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We present magnetoreflectivity results indicating the observation of skyrmions in a two-dimensional hole
system. The structure is chosen so that the complex valence-band structure causes a crossing of the lowest two
spin-split Landau levels at fields nearn=1. This reduces the Zeeman energy with respect to the Coulomb
energy sufficiently to allow the formation of skyrmions. The formation of antiskyrmions at higher fields is
rapidly suppressed due to the rapid divergence of the Landau levels at these magnetic fields.
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The existence of skyrmion excitations at small deviations
in filling factor from the quantum Hall ferromagnetsat n
=1d in two-dimensional systems was predicted a decade
ago.1 These excitations are observed in the situation of a full
Landau level consisting of electrons of one particular spin
orientation being perturbed by additional electrons of the op-
posite spin at sufficiently small ratios of the Zeeman energy
to Coulomb energysg̃=Ez/Ecd. A skyrmion consists of a
single reversed spin surrounded by spins that gradually tilt
over until at the edge they are aligned with the external mag-
netic field. The effect of varying the Zeeman energy was
studied theoretically and showed that skyrmion excitations
would only be present at very smallg̃.2,3 This then prompted
experimental studies. Magnetotransport methods in which
the collapse of the spin gap was measured for different
g-factorssaltered either by tilting the sample or by applying
pressured have been used to study skyrmion formation in
addition to a resistively detected nuclear magnetic resonance
technique.4–6 Heat capacity measurements have also been
performed.7 However, the most successful techniques for
studying skyrmions have involved measuring the polariza-
tion of the system. Such experiments were first performed by
Barretet al.8 in which the deviation from near 100% polar-
ization aroundn=1 was measuredvia the Knight shift as a
function of filling factor. These experiments were followed
by Aifer et al.9 where they used magnetoabsorption to mea-
sure the polarization aroundn=1. Both works concluded that
the size of the skyrmions was relatively small, withaddi-
tional spin-flips of A=S=2.6 sRef. 8d and A=S=1.5→2.7
sRef. 9d per flux quantum. More recently Zhitomirskyet al.10

have shown that if the electron Zeeman energy is reduced by
the use of narrower quantum wells values ofA andSof order
9 can be observed.

No studies of skyrmions, either optical or transport, have
yet been reported in two-dimensional hole systems to our
knowledge. To a large extent the study of hole systems in the
quantum Hall regime has been thwarted so far by poor
sample quality, the complex nature of the valence band in-
terfering with interpretation of results and, in the case of
optical experiments, strong density depletion under
illumination.11 Most of these problems have now been over-
come or circumvented and in this paper we present new mag-

netoreflectivity results demonstrating the existence of skyr-
mions around then=1 quantum Hall ferromagnet in the
lowest heavy-hole Landau level. This is in fact a conse-
quence of the complex nature of the valence band in this
system, causing these spin-split Landau levels to cross at
magnetic fields nearn=1 thus reducing the Zeeman energy
sufficiently to allow skyrmion formation.

We use reflectivity spectroscopy to measure the polariza-
tion of two-dimensional holes in a GaAs/Al0.3Ga0.7As quan-
tum well and find that the system adheres to the skyrmion
picture for filling factorsn.1 and to the single-particle pic-
ture for n,1.

It has been demonstrated theoretically that reflectivity is a
valid probe of the unoccupied density of states. The measure-
ment is obtained from the excursion of the reflectivity signal
around the transition energyvia the Kramers-Kronig
relations.13 By selecting either of the two circular polariza-
tions of reflected light, polarized reflectivity gives an abso-
lute measure of the polarization of the system and has al-
ready been used to investigate further the precise nature of
the ground state of the quantum Hall ferromagnet atn=1 in
electron systems10 and the composite fermion effective
mass.12

The systems investigated consist of ap-type single-side Si
modulation-doped GaAs quantum wells of width 100 or
150 Å within Al0.3Ga0.7As barriers, grown ons311dA ori-
ented substrates. The undoped spacer layer between the well
and doped layer is 200 Å. The density and mobility of both
systems was measured in the dark to be 2.131011 cm−2 and
43105 cm2sV sd−1, respectively. The density has been
shown to be relatively unaffected by illumination in these
narrow spacer width systems, and the light is carefully fil-
tered so as to consist solely of energies between that of the
GaAs and Al0.3Ga0.7As band gaps.11 Care was taken to ex-
clude all light outside the investigated reflectivity energy
band, nevertheless a small increase in the density of the
sample is still observed due to an inevitable contamination
with below GaAs band gap energy light.15

The experiments were performed in a 21.5 T supercon-
ducting magnet, with the sample placed in the Faraday ge-
ometry inside a rotary-pumped3He jacket which was in turn
placed in a variable temperature insert. Sample temperatures
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as low as 0.4 K could be achieved. Light from a filtered
Halogen lamp was transmitted to the samplevia a single
fiber optic; a fiber bundle was used for light collection. Po-
larization analysis of the reflected light was carried out using
in-situ circular polarizerssthe incident light remained unpo-
larized at the sampled, reversing the direction of the magnetic
field allows us to selects− or s+ optical transitions. The light
was dispersed and the spectra aquired using a 1 m focal
length single-grating spectrometer and CCD detector combi-
nation with a resolution of 0.12 meV.

