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Two-dimensional electron gases in narrow GaAs quantum wells show huge longitudinal resistan
(HLR) values at certain fractional filling factors. Applying an rf field with frequencies corresponding
to the nuclear spin splittings of69Ga, 71Ga, and75As leads to a substantial decrease of the HLR
establishing a novel type of resistively detected NMR. These resonances are split into four sublin
each. Neither the number of sublines nor the size of the splitting can be explained by establish
interaction mechanisms. [S0031-9007(99)09173-5]
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t
n
ct
ns
)
n
n
a

he
in

rm

-
g
t

Two-dimensional electron gases (2DEGs) wit
very high mobilities of the electrons can be forme
in quantum wells and heterostructures based on t
GaAsyAl xGa12xAs system. If such a 2DEG is subjected
to an intense perpendicular magnetic field at very lo
temperatures, it shows the integer [1] and the fraction
[2] quantum Hall effects at integer and fractional filling
factors of one or more Landau levels. The signature
both types of quantum Hall effects is the quantization o
the Hall resistance and the vanishing of the longitudin
resistance. Recently, however, huge longitudinal res
tance maxima (HLR) have been observed at fraction
filling factors between1

2 and 1 [3]. The HLR is found
only in samples which have a reduced well thicknes
(15 nm [4]) as compared to the conventional ones. A
an example, Fig. 1 shows longitudinal resistance me
surements on a sample similar to the one used in [3] f
two different carrier densities (dotted and dashed line
at a temperature of 0.35 K. Here, the magnetic fie
is swept at a rate of0.7 Tymin and the applied source
drain current is 100 nA. The width of the sample i
80 mm and the voltage probes are80 mm apart. For
both carrier densities a very regular behavior is seen.
integer filling factors the resistance vanishes complete
and at filling factorn ­

2
3 one finds a clear minimum.

However, if the sweep rate of the magnetic field i
drastically reduced to0.002 Tymin, a huge maximum
in the longitudinal resistance (solid lines) is observed
n ­

2
3 for both carrier densities. The size of the HLR i

maximal at a current density of approximately0.6 mAym.
The HLR vanishes in tilted magnetic fields, indicatin
that the electron spin polarization plays an important ro
for the HLR. Similar maxima are also reported at othe
fractional filling factors [3], but in this paper we want to
concentrate on the HLR atn ­

2
3 at 0.35 K.
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The HLR develops with a time constant of abou
15 min. These very long times are typical for relaxatio
effects of the nuclear spin system [5,6]. The only dire
way to demonstrate an involvement of the nuclear spi
in the HLR is a nuclear magnetic resonance (NMR
[7–10] experiment, because it allows direct modificatio
of the nuclear polarization. In this Letter we report o
experiments where radio frequency is irradiated on
sample in the HLR state and a drastic reduction of t
resistance values is observed whenever the nuclei are
resonance. This is to our knowledge the clearest fo

FIG. 1. Longitudinal resistance for two different carrier den
sities. The longitudinal resistance maximum (HLR) at fillin
factor 2y3 is clearly developed for the two carrier densities a
the slow sweep rates (0.002 Tymin) of the magnetic fields. The
inset shows the experimental setup.
© 1999 The American Physical Society
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of a resistively detected NMR in a solid state system
Moreover we report that the NMR resonances are sp
into four sublines which can neither be explained b
dipole-dipole interaction between neighboring nuclei no
by hyperfine interaction with the electrons. This indicate
that the HLR is indeed a novel fractional state.

There have been only a few experiments where t
interaction between electrons and nuclear spins in Ga
quantum wells has been probed. Effects of the nucle
polarization on the electron transport have been observ
after a nonequilibrium electron spin distribution wa
first produced by ESR radiation [5,6] or by tunneling
between different spin polarized Landau levels [11–1
which was then transferred into the nuclear system v
the hyperfine interaction. Alternatively, it is possible to
pump the nuclear polarization optically and observe th
NMR either inductively [9] or optically [7,8,10,14]. The
HLR seems to represent a completely different situatio
since the nuclear spin polarization occurs without spec
experimental preparation.

In our NMR experiment we measure the longitudi
nal resistance of a modulation doped 15 nm thick GaA
quantum well embedded in Al0.3Ga0.7As barriers. The
carrier density is about1.3 3 1011 cm22 and the mo-
bility 1.8 3 106 cm2yV s after illumination with a light-
emitting diode. The measurements are performed in a3He
bath cryostat at 0.35 K using an ac lock-in technique wi
a modulation frequency of 23 Hz. To create a radio fre
quency (rf) magnetic field perpendicular to the static ma
netic field we put a wire loop around our sample to whic
rf is applied (Fig. 1 inset). The loop is mounted so tha
its normal direction is perpendicular to the static magnet
field. We performed the NMR experiments on two dif
ferent Hall bar samples which were800 and80 mm wide,
using a source drain current of400 and 50 nA, respec-
tively. During the experiment the HLR maximum is al
lowed to develop at constant magnetic field until it reach
its peak value. Then the rf is applied and its frequency
swept over the range at which the nuclear resonances
expected while the resistance is monitored as a functi
of the rf frequency.

