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Optically Pumped NMR Evidence for Finite-Size Skyrmions in GaAs Quantum Wells
near Landau Level Filling v = 1
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The Knight shift [K,(v, T)] and spin-lattice relaxation time [T&(v, T)] of the "Ga nuclei located
in n-doped GaAs quantum wells are measured using optically pumped NMR, for Landau level
filling 0.66 ( v ( 1.76 and temperature 1.55 ( T ( 20 K. K, (v) [proportional to the electron spin
polarization (S,(v))] drops precipitously on either side of v = 1, which is evidence that the charged
excitations of the v = 1 ground state are finite-size Skyrmions. For v ( 1, the data are consistent with
a many-body ground state which is not fully spin polarized, with a very small spin excitation gap that

2
increases as v 3'

PACS numbers: 73.20.Dx, 73.20.Mf, 73.40.Hm, 76.60.—k

Electron-electron Coulomb interactions significantly af-
fect the physics of two-dimensional electron systems
(2DES) in strong magnetic fields, producing a wide vari-

ety of unexpected phenomena. The most spectacular con-
sequence of these correlations is the fractional quantum
Hall effect (FQHE) [1]. One vestige of the independent
electron picture in the standard model of the FQHE [2]
is the assumption of a spin-polarized ground state for the
Landau level filling factor v ( 1 (v —= n/n0, where n is
the number of electrons per unit area, and nB = eB/hc —=

1/2~l2 is the number of states per unit area in each Lan-
dau level) [3,4]. However, even in a strong field (e.g. ,

B = 10 T), the Zeeman splitting (E, = g*pB = 0.3 meV,
with g* = —0.44) [5] for electrons in GaAs is typi-
cally much less than both the Coulomb energy (Ec =
e /~l, = 13.7 meV, with a = 13) and the cyclotron en-

ergy (h~, = heB/m" c = 16.8 meV, with m* = 0.07m, ),
as first pointed out by Halperin [6]. Numerical calcula-
tions [3,4] and transport measurements [7—9] have pro-
vided mounting evidence that correlations can lead to spin
reversal in particular low-lying many-body states.

In this Letter, we present optically pumped nuclear
magnetic resonance (OPNMR) [10] measurements of
the Knight shift K, and spin-lattice relaxation time Ti
of 'Ga nuclei in an electron-doped multiple quantum
well (MQW) structure. The Jt., data are the first direct
measurement of the electron spin polarization (5,(v, T))
of a 2DES as a function of v and temperature. These
measurements provide the first experimental support for
the recent predictions that the ground state at v = 1 ~ e
contains finite-size Skyrmions (or charged spin-texture
excitations) [11,12], with an effective spin which refiects
the competition between the Coulomb energy and the
Zeeman energy.

The MQW sample contains forty 300 A wide GaAs
wells separated by 1800 A A lp l Gap 9As barriers,
grown by molecular beam epitaxy on a semi-insulating
GaAs(001) substrate. Electrons (which arise from Si
delta-doping spikes located in the center of the bar-

riers) are confined in the wells at low temperatures.
Characterization of this wafer by low-field transport
measurements at 4.2 K yielded the carrier density
n = (1.41 ~ 0.14) X 10" cm z in each well, with
mobility p, = 1.44 X 106 cm2/V s. Using home-built
NMR probes, the growth axis of the MQW sample was
tilted by an angle 0 (0 ~ 0 ~ 60, ~0.5') away from
the constant field B, thereby varying the filling factor
[v = nhc/eB cos(8)] in situ Low samp. le temperatures
(1.5 ( T ( 20K) were obtained using liquid He in a
bucket dewar and a cold finger dewar.

The OPNMR measurements described below utilized
the timing sequence SAT-~L-7.D-DET, where SAT rep-
resents an rf pulse train that saturates (destroys) the nu-

clear polarization, ~I is a period of illumination by the
laser (o. light, A = 806 nm, 10—300 mW/cm ), rD is
a period of no illumination (ro ~ 1 sec), and DET rep-
resents the direct detection of the NMR free induction
decay (FID) signals following a single 7r/2 pulse [10].
During 7.L, optical pumping of interband transitions gen-
erates electrons and holes in the GaAs wells with nonequi-
librium spin polarizations, which then polarize the nuclei
in the well through the contact hyperfine coupling. The
electronic system quickly equilibrates at the beginning of
7-&, but the enhanced nuclear polarization persists until the
DET period, since Ti » 1 sec.