Figure 1 shows waterfall plots of raw reflectivity spectra
taken atT=1.5 K in each of the two circular polarizations as
a function of magnetic field from 0 Tsbottomd to 19 T stopd
for the 150 Å quantum well. Here we are only interested in
the main peak, labelled LL0 in both sets of spectra. This
feature is absorption into the lowest heavy-hole Landau level
ssee inset to Fig. 1d. The other peaks are related to other
correlated states and the light-hole band and are dealt with
elsewhere.14,16

Landau levels in a two-dimensional system are only ob-
served in absorption experiments once their energy is greater
than the Fermi energysEFd. In the single-particle picture, the
upper and lower spin branches of the lowest Landau level
sLL0d should begin to appear in the reflectivity spectra in
different polarizations when they begin to empty atn=2 and
n=1, respectively. However, it is clear from the spectra in
Fig. 1 that peaks appear in both polarizations at magnetic
fields aboven=2, thus indicating a loss of polarization be-
tweenn=2 andn=1. To quantify this, we plot the polariza-
tion as a function of filling factor at various temperatures in
Fig. 2. It is calculated using

P =
N− − N+

N− + N+ , s1d

where, for the experimental data,N− sN+d is the magnitude of
the excursion of the reflectivity signal for the lowersupperd
spin-split landau level. For the theoretical curvessdiscussed
nextd N− andN+ are given by the calculated fractional occu-
pancies of the lower and upper levels, respectively.

The solid line in Fig. 2 is a theoretical curve for the po-
larization behavior for a single particle system. Note, how-
ever that absorption experiments probe the polarization of
theemptystates of the system. The polarization of the empty
states in the single-particle picture is

P = 1, n ù 1, s2d

P =
n

2 − n
, n , 1. s3d

For small filling factorsn,1 the experimental polariza-
tion data in Fig. 2 fits the single particle picture very well.
However, forn.1 it clearly bears no relation to this picture.
Instead we invoke the concept of skyrmions. In this case
each decreasesincreased of a single flux quantum away from
n=1 is accompanied bySsAd additionalspin-flips, which are
the tilted spins of the skyrmion. As a result the polarization,
which is still 1 sfully polarizedd at n=1, decreases rapidly as
the filling factor deviates. For the empty states the polariza-
tion in the skyrmion picture is

P =
s2 − nd − 2sn − 1dS

2 − n
, n ù 1, s4d

P =
n − 2s1 − ndA

2 − n
, n , 1. s5d

which reverts back to the single particle case whenA or S
=0.

As noted above, our experimental data fits the single-
particle case extremely well for small filling factorsn,1.
For n.1 it is necessary to use the skyrmion picture withS
=1.4. This fit is drawn in Fig. 2. The decrease in polarization
sfrom nearly 94% atT=0.4 K to approximately 55% atT
=4.2 Kd is due to the thermal excitation of carriers across the
spin gap. By contrast a similar study of the 100 Å well is
described well by single particle behavior and shows no evi-
dence of skyrmion formation.

The sizeSsAd of the skyrmion depends upon the compe-
tition between the electron Coulomb interactions which try
to maximizeSsAd, and the Zeeman energy which tries to
minimize it. This is characterized by

FIG. 1. Raw reflectivity spectra as a function of magnetic field
for both of the two circular polarizations, taken in steps of 0.1 T.
Inset, optical transitions in the high field limit.

FIG. 2. Polarization as a function of filling factor for the 150 Å
quantum well at three different temperatures.
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g̃ ;
EZ

EC
=

gmBB

e2/el0
, s6d

wherel0=Î" /eB is the magnetic length. Theoretically it has
been found that forg̃ù0.02, the skyrmion diameter reduces
to a value such that it is indistinguishable from a single spin-
flip excitation.2,3

