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NMR Evidence for Spin Canting in a Bilayer » = 2 Quantum Hall System
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We investigate the electron spin states in the bilayer quantum Hall system at total Landau level filling
factor v = 2 exploiting current-pumped and resistively detected NMR. The measured Knight shift, K, of
75 As nuclei reveals continuous variation of the out-of-plane electronic spin polarization between nearly
full and zero as a function of density imbalance. Nuclear spin relaxation measurements indicate a
concurrent development of an in-plane spin component. These results provide direct information on the
spin configuration in this system and comprise strong evidence for the spin canting suggested by previous

experiments.
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Bilayer quantum Hall (QH) systems have found rich
electronic phases that emerge as a consequence of the
interplay between different degrees of freedom. In particu-
lar, at total Landau level filling factor » = 2, where two of
the four lowest Landau levels split by the Zeeman and
interlayer tunnel couplings are occupied, the competing
spin and layer degrees of freedom lead to rich magnetic
phases. When the interlayer coupling is weak, the system
behaves like two independent single-layer » = 1 systems,
resulting in a ferromagnetic (FM) ground state with spins
in each layer aligned parallel to the magnetic field by
intralayer interactions and the weak Zeeman coupling.
When the tunneling is strong, on the other hand, the
interlayer antiferromagnetic coupling leads to a spin-
singlet (SS) ground state resembling the single-layer v =
2 state. Inelastic light scattering [1,2] has shown a mode
softening indicating the existence of another state between
these two states. Theory [3—8] suggested a canted antifer-
romagnetic (CAF) state, where spins in the two layers have
antiparallel in-plane components and parallel out-of-plane
components. Transport [9—11] and capacitance [12] mea-
surements have also shown a phase transition. Recently, a
nuclear spin relaxation measurement [13] has revealed a
gapless spin excitation mode (Goldstone mode) indicative
of the in-plane antiferromagnetic order [4,5]. Although
these experiments are consistent with the CAF state, direct
information on the spin configuration, such as the spin
polarization P_, has not been reported.

Nuclear magnetic resonance (NMR) is a powerful probe
for P, because the hyperfine interaction between electron
and nuclear spins shifts the nuclear resonant frequency by
the Knight shift K, which is proportional to P,. In two-
dimensional electron systems (2DESs), a weak signal re-
sulting from a small number of nuclei in contact with the
2DES restricts standard NMR measurements to multiple-
quantum-well systems [14—17]. Recently, a Ky measure-
ment on a single-layer system has been achieved [18],
where the NMR signal from nuclei in a quantum well
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(QW) is resistively detected. However, the method cannot
be used to measure K in a well-developed QH state, where
the longitudinal resistance R, is vanishingly small regard-
less of the nuclear spin polarization.

In this Letter, we report the measurement of Ky in the
bilayer » = 2 QH state using current-pumped and resis-
tively detected NMR. To measure K¢ in well-developed
QH states, we exploit a new technique based on selective
radio frequency (rf) irradiation synchronized with the
switching between two electronic states; that is, NMR is
performed on the bilayer » = 2 QH state while nuclear
spin polarization is induced and then resistively detected in
the single-layer » = 2/3 state. The measured K of > As
nuclei reveals that P_, that is, the out-of-plane spin polar-
ization, changes continuously between nearly full at the
balanced density condition and zero at large density im-
balance. The K data, combined with the nuclear spin
relaxation rate, show that the intermediate values of P,
are accompanied by the development of the in-plane anti-
ferromagnetic order. These results present strong evidence
for spin canting that intervenes between the FM and SS
states. .