Results are shown in Fig. 2 where the longitudinal re
sistance is plotted as a function of the rf frequency fo
three different carrier densities. The applied rf amplitud
is approximately1 mT, which leads to the following tran-
sition rates:69Ga: 10 s21, 71Ga: 12 s21, and75As: 7 s21.
Minima are indeed found at frequencies correspondin
to the nuclear resonance frequencies of69Ga [15]. The
resonance frequencies shift because the HLR occurs
different magnetic fields for different densities. Thes
traces are the first observation of NMR directly in th
longitudinal resistance of a 2DEG.

Similar NMR resonances are also observed at the e
pected respective frequencies for the other71Ga isotope
and for75As. At all resonances the HLR is approximatel
reduced by5% to 10%. The amount of the decrease is
.
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FIG. 2. The resistively detected NMR signal of69Ga. A
current of 400 nA is passed through an800 mm wide 2DEG
sample and the HLR is at its peak value. A voltage dro
of approximately10% in the longitudinal voltage is observed
when the rf is in resonance with the nuclei. The figure show
the resonance line for three different magnetic fields, whi
means three different carrier densities. The inset is the69Ga
resonance for different sweep rates, 1 kHzy3 s and 1 kHzy60 s,
of the rf frequency. The resonance is symmetric only if th
frequency is swept slow enough.

slightly less at lower temperatures (100 mK) which ind
cates temperature dependent nuclear spin relaxation r
in this system. The HLR recovers fully after leaving th
resonance region to the high or low frequency side. W
take this as clear evidence that the HLR is connected w
a polarization of the nuclei, because continuous irradiati
of the nuclear system with a NMR resonance frequen
saturates this transition leading to equal population of t
respective spin levels. During this process the nuclear p
larization is reduced. It is noteworthy that the NMR sig
nals are most likely caused by a genuine reduction of t
HLR maximum and not by a shift of the peak, because
measurements performed in the sides of the peak we fi
only reductions, but never increases of the resistance.

No resonance signal is observed for Al; therefore, o
can conclude that the relevant nuclear spin polarization
indeed created in the quantum well only. The observ
NMR minima cannot be due to resonant heating via t
nuclei since the energy absorption is vanishingly sm
due to the longT1 relaxation time. The line shape
of the resonance depends on the sweep rate of the
frequency (Fig. 2 inset). The slow sweep shows a ve
symmetric resonance so that one can assume the sys
is in equilibrium at all times, which is not the case for th
fast sweeps. For the fast sweep rates a sharp drop of
HLR is observed when approaching the resonance. Wh
leaving the resonance the HLR recovers on a time scale
several minutes, which is similar to the time scale need
for the HLR to develop in the first place.
4071
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Figure 3 shows the resistively detected NMR of th
75As nuclei for two different carrier densities. Strikingly
one finds a clear fourfold splitting of the resonance. T
clarify if a fine structure is contained in the Ga lines o
Fig. 2 as well, we use a smaller sized sample to redu
the effect of the inhomogeneity of the magnetic field
Figure 4 shows the resonance lines of all three isotop
75As, 69Ga, and71Ga for the80 mm wide sample. With
the smaller sample we indeed observe that the NM
resonances split into four sublines. The splitting is mo
pronounced for the As resonance lines. The separat
between the respective four lines is nearly equidista
for all three isotopes and we find as average values
the splitting 30 kHz for 75As, 14.5 kHz for 69Ga, and
10 kHz for 71Ga. For reduced rf powers the depths o
the four resonance lines decrease monotonously but
exact power dependence could not yet be established.

The splitting into four sublines is very surprising. Th
three nuclei have a spin ofI ­ 3y2 which corresponds
to a fourfold degenerate nuclear spin ground state, wh
splits in a magnetic field byEZ ­ gnh̄B0mI [16], where
gn is the gyromagnetic ratio,B0 is the externally ap-
plied static magnetic field, andmI is the z component
of the nuclear spin. Three but not four different reso
nance frequencies would result if the electric quadrupo
moment couples to an electric field gradientVzz. Thus,
the quadrupole moment cannot be responsible for the fo
resonance lines.

Another possibility to account for the splitting of
nuclear resonance lines is direct dipolar coupling betwe
two neighboring nuclear spins. The coupling to a
isolated second spinI ­ 3y2 would indeed lead to a
fourfold splitting. However, in a solid this leads only to
a broadening because there are several different spe
of neighboring spins which have different distances fro
each other. Furthermore, the strength of the dipo
coupling is less than 1 kHz for the nuclear distances

FIG. 3. The NMR resonance line of75As for two different
carrier densities. A clear fourfold splitting of the resonanc
line is observed.
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GaAs, which is much too small. A similar argumen
applies to the effect of unknown impurities, which woul
be statistically distributed and therefore can lead to on
a broadening of the NMR lines. Even though the dipol
interaction cannot account for the fourfold splitting of th
lines, it is possibly responsible for the different line shap
one observes for the three nuclei. The69Ga and71Ga
nuclei are surrounded by four identical75As nuclei having
smallerg values, while75As is surrounded by a mixture
of 69Ga and71Ga nuclei having larger ones. Therefore
it is conceivable that the line shapes of the As resonan
are different from the Ga ones.