We attribute the existence of skyrmions in our system to
Landau level mixing which is a result of the complex va-
lence band structure in GaAs quantum well systems. In these
systems the close energy proximity of the heavy- and light-
hole bands causes the bands to become nonparabolic with
anisotropic effective masses. These systems have been mod-
elled theoretically in the axial approximation by Coleet al.17

and our experimental values for the light-heavy hole splitting
and other features agree well with their predictions.16 In the
calculations one effect of this mixing is to introduce a cross-
ing of the two lowest spin-split Landau levels at about 3 T
for the 150 Å well and 8 T for a 78 Å wellssee inset to Fig.
3d, caused by the close proximity of the next two-
dimensional subband. These crossings are expected to move
to significantly higher fields when full level mixing is taken
into account. The energy dispersions as a function of mag-
netic field have been largely confirmed by cyclotron reso-
nance experiments in which only a single broad resonance is
observed for the 150 Å well near the crossing point with two
individual resonances becoming resolved only at fields above
12 T.17 Calculations for a 100 Å well are not available but
the crossing point can be expected to lie between those of the

78 Å well and 150 Å well. This picture is also supported by
photoluminescence experiments18 which showed that, for the
150 Å well, the behavior atn=1 is different from that at
other odd integer filling factors implying that the Landau
levels cross at magnetic fields betweenn=2 andn=1. No
such anomaly occurs for the 100 Å well indicating that a
crossing has yet to occur in magnetic fields up to at least
10 T. These results are consistent with our present interpre-
tation.

In the 150 Å sample the two-dimensional hole density is
such that the crossing is accidentally in the magnetic field
region belown=1. The most reliable estimate is that this is
at n.1.4 s8 Td, where the net polarization in the single par-
ticle regime is close to zero and temperature independent
sFig. 2d. The field dependence of the hole Zeeman splitting
may be estimated from the splitting of the reflectivity peak
positions, the estimated electron Zeeman energies which are
calculated using a value ofgp =0.27 sRefs. 10 and 19d and
the assumption of the same excitonic binding energy for both
transitions. This is shown in Fig. 4 where both the peak
splitting sEs−

−Es+
d and the estimated hole Zeeman energy

sEs−
−Es+

−gepmBBd are shown. With the exception of a
small anomaly in the region very close ton=1 where the
transition energies may be affected by exchange
interactions18,20 the data suggests that the hole Zeeman split-
ting is essentially constant from 8 to 15 Ts1.4,n,0.75d,
with an estimated value of order 0.15±0.15 meV corre-
sponding to a value ofg̃ø0.01. Formation of a skyrmion
with A=1.4 may take place for values ofg̃ as large as 0.025,
taking into account finite thickness effects.3 Thus the Zee-
man energy is still sufficiently small atn=1 s11.3 Td for the
formation of skyrmions to be energetically favorable. At
higher magnetic fields the Landau levels begin to diverge
rapidly sFig. 3d and the Zeeman energy is too large for anti-
skyrmions to form, while in the region 0.75,n,1 the po-
larization behavior is neither single particle nor does it fit a
particular antiskyrmion sizesFig. 2d, indicating that the an-
tiskyrmions are rapidly becoming smaller with decreasing
filling factor until they finally break apart completely atn
=0.75. Belownø0.75 the behavior is entirely single par-
ticle.

The picture for the 100 Å well is different. In Fig. 3 a

FIG. 3. sColor onlined Transition energy of the reflectivity signal
as a function of magnetic field for both polarizations for both of the
quantum wells. The absence of thes− signal for the 100 Å well at
filling factors n.1 clearly indicates that the system is fully polar-
ized betweenn=1 andn=2. The 100 Å sample presents some dif-
ficulties for data fitting since higher Landau level bulk lines pass
through the quantum well features, causing some oscillations in the
line positions. Inset, data taken from Coleet al. sRef. 17d showing
calculated Landau level energiessrelative to the bottom of the welld.

FIG. 4. sColor onlined The transition energy splittingsEs−
−Es+

d and the estimated heavy hole splittingsEs−
−Es+

−gpmBBd
for the 150 Å sample.

BRIEF REPORTS PHYSICAL REVIEW B71, 073303s2005d

073303-3



feature for thes− transition is only observed for filling fac-
tors n,1 indicating that betweenn=2 andn=1 the system
is fully polarized. Skyrmions are not present in this system.
This can be explained by the large heavy-light hole energy
splitting16,17 which means that the Landau levels are more
linear and do not cross ensuring that the effective Zeeman
energy,g̃, is too large at all filling factors for the formation of
skyrmions to be possible.

In summary, we have shown data indicating the first ob-
servation of skyrmions in a two-dimensional hole system. By

using a wides150 Åd well, heavy-light hole mixing is suffi-
ciently strong to cause the lowest spin-split Landau levels to
cross. By choosing a structure where this occurs in the mag-
netic field region nearn=1, it is possible to make the effec-
tive Zeeman energy,g̃, sufficiently small to allow skyrmions
to form but with a relatively small size.
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