The sample used in this study consists of two 200-A-
wide GaAs QWs separated by a 31-A-thick Aly;Gag;As
barrier. The sample has a low temperature mobility of
3.1 X 10% cm?/V s and a tunneling energy gap of Agxg =
8 K at a total density of 2.7 X 10'! cm™2. The filling
factors in the front and back layers (v, and v;) can be
tuned independently using the front- and back-gate biases.
We tune the bilayer » = 2 system through different mag-
netic phases by changing the density imbalance, 6 =
(vs — v,)/(v; + vp), between the layers at fixed magnetic
field B [7,8] rather than by changing B at 6 = 0 as origi-
nally proposed [3,4]. The sample was mounted in a dilution
refrigerator with a base temperature of 50 mK and sub-
jected to a constant magnetic field of B = 5.5 T perpen-
dicular to the 2DES. To apply an rf field perpendicular to
the static B field, a wire loop was placed around the
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sample, which resulted in a higher temperature of 120 mK
for the Kg measurement.

Figure 1 describes our NMR technique. First, the nuclear
spin polarization is current induced in the front layer by
setting the electronic system to the single-layer v = 2/3
state, (v, v,) = (~2/3,0), which is manifested by R,
increasing slowly over a typical time constant of 10 min
(not shown here) [19,20]. After R,, has saturated, the
electronic system is tuned to the bilayer » = 2 state and
maintained for a short period of time (70 ms), during which
the rf field with a frequency f is applied for 10 ms
[Fig. 1(a)]. Then the electronic system is switched back
to (v, v,) = (~2/3,0), where we measure the change in
R, of the single-layer » = 2/3 state that has occurred
after the short excursion to the bilayer v = 2 state
[Fig. 1(b)] [21]. As shown in Fig. 1(b), R, decreases after
the rf irradiation, and we define AR,..(>0) as the size of the
resistance drop. By plotting AR, as a function of f, an
NMR spectrum is obtained [Fig. 1(c)] [22].

Open circles in Fig. 1(c) show an example of NMR
spectra of 7>As nuclei, taken for the bilayer v = 2 state
close to the balanced density condition (6 = 0.02). The
spectrum is asymmetrically broadened, similar to that for
the v = 1/3 state obtained by standard NMR in a multiple-
quantum-well system [16]. As detailed below, this reflects
the spatial variation of the local electron density (and hence
of the Knight shift) in the direction normal to the QW
plane.

To determine the magnitude of the Knight shift, we
measured the NMR spectrum in the absence of the
2DES. This was done by completely depleting the 2DES
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FIG. 1. (a) Timing diagram of the current-pumped and resis-

tively detected NMR. (b) Time evolution of R,, at (v, v,) =
(~2/3,0), illustrating its response to rf irradiation during the
short (70 ms) excursion to the bilayer v = 2 state. (c) NMR
spectra of 73 As at depletion (solid circles) and for the v = 2 state
at 6 = 0.02 (open circles). Lines are fits, from which K¢ =
24.1 kHz is obtained. Traces are vertically offset for clarity.

(instead of tuning it to the bilayer v = 2 state) during the rf
irradiation. The result is shown in Fig. 1(c) by closed
circles. The spectrum is free from the Knight shift and so
appears at higher frequencies. It is narrower and, as a
result, the threefold splitting due to the quadrupole moment
of 7 As nuclei is resolved. By fitting this spectrum using a
Gaussian function g(I'y; x) with a full width at half maxi-
mum of I'y = 4.1 kHz, we obtain the center-peak fre-
quency f, = 39.740 MHz, the quadrupole splitting
Af = 6.8 kHz, and the relative amplitude of the three
peaks, (A_;, Ay, A;) = (1.4, 1.0, 0.49). We used these val-
ues to fit the NMR spectra in the presence of the 2DES
following the method described in Ref. [16], where the
effects of the spatially varying density due to finite QW
thickness are taken into account. The fitting function is

1 n _
=3 Amf;” " dx fix fe

m=—1 c T Ks—x

X g([; f —x — mAf),

where Kg and I" are used as adjustable parameters. As
shown by the solid line in Fig. 1(c), the fit is reasonably
good, yielding K¢ = 24.1 kHz and I' = 6.6 kHz [23].

