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NMR Probing of Spin Excitations in the Ring Structure of a Two-Subband System
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Resistively detected nuclear magnetic resonance (NMR) is observed inside the ringlike structure, with a
quantized Hall conductance of 6¢%/h, in the phase diagram of a two-subband electron system. The NMR
signal persists up to 470 mK and is absent in other states with the same quantized Hall conductance. The
nuclear spin-lattice relaxation time 77, is found to decrease rapidly towards the ring center. A strong
dynamic nuclear polarization by the biasing current has also been observed only inside the ring. These
observations are consistent with the assertion of the ringlike region being a ferromagnetic state that is

accompanied by collective spin excitations.
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A two-dimensional electron system consisting of two
filled subbands is emerging as an experimental laboratory
to study charge and spin correlation effects. The correla-
tions become particularly prominent when the two sets of
Landau levels (LLs) with different subband quantum num-
bers are brought into degeneracy by varying magnetic field
and/or carrier concentration. A series of experimental ob-
servations were made to explore the consequences of in-
trinsic electron spin exchange interactions [1,2], as well as
pseudospin charge excitations in the vicinity of the degen-
eracy regions [3,4].

One of the interesting findings in the recent studies of
the two-subband system is that the experimental phase
diagram, in the density-magnetic field plane, exhibits pro-
nounced “ringlike structures” at even integer filling fac-
tors [1]. It was conjectured that these structures represent
ferromagnetic phases. This conjecture was based on theo-
retical predictions that a ferromagnetic phase transition can
occur when two LLs with opposite spin are close to cross-
ing at the Fermi energy. By promoting all the electrons, or
holes, in the uppermost occupied LL to the lowest un-
occupied LL of opposite spin, the total energy of the
system can be lowered by the exchange mechanism [5].
Such a transition has been seen in a single subband two-
dimensional hole system when two LLs with opposite spin
and different LL index approach each other by increasing
the Zeeman energy in tilted magnetic fields [6]. The ring-
like structures have also been observed recently by
Ellenberger et al. on a two-subband parabolic quantum
well [2]. The authors, however, suggest that the ring struc-
tures can be single particle states with an enhanced ex-
change interaction within each subband in the framework
of mean-field theory.

To address the question whether the ring structures are
collective states in nature, measurements other than the
conventional transport are needed. The resistively detected
NMR technique has recently emerged as an effective
method to probe collective spin states in the fractional
quantum Hall regime [7,8], the Skyrmion spin texture close
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to the filling factor » = 1 [9,10], and the role of electron
spin polarization in the phase transition of a bilayer system
[11]. This method is significantly less demanding than the
high-sensitivity conventional NMR detection [12]. Here
we have adapted this technique to study NMR in the
vicinity of the ring structure with a quantized Hall con-
ductance of 6e?/h. It reveals that the NMR signal is phase-
space dependent and only appears inside the ring structure.
An array of observations suggests that the ringlike region is
a collective state that has intriguing spin excitations.

The sample used in this study is a symmetrical
modulation-doped single quantum well [13]. Both well
and spacer are 240 A thick. The total electron density at
gate voltage V, = 0 is 8.1 X 10! cm™2, with a distribu-
tion of 5.4 and 2.7 X 10" ¢m™? in the first and second sub-
band, respectively. The mobility is 4.1 X 103 cm?/V - s. A
NiCr top gated 100 wm wide Hall bar with 270 um be-
tween voltage probes was patterned by standard lithogra-
phy techniques. Several turns of NMR coil were wound
around the sample, which was placed in a dilution refrig-
erator with a base temperature of 60 mK, and in a perpen-
dicular magnetic field normal to the sample plane. A small
rf magnetic field generated by the coil with a matching
frequency f = yH, will cause NMR for 7>As nuclei,
where the gyromagnetic ratio y = 7.29 MHz/T. The re-
sistance was measured using quasi-dc lock-in techniques
with f = 13.2 Hz. The external magnetic field was cali-
brated within an accuracy of *0.1%, using the strong
resistively detected NMR signal found at » = 1.45 and
B=455T.

Figure 1 shows the phase diagram of longitudinal resis-
tivity, p,,, as a function of magnetic field, B, and carrier
density, n, at 70 mK. Its most salient feature is the ringlike
structure centered around the » = 6 line. It was previously
speculated that the ring represents a ferromagnetic state,
while on either side of the ring the system is in a paramag-
netic state with exactly the same quantized Hall conduc-
tance, 6e>/h, because the topmost two occupied LLs are
two spin split states of the same subband. The schematic
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FIG. 1 (color online). Gray scale plot of resistivity versus
magnetic field and gate voltage (or carrier concentration) at
75 mK. The filling factor » = 6 is shown by the dot-dashed
line. Dots marked by A, B, B', C, and C' are the places where
NMR experiments were conducted.

diagram for this model is illustrated in Fig. 5 of Ref. [1].
Recently the ringlike structures have been numerically
simulated [2,14].