Figure 1 shows the 'Ga NMR spectra acquired as a
function of rL (rp = 1 sec) in a 7.05 T field at T =
1.55 K with 0 = 0 . The broad, asymmetric resonance
observed for 7.L = 5 sec is due to the 'Ga nuclei in
the GaAs wells, where the nonequilibrium nuclear spin
polarization is photogenerated. As 7-I is increased, polari-
zation diffuses into the barriers via the nuclear spin-
spin coupling [10]. The narrow, symmetric resonance
which dominates the spectrum for ~1 = 480 sec is due
to the 'Ga nuclei in the Alo]Ga09As barriers. The
electrons confined in the wells produce an extra hyperfine
field which shifts the well resonance below the barrier
resonance, as expected for the Fermi contact interaction
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FIG. 1. i'Ga NMR spectra of the GaAs/AIGaAs MQW ac-
quired in the dark (7D = 1 sec) for various optical pumping
times ~L, with B = 7.05 T, 0 = 0, and T = 1.55 K. For ease
of comparison, the signals are scaled by the indicated factors,
and are offset for clarity.

with g* ( 0 [13]. The variation of the lowest subband
electron wave function along the growth direction leads
to the asymmetry of the well resonance [14]. We define
the Knight shift to be the peak-to-peak frequency splitting
between the well and barrier resonance lines. The Knight
shift is K, (v, T) = A„(S,(v, T)) for B~~z, where A„ is
the hyperfine coupling constant for nuclei in the center
of the well, and the hyperfine Hamiltonian is 0
g( i=, y, ) hA I S [15].

Figure 2(a) shows the dependence of the 7'Ga Knight
shift K, on the tilt angle 0 for 8 = 7.05 and 9.39 T, at
T = 1.55 K. Assuming that the maximum K, observed at
0 = 28.5 for 8 = 7.05 T corresponds to v = 1, we infer
an electron density n = 1.50 X 10" cm . This density
is used to convert the sample tilt angle 0 to the Landau
level filling factor v. Figure 2(b) is a plot of K, vs v

for 8 = 7.05 and 9.39 T. The striking similarity between
the two data sets in Fig. 2(b) demonstrates the isotropy
of the hyperfine coupling constant (i.e. , A = A), which
implies that the Knight shift directly reflects the electron
spin polarization, i.e. , Jt, (v(0)) = A(S, (v(0))). The small
discrepancies between the two data sets may be due to the
effects discussed below.

In Fig. 3, two fits to the lt, (v) data for B = 7.05 T at
T = 1.55 K are shown. The functional form of these fits
is obtained by "generalizing" the T = 0 independent elec-
tron model for the spin polarization, which parametrizes
the effect of interactions near v = 1. In this picture,
the lowest spin-split Landau level is completely filled at
v = 1, so the electrons are completely polarized. Reduc-
ing the magnetic field so that v = 1 + e removes a sin-
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gle state from each Landau level, forcing S electrons into
the upper spin-split Landau level, and hence reducing the
electron polarization. Alternatively, increasing the field
so that v = 1 —e adds a single empty state to each Lan-
dau level, forcing A. holes into the lower spin-split Lan-
dau level, which also reduces the polarization if A. ) 1.
If there is electron-hole symmetry, then A. = S. This
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FIG. 3. Dependence of K,. on filling factor v for 8 = 7.05 T
(open circles) at 1.55 K. As explained in the text, both fits
are given by Eq. (1), but the solid line has M = S = I
(noninteracting electrons), while the dashed line has M = S =
3.6 (finite-size Skyrmions).
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FIG. 2. (a) Dependence of "Ga Knight shift K, on the
sample's tilt angle 8 for B = 7.05 (open circles) and 9.39 T
(filled circles) at 1.55 K. (b) Dependence of K, on filling
factor v for B = 7.05 (open circles) and 9.39 T (filled circles)
at 1.55 K. There conversion from 0 to v used n = 1.50 &&
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simple model leads to the prediction

A & 2
K, (v) = 0 (1 —v) —(1 —A. ) —(I —2A. )

2 v

2+ O(v —1) + (I —25)

where O(x) = 1 for x ) 0, and O(x) = 0 for x ( 0.
Equation (1) is valid near v = 1, where A. and 5 are
independent of v. Earlier estimates for the hyperfine cou-
pling imply A —27 kHz for three-dimensional electrons
[13],or A —54 kHz for nuclei in the center of the 300 A
GaAs well. A = 44 kHz is used for the fits in Fig. 3, a
value consistent with the largest shift measured in either
field at T = 1.55 K.

The solid line in Fig. 3, which assumes A. = S = 1

(i.e., noninteracting electrons), fails to fit the data. The
dashed line is an excellent fit to the data for 0.9 ( v (
1.1, with M = S = 3.6 ~ 0.3. Apparently, the charged
excitations of the v = 1 ground state have an effective
spin of (3.6 ~ 0.3)/2.

These results are in good agreement with the recent
predictions that the lowest energy charged excitations of
the v = 1 ground state are charged spin-texture excita-
tions (CSTE s or finite-size Skyrmions) with an effective
spin of -3.5 for E,/Ec —0.02 [11,12]. Qualitatively,
at v = 1 + a, the CSTE is cylindrically symmetric with
the boundary conditions of a down spin at r = 0 and an

up spin at r = D, with a particular radial transition be-
tween those two states that maximizes the alignment of
nearest neighbor spins, leaving up spins for D ( r ( ~.
The length scale D is set by the competition between
the Coulomb and Zeeman energy, which increase and de-
crease D, respectively. The effective spin is )2, since all
electrons within 0 ( r ( D are distorted. For brevity,
we will refer to a charged spin-texture excitation as a
Skyrmion [16]. By analogy, the p = I —e ground state
is an anti-Skyrmion, and Skyrmion —anti-Skyrmion pairs
are neutral excitations of the v = 1 ground state. Similar
charged spin-texture excitations may occur around other
filling factors with incompressible many-body ground
states (e.g. , v = —,) [11,17].