NMR spectra for different magnetic phases were ob-
tained by performing similar measurements for different
values of 0. The results are shown in Fig. 2(a) together with
the spectrum at depletion. As a reference for a fully polar-
ized state, the NMR spectrum for the single-layer v = 1
state, (v, v,) = (1, 0), is also shown. As the data demon-
strate, at small |5| the spectrum for the bilayer v = 2
system is very similar in both position and shape to that
for the single-layer v = 1 state, while at large |8| it much
resembles that at depletion. These results confirm that the
bilayer » = 2 system is fully polarized at small |5| and
unpolarized at large ||, consistent with theory [7,8].
Between these states the spectra transform continuously.
In Fig. 2(b), we plot K determined from the fitting as a
function of 6. K varies continuously between the values at
full and null polarizations. As we show later, transport
measurements show a well-developed QH effect at low
temperatures over the whole range of &, with the activation
energy remaining finite. We emphasize that simple pic-
tures, such as that for the integer QH effect or the
composite-fermion picture for the fractional QH effect,
suggest that each QH state should have a definite spin
polarization given by the number of occupied spin-up
and spin-down levels [24]. We also point out that the
observed NMR spectra cannot be explained by the phase
separation into domains of ferromagnetic and symmetric
states, which would result in spectra consisting of two
independent contributions from fully polarized and unpo-
larized regions [18]. The observed continuous evolution of
the spin polarization with the QH effect maintained, in
turn, suggests a nontrivial QH state that allows for con-
tinuous transformation of its spin configuration.

076805-2



PRL 99, 076805 (2007)

PHYSICAL REVIEW LETTERS

week ending
17 AUGUST 2007

vi=1
46=0.02
£ 6=0.17
el 0=0.33
0=0.48
6=0.63
Depletion
39.70 39.72 39.74 39.76
f(MHz)
I l T T T T T ™
25 _.20r Q ]
(b) e F L iQ -
20k ‘ a1 SEPEEE 1
N “\h oS & %0000
§/15‘ W o0 o
m ‘\ 8
X 10 . -
¢ LN
5 b\‘\ _
e,
O I | | =
-0.2 0.0 0.2 0.4 0.6
8=(ve-Vp)/ (Ve+Vp)
FIG. 2. (a) NMR spectra of > As for several values of density

imbalance . For comparison, spectra at depletion (bottom) and
for the single-layer v = 1 state (top) are shown by closed circles.
Solid lines represent the results of fitting (see text for details).
Traces are vertically offset for clarity. (b) Kg determined from
the fitting plotted as a function of &. Inset shows I" vs 4.

To convert K into P,, we need to take into account the
fact that not only the spin polarization but also the electron
density in each layer changes with 8. Since in our experi-
mental scheme the NMR is resistively detected using a
single-layer v = 2/3 state formed in the front layer, the
measured K reflects the polarization and the density in the
front layer. Therefore, K¢ for a fully polarized system is
expected to vary with & in the following way:

Rs(8) = vk~ = (1 + 8)ky™",

where Ké”:l) = 24.7 kHz is the measured K for the
single-layer » = 1 state. The spin polarization is given
by P.(8) = K4(8)/K(8), which is plotted in Fig. 3(a) as
a function of & [25].

‘We now compare P, with the nuclear spin relaxation rate
1/T, [Fig. 3(b)] and the charge excitation gap A [Fig. 3(c)]
of the same sample measured in a different cooldown. 1/T;
was measured using a current-pump and resistive-detection
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FIG. 3. (a) Electron spin polarization P_; (b) nuclear spin

relaxation rate 1/7; for several temperatures; and (c¢) charge
excitation gap A as a function of &. Vertical dash-dotted lines
represent the phase boundaries determined from the temperature
dependence of 1/T.

