d . The resulting curves
are almost identical for the two samples. The sub
differences that remain might be due to a slightly high
spin stiffness [18] for sample10W .

The P sn ­ 1
3 , T d data in Fig. 3(b) probe the neutra

spin-flip excitations of a fractional quantum Hall fer
romagnet. For comparison, the dashed line is the
larization P psT d calculated fornoninteractingelectrons
at n ­ 1, whereP psT d ­ tanhsEZy4kBT d, Btot ­ 12 T,
and gp ­ 20.44. Both P sn ­ 1, T d [6,19] andP sn ­
1
3 , Td saturate at higher temperatures thanP psT d; how-
ever, the data atn ­ 1

3 lie much closer to thisP psT d
limit. Fitting tanhsDy4kBTd to the saturation region of
the data, we findD ø 2EZ at n ­ 1

3 , as opposed to
D ø 10EZ at n ­ 1 [6]. We also note that the 40W dat
set is very well described byD ­ 1.82EZ over theen-
tire temperature range, in sharp contrast to the behav
at n ­ 1. These results are consistent with the spin sti
ness being much less atn ­ 1

3 than atn ­ 1 [18]. While
a recent numerical result [20] is in qualitative agreeme
with the data in Fig. 3(b), it remains to be seen wheth
other theoretical approaches, such as those used atn ­ 1
[21], can be modified to explain these data.
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FIG. 3. Temperature dependence of (a)KS and (b) P for
samples 10W (open symbols) and 40W (filled symbols)
n ­ 1

3
(with Btot ­ 12 T, u40W ­ 46.4±, and u10W ­ 36.8±).

Dashed line isP psT d, defined in the text. Insets show the
saturation region (note the error bar).

The Knight shift was also measured at fixed temper
ture as a function of sample tilt angle, withBtot ­ 12 T.
Figure 4(a) showsKSsnd nearn ­ 1

3 for sample 10W at
T ­ 0.77 K, and for sample 40W atT ­ 0.46 K. By
these low temperatures,KSsn ­ 1

3 d has essentially satu-
rated for both samples. The data in Fig. 4(a) show th
KSsnd drops on either side ofn ­ 1

3 , a result that is remi-
niscent of earlier measurements nearn ­ 1 [6]. The
KSsn ­ 1

3 d feature is distinctly “sharper” for sample 10W
as opposed to sample 40W. This difference between t
samples is not an artifact of the temperatures plotted,
Fig. 4(b) shows that the distinction is already present b
T ­ 1.5 K. In order to measureKSsnd this accurately,
we took into account theextrinsictilt-angle dependence of
the barrier frequency [Fig. 4(b), solid and dashed curve
caused by a paramagnetic rotation stage.

The KSsnd data shown in Fig. 4(a) are converted
to the corresponding electron spin polarizationP snd ;

KSintsnd
KSintsn­1y3d , and are plotted in Fig. 5. The polarization
of both samples decreases asn is varied away from
1
3 , despite the presence of the 12 T field.Perhaps even
at
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FIG. 4. Dependence ofKS on filling factor at fixed tempera-
ture. Open circles: sample 10W atT ­ 0.77 K; filled circles:
sample 40W atT ­ 0.46 K; open and filled diamonds: samples
10W and 40W atT ­ 1.5 K, respectively. Solid and dashed
lines are described in the text.

more remarkably,P snd decreases monotonically asn is
lowered below1

3 over the observed ranges dn

1y3 , 230%d.
This strongly suggests that the charged quasiparticles
quasiholes of then ­ 1

3 ground state involve electron
spin flips.