The nuclear moments can of course also interact w
the electronic system. However, the standard treatmen
the effect of quasimetallic electrons on NMR leads on
to a shift, the so called Knight shift, but not to a splittin
of the resonance lines.

Alternatively one could argue that the electrons po
sess an effective spinS ­ 3y2, which would lead to a
fourfold split nuclear resonance via the hyperfine intera
tion. The hyperfine interaction for the coupling betwee
an s electron with a nuclear spin is given byHHF ­
2
3 m0g0mBh̄gnjCs0dj2$I ? $S [16,17], wheremB is the Bohr
magneton,g0 is theg factor of the free electron,$I is the nu-
clear spin,$S is the electron spin, andjCs0dj2 is the electron
density at the nuclear site. Introducing the values from l
erature [15] leads to a hyperfine energy of 14 660 MHz p
nucleus for75As, 12 210 MHz for69Ga and 15 514 MHz
for 71Ga. Scaling these values with the electron densit
in the GaAs quantum well with respect to the density in
metal leads to hyperfine splittings of 27, 21, and 26 kH
for 75As,69Ga, and71Ga, respectively. These splittings ar
of the experimentally observed order of magnitude. How
ever, the theoretical ratio of the hyperfine splitting betwe
the69Ga and the71Ga isotope is 0.79, which is just the quo
tient of the gyromagnetic ratios of the two Ga isotopes a
does not depend on any other quantity. This would imp
that the splitting of the69Ga nuclei should be smaller than
the one of the71Ga nuclei by the same factor (0.79). Ex
perimentally, however, the splitting of the69Ga is larger.

FIG. 4. The NMR resonance line for75As, 69Ga, and71Ga
measured on the80 mm wide sample. The tick marks are in
10 kHz steps. A fourfold substructure is visible (arrows) fo
all three isotopes.
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This clearly disagrees with the expected behavior even
only the positions of the two strong center lines of the G
resonances are available with high precision. This rul
out the hyperfine interaction with an effective electron sp
of 3y2 as the sole reason for the fourfold splitting of th
resonances. Nevertheless, the order of magnitude of
observed splittings points towards the hyperfine intera
tion. It is noteworthy that the ratios between the exper
mentally observed values of the splittings can be quite we
described by scaling the theoretical hyperfine interactio
with the natural abundance of the isotopes, which is 0.6
for 69Ga and 0.39 for71Ga. This would increase the theo-
retical ratio to 1.2, which is close to the experimental valu
of 1.4. This could suggest that the splitting is caused b
the dipole interaction to other nuclei after all, but that th
coupling strength is enhanced by the hyperfine interacti
to the electrons. Since the other nuclei haveI ­ 3y2, this
coupling has the potential to lead to a fourfold splitting
if the broadening from having many neighboring isotope
at different distances is not effective. Such a mechanis
would, however, be completely novel and would amoun
to a new correlated phase between the electrons and the
clei. At this time, however, the existence of such a pha
is purely speculative.

The results of our investigation can be summarized
follows: First, the resistance value of the HLR maxim
drops if rf with frequencies corresponding to the splittin
of the nuclear spins is present. Since the rf irradiatio
leads to the saturation of the nuclear transitions an
to a reduction of the nuclear polarization, we conclud
that the HLR is caused or stabilized by a nuclea
magnetic polarization. This polarization can build up onl
dynamically by the current flow, which indicates that th
electronic transport is connected with spin flip processe

Second, whatever the exact nature of the HLR max
mum is, it must take place in the GaAs quantum well only
because otherwise we would also have observed nucl
magnetic resonances corresponding to the Al nuclei. T
Al nuclei are absent in the well but are present in th
surrounding AlGaAs barrier material.

Third, the splitting of the resonance lines into fou
lines is unexpected and not yet understood. At th
time one can only say that the size of the splittin
scales approximately with the product of the hyperfin
interaction and the natural abundance of the respect
isotope and that the size of the splitting is in the range
the expected splitting for the hyperfine interaction. To ou
knowledge, none of the commonly discussed interactio
mechanisms can lead to the observed fourfold splitting.

In conclusion we have found that the electron transpo
in the HLR state must be related to a dynamic polarizatio
of the nuclei. This fact gives the rare opportunity to dete
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NMR resistively in this state. One possible process th
could cause a dynamic polarization would be electro
passing between domains of the unpolarized and polariz
ground states [3,18] of the fractional quantum Hall effec
which would produce both the nuclear polarization an
the longitudinal resistance. Such a domain picture alo
can, however, not explain the unusual fourfold splittin
of the NMR lines, which points to an unusual correlatio
between electrons and nuclei.
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received important experimental help from J. Weis an
U. Wilhelm.
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