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Fractional quantum Hall effect energy gaps have been measured as a function of Zeeman energy. The
gap atv = 1/3 decreases as thefactor is reduced by hydrostatic pressure. This behavior is similar
to that atv = 1 and shows that the excitations are spinlike. At small Zeeman energy, the excitation
is consistent with the reversal of 3 spins and may be interpreted as a small composite Skyrmion. At
20 kbar, wherez has changed sign, thie’3 gap appears to increase again. [S0031-9007(97)04626-7]

PACS numbers: 73.40.Hm, 72.20.Jv, 73.20.Dx

The two-dimensional electron gas in a high magnetidhe ZE is determined by the total external field, and at
field is an excellent test bed for studying electron-electrorB* = 0 it still has a finite value ogugB/,. This is an
interactions. In recent years our understanding has beerssential difference from the IQHE, where the ZE and
greatly simplified by the composite fermion (CF) model, cyclotron energy are both zero Bt= 0. Hence CF LLs
which maps the fractional quantum Hall effect (FQHE) of of the two spin states may cross as the ZE and magnetic
electrons onto an integer quantum Hall effect (IQHE) offield are varied, leading to the observed disappearance and
CFs[1,2]. Inthis model, the physics of the state at fillingreemergence of fractions [9—11].
factor v = 1/3, where there is one completely occupied At » = 1/3 the ground state will always be fully spin
CF Landau level (LL), is explained by analogy with the polarized, but the states at= 2/3 or 2/5 may either be
IQHE state atv = 1. The other principal FQHE states polarized or unpolarized depending on the relative sizes
at v = p/(2p + 1) can similarly be explained by the ofthe ZE and CF LL gaps. Similarly, the excitations may
integer states at = p. While the ground states are quite either involve spin flips or be spin preserving transitions
well understood, the same is not true for the excited statdsetween CF LLs. Aty = 1/3 and small ZE, i.e., very
which are responsible for conduction when the Fermiow magnetic fields or sma}f factor, we expect a spin flip
energy lies in a mobility gap. transition to the lowest CF LL state with the opposite spin.

The state atv = 1 is an itinerant ferromagnet with The interesting question which we address is whether this
a spontaneous magnetization. Consequently, the activés a single spin flip of one CF or a collective phenomenon,
tion energy gap deduced from transport measuremenis., a Skyrmionic excitation of the CFs, which we will
is found to be much larger than the single particle Zeerefer to as a composite Skyrmion.
man energ(ZE = gupB) [3] and is instead dominated In our experimentsg is tuned through zero to favor
by the exchange enerdy. = e?/4melg (Iz = \J/hi/eBis  Skyrmion formation by applying hydrostatic pressure of
the magnetic length). Furthermore, it has recently beenp to 22 kbar [12]. In GaAs the magnitude gf is
shown optically [4] and electrically [5,6] that the excita- reduced from0.44 and passes through zero-at8 kbar.
tions at this point are probably charged spin texture exciPreviously, we used this to investigate the changing
tations which, in the limit of vanishing ZE, are Skyrmions energy gaps of the mixed spin states arouner 3/2
[7,8]. Here we examine the CF analog= 1/3 (the com- [9]. Here we demonstrate that the gapat= 1/3 is
posite fermion ferromagnet). Our measurements suggegtdeed a spin gap, with excitations consistent with flipping
that in this limit the composite fermion excitation has a~3 spins at small ZE. This suggests that composite
Skyrmion-like character. Skyrmions can be formed at = 1/3 when the electron