A second, independent measurement provides furt
evidence for the presence of reversed spins belown ­ 1

3 .
While the high temperature spectra are motionally na
rowed [15], Table I shows that the well line shape broa
ens dramatically at low temperatures belown ­ 1

3 . This
change in the line shape indicates that the time-averag
kSzl is no longer spatially homogeneous. The inhom
geneity requires the existence of spin-reversed regio
which become localized over the NMR time scale a
the temperature is lowered below,0.5 K s,0.3 Kd for
sample 10W (40W) [16]. In order to avoid the complica
tion of a spatially inhomogeneouskSzl, the data presented
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FIG. 5. Dependence ofP on filling factor at fixed tempera-
ture. (a) Sample 10W atT ­ 0.77 K (open circles); Eq. (1)
with no ­ 1

3
for Ã ­ S̃ ­ 0 (dashed line),Ã ­ 0.085 and

S̃ ­ 0.15 (solid line), and Ã ­ S̃ ­ 1 (dash-dotted line).
(b) Sample 40W atT ­ 0.46 K (filled circles); Eq. (1) with
no ­ 1

3
, Ã ­ 0.053 and S̃ ­ 0.10 (solid line).
675
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TABLE I. The percentage increase of the well linewidth fo
sample 10W, relative to the value of 5.2 kHz atT ­ 1.5 K and
n ­ 1

3
.

T sKd
n 1.5 0.9 0.7 0.5 0.3

1y3 0% 4% 4% 3% 5%
0.29 2% 12% 20% 36% 32%
0.27 12% 21% 45% 69% 53%

in Fig. 5 were taken at temperatures that were just lo
enough to saturateKSsTd at n ­ 1

3 .
To quantify the rate of depolarization in Fig. 5, we

extend a simple model previously used nearn ­ 1 [6].
Our model parametrizes the effect of interactions in th
neighborhood of a ferromagnetic filling factorno , 1.
We assume that adding a quasiparticle (or quasihole)
the ground state causes̃S (or Ã) electron spins to flip
[17]. Within this model, the electron spin polarization is

P snd ­ 1 1 2

√
1
n

2
1

no

!
3 sssS̃ Qsn 2 nod 2 ÃQsno 2 ndddd , (1)

where Qsxd ; h1, x $ 0; and0, x , 0j. Using Eq. (1)
to fit the data nearno ­ 1

3 (solid lines), we find

10W: Ã ­ 0.085 6 0.005, S̃ ­ 0.15 6 0.04 ,

40W: Ã ­ 0.053 6 0.008, S̃ ­ 0.10 6 0.03 .

For comparison, the earliest theory [1,11] of then ­ 1
3

ground state assumed spin-polarized quasiparticles
quasiholes, i.e.,̃S ­ Ã ­ 0 (Fig. 5, dashed line). Sub-
sequent calculations [10] considered the possibility
spin-reversed quasiparticles and quasiholes, i.e.,S̃ ­
Ã ­ 1 (Fig. 5, dash-dotted line). However, both th
early calculations and the more recent studies of skyrmi
excitations nearn ­ 1

3 [22,23] suggestS̃ ­ Ã ­ 0 for
strong magnetic fields. On the other hand, our sma
nonzero values are within the bounds set by transp
measurements at ambient [24] and high [25] pressures.

A much more difficult feature to understand is the fa
that our measured values are fractionalsS̃ , Ã , 0.1d,
since the magnetic field should makekSzl a good quantum
number for the N particle system [10]. Of course, ou
experiment does not have the resolution to see the eff
of adding a single quasiparticle to then ­ 1

3 ground
state; thus these values for̃S and Ã are theaverage
numbers of flipped spins per quasiparticle and quasiho
Nevertheless, Eq. (1), which assumes that all quasiho
(or quasiparticles) behave in exactly the same way, do
a remarkably good job fitting our data over the rang
s0.23 , n , 0.36d. This model is expected to break down
outside the “dilute” quasiparticle limit (i.e., whenn gets
“too far” from 1

3 ), since S̃ and Ã are independent of
n. Surprisingly, the above fit actually passes throug
n ­

2
7 without modification. High field magnetotranspor

measurements on samples taken from the same wa
676
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as 10W show much more structure, with well-develope
minima in rxx at n ­ 1

3 , 2
5 , 2

7 , and 1
5 at T ­ 300 mK

[14,26].
The possible explanations of these valuessS̃ , Ã ,

0.1d are constrained by many different aspects of the da
For example, the values of̃S and Ã do not appear
to change up toT ­ 1.5 K. Furthermore, the motional
narrowing of the NMR line requires that the time-average
electron spin polarization is spatially uniform for alln.
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