Resistively detected NMR, performed in the proximity
of the ring structure, reveals no signal on its two sides, like
positions B, B/, C, and C’ in Fig. 1. In contrast, inside the
ring structure, such as position A in Fig. 1, pronounced
NMR signals were observed. NMR lines for both cases are
shown in Figs. 2(a)—2(c). The relative change of R,, is
typically about 1% at resonance at an estimated rf power
about 0.1 mW at the sample. The resonant frequencies at
different V, agree well with the theoretical values, indi-
cated by the vertical dashed lines in Fig. 2(b). Upon
resonance, R, in all NMR lines shows a sharp decrease
followed by a much slower relaxation process back to its
original value, which is characterized by the nuclear spin-
lattice relaxation time constant, 7, as will be discussed.

To further confirm the NMR signal, NMR lines were
recorded at different magnetic fields inside the ring struc-
ture, as shown in Fig. 2(d). The resonance shows the
expected blueshift with increasing B. The frequencies of
the minima in the NMR lines, plotted in the inset, exhibit a
linear relationship with B, and are slightly above the
theoretical values denoted by the dashed line. Never-
theless, Fig. 2(e) reveals that the NMR line form is strongly
dependent on frequency sweeping direction and speed. The
slower the frequency sweeps, the closer the minima fre-
quency approaches the expected theoretical value.

Although the nuclear polarization can be built up ther-
mally at very low temperatures [9], we believe the resis-
tively detected NMR described here is due to the electron
and nuclear spin dynamic polarization effect [15-17]. For
the 2D electron system in GaAs, the contact hyperfine
interaction between the nuclear spin I and the electron
spin S can be expressed as Al - S =4(I*S™ + 1" §) +
AIS,, where A is the hyperfine coupling constant [18].
Because of the term 4 (IS~ + I~ S™), a nuclear spin flops,
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FIG. 2 (color online). (a),(b), and (c) show NMR signals close
to positions C, A, and B dotted in Fig. 1, respectively. (d) NMR
resonances at different magnetic fields inside the ring structure.
Inset shows the resonance frequency as a function of magnetic
field. (e) NMR signals at three frequency scanning speeds, and in
opposite sweeping direction. In above figures, theoretical NMR
values, assuming y = 7.29 MHz/T for 73 As, are drawn by the
dot-dashed lines.

|=1, when an electron spin flips, =] . Nuclear spins that
have once flopped hardly relax back because of their longer
relaxation time, 7, which is on the order of minutes,
relative to that of the electrons. Hence up-spin nuclei pile
up to develop a strong nuclear polarization /., which is
parallel to the external magnetic field B. It will reduce the
effective electron spin-flip energy,

EZ = g*/"LBBSz + A<Iz>SzJ (1)

as g* <0 [9]. When the NMR resonance condition is
matched, the nuclear spins are depolarized and the electron
Zeeman energy increases consequently. Since R, is de-
pendent on the energy gap of the energy spectrum, AE, and
thermally activated according to R,, * exp(—AE/2kT),
the NMR is manifested by a drop in R,,, as shown by all
the NMR lines in Fig. 2.

The observed prominent (absent) NMR signal inside
(outside) the ring structure in Figs. 2(a)—2(c), is well
correlated with the spin polarization of the picture depicted
in Fig. 5 of Ref. [1]. Inside the ring along the » = 6 line,
the topmost two occupied LLs from different subbands
have the same spin orientation and hence S, =1 in
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Eq. (1). Accordingly, the NMR signal was observed in
Fig. 2(b). Whereas outside the ring along the v = 6 line,
itis a normal paramagnetic state where spin split LLs of the
same subband are completely filled. Hence S, =0 in
Eq. (1), and NMR cannot be expected. Nevertheless, it is
noteworthy that a spin polarized state alone is not sufficient
to give rise to NMR in this two-subband system. For
instance, NMR detection, which was performed around
v = 5 did not reveal any noticeable signal.