The temperature dependence of the Knight shift probes
low-lying excited states, since K,(T) ~ (S, (T)&, and

1 kT(S.(T)& = —(0IS, I0& + g —e ' "'(~IS, li&,

where ~0& is the many-body ground state, Z is the partition
function, and the summation is over all excited states
~i& with energy b, Figure 4 (main figure) shows the
dependence of K, on the temperature for v = 0.98 in
the 7.05 T field. The shift saturates at -20 kHz for T
below —2 K, which validates our comparison in Fig. 3
of the T = 1.55 K shift data near v = 1 with the T = 0
Skyrmion model.

A simple model for (S,(T)& at v = 1 assumes non-
interacting electrons which obey Fermi-Dirac statistics,
with the chemical potential in the middle of the Zee-
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FIG. 4. Dependence of K, on temperature, for v = 0.98 and
8 = 7.05 T (open squares). As explained in the text, the
dashed line is a calculation of K, (T) assuming noninteracting
electrons, and the dash-double-dotted line is a calculation of
K, (T) assuming that the low-lying excitations are spin waves.
Inset: Dependence of K, on temperature, for v = 0.88 (open
circles) and v = 1.2 (open triangles), at 8 = 7.05 T.
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FIG. 5. Dependence of K,. on filling factor v for B = 9.39 T,
at T = 4.2 (open diamonds) and 1.55 K (filled circles).

man gap. This leads to the dashed line in Fig. 4
[K,(T) = K(0) tanh(E, /4kT), with K(0) = 20 kHz and

E, /i~ = 2.08 K], which clearly does not fit the data.
Treating F, as an adjustable parameter in order to fit
the saturated region implies an "exchange enhancement"
of the Zeeman splitting by a factor of —10, a result
consistent with other measurements [18]. A more real-
istic model for (S,(T)) at v = 1 includes interactions, so
that spin-wave modes (corresponding to reversed spins)
are the low-lying excited states, with the Bose-Eistein
distribution function determining the occupancy of
each mode [19]. The dash-double-dotted line shown in

Fig. 4 is a calculation [17] of K, (T) using the T = 0
two-dimensional spin-wave dispersion spectrum [20], and
it is obvious that this model does not fit the data either.
For T above —2 K, K, (T) drops off more rapidly than
the spin-wave fit, which qualitatively suggests a collapse
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TABLE I. "Ga nuclear spin-lattice relaxation time Tl as a
function of temperature and Landau level Ailing factor v.

Ti(T = 4.2 K) (sec)
Ti(T = 2. 1 K) (sec)

v = 1.01

122
1280

p = 0.88

24
20

v = 0.66

43
68

of the exchange energy as the polarization is reduced.
Apparently, even at v = 1, existing models for (5,(T))
are inadequate. K, (T) may also be measured at arbitrary
v using OPNMR. The inset of Fig. 4 shows the data for
v = 0.88 and v = 1.2, which do not saturate by T —2 K,
demonstrating the dependence of the many-body states
and energy spectrum on the filling factor.

Clear signatures of the fractional quantum Hall regime
[3,4,7] are also evident in the OPNMR data. Figure 5
shows K, (v) at T = 4.2 and 1.55 K, for 8 = 9.39 T. At
T = 1.55 K, a local maximum appears in K, (v) near

2
v = —,one of the fundamental FQHE states. The fact that

K, (1.55 K, v = 3) « K, (1.55 K, v = 1) suggests that the
2

v =
~ FQHE ground state may not be fully polarized

[3,7] for 8 = 9.39 T, but these measurements need to be
repeated at lower temperatures to ensure that (S,(T, v =
3)) = (S,(0, v = 3)). Qualitatively, the temperature de-
pendence of K, (v) suggests that the energy gap to spin-
fiip excitations is large, medium, and small for v = 1,

3, and —0.9, respectively. This assignment is consistent
with our measurements of the 'Ga nuclear spin-lattice
relaxation time T&, which probes electron spin dynam-
ics [21,22], since the temperature dependence of Ti is a
strong function of v, as is seen in Table I. Although the
long T] at v = 1 is consistent with either interacting or in-
dependent electrons, the short Ti at v = 0.88 can only be
explained if interactions induce nearly gapless low-lying
spin-fiip excitations. Further details of these Ti measure-
ments will appear in a subsequent publication [14].

We have shown that OPNMR is a powerful local probe
of 2DES. Many interesting features of the above results
remain to be understood theoretically. In future work, we
will extend these measurements to other filling factors,
lower temperatures, and higher fields.
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