technique [13,26] and A was determined from the tem-
perature dependence of R,,, ie., R,, o« exp(—A/2T),
where T is the temperature. The minimum value of A is
1.6 K, which results in the QH effect being preserved at the
temperature for the Ky measurement (120 mK). As shown
in our previous study [13], the temperature dependence of
1/T; can be used to determine the phase boundaries be-
tween different magnetic phases (vertical lines in Fig. 3).
We note that 1/T reflects the zero-frequency fluctuations
of the in-plane component of electron spins. Thus, 1/T;
and P, provide complementary information on the spin
state, the former and the latter reflecting the in-plane and
out-of-plane components of the local magnetization, re-
spectively. The regions for |8] < 0.06 and | 8| > 0.3, where
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P, is nearly full and zero, are identified as the FM and SS
phases, respectively. For 0.06 < |8] < 0.3, 1/T, is en-
hanced and diverges with decreasing temperature, indicat-
ing the development of the in-plane antiferromagnetic
order parameter and its Goldstone mode. This coincides
with the region where P, varies over a wide range from
P, = 0.9 to 0.2. The intermediate values of P, accompa-
nied by the development of the in-plane spin order attests
to the canted spin configuration. The continuous change in
P, represents the evolution of the spin canting as follows.
When the CAF phase is approached from the FM phase,
electron spins, which are initially aligned normal to the
plane, start to cant. As a result, P, decreases and, at the
same time, the in-plane spin component starts to develop.
Upon further increasing &, as a result of increased spatial
overlap of the different spin states, the in-plane spin com-
ponent starts to decrease at some point and eventually
vanishes together with P,, where the system enters the
SS phase.

Although the data are broadly consistent with theory [3—
8], there are some unexpected features. First, P, is not
constant at P, = 1.0 in the FM phase, dropping to P, =
0.9 at its phase boundary. We note that at 6 # 0 the filling
factor in each layer deviates from unity as (v, v,) = (1 +
8, 1 — §8). This will create skyrmions and antiskyrmions in
opposite layers, charged spin textures in the single-layer
v =1 state constituting the v =2 bilayer FM state,
thereby reducing P, [14]. We speculate that the binding
of skyrmions and antiskyrmions preserves the QH effect as
we observed. These spin-textured quasiparticles, which are
expected to be present even at 6 = 0 due to disorder, are
responsible for 1/7T; in the FM phase [13,26]. On the other
hand, in the SS phase, P, is not completely zero. As the
data in Fig. 3(b) show, in this phase the energy gap for spin
fluctuations decreases toward zero as the phase boundary is
approached. At finite temperatures, this not only increases
1/T, but will also lead to finite P,. The sudden drop of A at
6 = 0.3, combined with the fact that this occurs exactly
where 1/T, changes its temperature dependence, lends
further strength to the existence of a phase boundary
despite the continuous variation of P,. Rather, continuous
variations of both P, and 1/7 across the phase boundaries
indicate that the transitions are of second order, consistent
with theory [3—8]. The relevance of the low-energy spin
excitations probed here via 1/7 to the continuous phase
transitions revealed by P, presents an interesting challenge
for theory. Another interesting observation is that A shows
a shoulder at the CAF-SS boundary and a minimum in the
middle of the CAF phase, while Hartree-Fock theories
[7,8], instead, predict only weak cusps at the boundaries.
We speculate that spin-texture excitations not incorporated
in the existing theories may explain these discrepancies.

Finally, we briefly discuss I', which is mainly due to
spatial inhomogeneity of the in-plane electron density. As
shown in the inset of Fig. 2(b), I is enhanced in the CAF
state. Since P, in the CAF state sensitively depends on

intralayer and interlayer interactions, inhomogeneity of
system parameters, such as the electron density, the layer
distance, or Agas, introduce inhomogeneous P, leading to
broad NMR spectra. Detailed investigation of the spectra
would provide spatial information, which may reveal a
theoretically predicted spin Bose-glass phase [6].
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