To gain more insight into the nature of the state inside
the ring, we studied the coupling between the nuclei and
electrons by measuring the nuclear spin-lattice relaxation
time, 7T, at various positions inside the ring structure.
Figure 3(a) shows the procedure for determining 7. At I,
rf was tuned into resonance, and R, decays exponentially
into a steady state due to the saturation of the nuclear
depolarization. Then at II, with the frequency switching
back to off resonance, nuclei gradually restore their polar-
ization owing to the interaction with the electron spin bath.
Consequently, R, slowly relaxes back to its original value,
following an exponential function of the form R,, = o +
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FIG. 3 (color online). (a) the principle of measuring 7| by
recording time evolution of R, irradiated by rf, initially off
resonance, on resonance at 33.1695 MHz (position I), and finally
off resonance (position II). T is determined by an exponential fit
to the experimental data shown by the thick gray curve. (b) T,
measured at dots A(4.55 T, —0.45 V), B(4.575 T, —0.459 V),
C(4.6 T, —0.468 V), and D(4.615 T, —0.475 V) in the inset
graph, exhibits a declining tendency towards the ring center.

Be =1/, T} is the time constant, which is approximately
equal to the nuclear spin-lattice relaxation time 77, if
gupBy <K 2kgT and the rf power is small [10].

The obtained values of T, are plotted in Fig. 3(b) as a
function of B for different locations inside the ring struc-
ture, marked by dots in the inset picture. These positions,
with their successively diminishing resistance, represent a
path progressively leading to the center of the ring struc-
ture. 7 rapidly drops from 450 to 95 s toward the ring
center, as electrons become more localized. This correla-
tion of T} with localization is opposite to the usual relation
in the quantum Hall regime, 7| ! « D(E) « p,,, where
D(E) is the density of states [9,19]. While we do not
exactly know the mechanism for this enhanced nuclear
spin relaxation, a recent work suggested that, for a ferro-
magnetic state, the relaxation is expected to be limited by
spin-textured quasiparticles induced by disorder [15].
However, one needs to know how the disorder varies in
the n — B plane within the ring in order to compare with
the data in Fig. 3(b).

NMR measurements were performed at elevated tem-
peratures, as shown in Fig. 4. The relative change of
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FIG. 4 (color online). (a) variable temperature measurement of
NMR lines at B = 4.55 T and V, = —0.45 V. The number in
brackets is the amount of negative shift along y axis for each
trace. The vertical line with arrowhead shows the gradual van-
ishing of the NMR signal when temperature rises. (b) The NMR
ratio AR/R versus temperature. The dashed line is a linear fit
with an extrapolation to x axis at 475 mK.
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FIG. 5 (color online). (a) The enhancement of the NMR signal
by the dc biasing current, indicated by the vertical line with
arrowhead, at B=455T, V, = —040V, and T = 35 mK.
The inset shows the measuring principle. Each curve was nega-
tively shifted along y axis by 0, 0, 40, 80, 115, 150, 180, 200, and
230 (), from bottom to top. (b) The NMR ratio AR/R versus
biasing current.

resistance at NMR resonance decays almost linearly with
the temperature, and vanishes completely at 475 mK. T as
a function of temperature has also been quantitatively
measured up to 250 mK, and does not reveal any noticeable
temperature dependence. The measurement of 7'} above
250 mK is hindered by the weak NMR signal as the
uncertainty in 7 becomes unacceptably large. The fact
that 7', is almost temperature independent is consistent
with the observation in the ferromagnetic phase of a bilayer
system [15].

To investigate the mechanism of the polarized nuclear
spins, current dependence of the NMR signal was studied,
and is depicted in Fig. 5(a). In this measurement, the
sample resistance was measured with a low ac current of
20 nA, while ramping the dc current in a wide range to bias
the sample. Figure 5(b) indicates that the NMR signal is
enhanced by a factor of 6 in the low current range up to
200 nA, and then saturates. This is opposite to the elevated
temperature effect shown in Fig. 4. The data thus demon-
strate experimentally that the observed nuclear spin polar-
ization cannot be built thermally and must be gained by
some dynamic mechanism. It is a well-known fact that the

electrical current can efficiently induce electron spin-flip
and nuclear spin-flop processes near the ferromagnetic
phase of the » = 2/3 fractional quantum Hall state [15—
17]. Since a ferromagnetic state can spontaneously sepa-
rate into domains, as the applied current forces electrons to
scatter between adjacent domains with different spin but
almost degenerate energy, the nuclei in the neighborhood
can become polarized. Adapting this picture of dynamic
polarization, we can imagine that strong nuclear polariza-
tion observed at high temperatures under a biasing current
in our experiment are consistent with the fact that the ring
state consists of spontaneously polarized electron spins.

In conclusion, resistively detected NMR was detected
only inside the ringlike structure in the phase diagram of a
two-subband electron system. The associated nuclear spin-
lattice relaxation time decays rapidly towards the center of
the ring. The NMR signal persists to temperatures as high
as 470 mK, and shows a clear dynamic pumping effect by
the biasing current. These findings are consistent with the
notion that there is a ferromagnetic state inside the ring
structure facilitated by preferential alignment of electron
spins from different subband in an external magnetic field.
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