Although spin was initially ignored in the CF model g factor is sufficiently small. By contrast, the gap at
it is very important, especially when the Langdéactor v = 2/5 is consistent with a single particle excitation.
is small. This is the case in GaAs where the ZE has a The samples studied were high quality G#As
similar magnitude to the energy gaps between CF level$sa ;Al3As heterojunctions grown at Philips Re-
These gaps arise from electron-electron correlations angearch Laboratories, Redhill. Samples G586, G627,
scale withE.., but can be treated as cyclotron gaps due tand G902 have undoped spacer layers of 40, 40, and
orbital motion of the CFs in an effective magnetic field 20 nm. At ambient pressure and 4 K, their respective
B* = B — Byj,. B*is zero atv = 1/2, where the gauge electron densities after photoexcitation are 3.3, 3.5,
field exactly balances the external fieldRf,. However, and 5.7 X 10'> m~2 with corresponding mobilities of
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300, 370, and200 m?>/V's. Data from similar samples  Figure 2 shows the temperature and pressure varia-
measured without applied pressure are included fronion of the /3 minimum, defined af\p = [p,, () —
Ref. [13]. The samples were mounted inside a nonp,.(T)]/p. (), where p,.(») is the resistivity at the
magnetic beryllium copper clamp cell [14], and thesame field taken from a high temperature trace where
pressure was measured from the resistance change thiere is no longer a minimum. It is clear that at higher
manganin wire. The absolute values quoted are accurafgessures progressively lower temperatures are required
to =1 kbar, but between data points the variation is lesgo see a 13 minimum, showing that the energy gap
than =0.2 kbar. The pressure cell was attached to a toglecreases strongly with pressure. We obtained values of
loading dilution refrigerator probe, allowing temperaturesk, by fitting the temperature dependence to the Liftshitz-
as low as 30 mK to be obtained. Kosevich (LK) formula, in whichAp o« X/sinhX and
Increasing the pressure reduces the electron density, = 27%kT/E,. This procedure, described in Ref. [13],
and abovel3 kbar no electrons were present in the measures the gap between LL centers and so is less sen-
dark at low temperature. They could be recovered bysitive to changes in disorder. The LK formula is only
illumination with a red LED, but the illumination time valid at relatively higher temperatures before the resis-
required to get a constant density roughly doubled fotivity minima approach zero, and is typically used in the
every 2 kbar increase in pressure. The highest pressutemperature rangé&,/15 < kT < E,/5. Forv = 1/3,
studied was 22 kbar, but no conductivity could bewe have also measured the activation enekgfrom an
measured despite prolonged illumination. The samplérrhenius plot ofp,, = poexp(—A/2kT). By contrast,
required several hours for the density to stabilize beforehis only uses data at the lowest temperatures. The pres-
quantitative measurements could be made, during whichure variation of bottE, andA is shown forv = 1/3 in
it varied by less than 1% over the full temperature rangeFig. 3(a). This shows good agreement between the two
Above 13 kbar the data from G586 was recorded with anethods measured in different temperature ranges. There
density 0f0.44 + 0.06 X 10> m~2 which putsy = 1/3 is a constant difference between the two values such that
at 54 T. At lower pressures where the sample wasl, = A + I', which we ascribe to a constant LL broad-
measured in the dark, the density was slightly higherening of I' = 1.3 K. A similar value of I' was previ-
For G627 and G902 the data was recorded in the rangeusly found by extrapolating the activation energy gaps
0.77-123 X 108 m™2,ie,v = 1/3at9-15T. for a series of fractions [15]. At pressures above 16 kbar
The magnetoresistange,, of sample G586 at 40 mK the value ofA deduced approaches zero since the minima
is shown for pressures between 10 and 20 kbar in Fig. In p., do not reach zero and cease to be activated at the
The abscissa i$/» which removes the remaining small lowest temperatures. At this point the energy gaps have
density variation. The feature at = 1/3 weakens as become comparable to the broadening, and only the LK
the pressure is increased and completely disappears miethod is able to measure the gap values.
18.7 kbar. In the 20 kbar trace a dip i, is again evi-
dent, suggesting the gap atdlis recovered. Meanwhile,
the feature atv = 2/3 remains approximately constant,

which is an important indication that pressure does not . G586 v=1/3 P (kbar)
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FIG. 1. Magnetoresistance of sample G586 showing 1/3

becoming weaker as the pressure increases, but recovering BiG. 2. Temperature dependence of the= 1/3 minimum.
20 kbar. E, is obtained from fits to the LK formula (dashed lines).
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FIG. 3. (a) E, deduced from fitting to the LK formula function of the Zeeman energy. The line shows the energy
compared with the activation energy for sample G586 at required to flip 3 spins. (b) The energy gapiat= 2/5. The

v =1/3. (b) E, scaled byE., showing how the gap at slope of these lines corresponds to a single spin flip.

v = 1/3 decreases, /& increases, and /3 remains almost

constant as the pressure is increased.

correspond to either the spin wave or more probably the
CF gap. Foirly| < 0.01, using data taken above 9 kbar,

In Fig. 3(b) values of£, atv = 1/3, 2/3,and 25 are  there is a spin gap proportional to ZE. The line on
shown in units ofE. to allow comparison with theory. Fig. 4(a), with a gradient of 3, fits the data very well at
This scaled data shows the same trends as the raw data asrdall ». This corresponds to an energy gap3@fusB
itis seen that the gaps at3.(2/5) decrease (increase) with and indicates an excitation involving three spin reversals.
pressure over this range. Experimentally the featur¢g&t1  This excitation could be a small composite Skyrmion, as
vanishes between 17 and 19 kbar, which is just where predicted by theory. In a rough estimate Sonethal. [8]
is predicted to pass through zero. By vanishing, we measuggested that a Skyrmion formed:at= 1/3 and occur-
that 1/3 is weaker than /5 and a separate minimum cannotring at 1 T should contain “a couple of reversed spins.”
be observed, although th¢®2minimum has a pronounced They also estimate the Skyrmion—anti-Skyrmion pair gap
tail on the high field side from the residuaf3 feature. as0.024E. at g = 0. The minimum gap we obtain is
While an upper limit can be set on th¢3lgap, we cannot 0.01E., which compares well when account is taken of
tell if it has completely collapsed. At 20 kbar g3lfeature the typical 50% reduction in Coulomb energies found in
could be seen in the lowest temperature data, but it was notlculations where finite thickness is included [17]. In
possible to obtain an accurate value for the energy gap as more detailed calculation the energy required to cre-
the minimum could not be followed to higher temperaturesate an anti-Skyrmion a¢ = 1/3, i.e., the energy to re-
From the temperature dependencepf at the field of move one spin at fixed magnetic field, was found to be
1/3, an energy gap df.017E, results which is consistent Ej/;/E. = 0.069 + 0.024 exp(—0.38R%7%) + |n|R [18].
with the fraction being established again ongehas The number of reversed spiRSn the composite Skyrmion
changed sign. can be found by minimizing this expression, and we see

Since g varies with both pressure and density, thethatR = 1 for || > 0.004; R = 3 at |n| = 0.002 and
ZE must also be scaled to compare data from differenk = 6 at|n| = 0.001. These numbers cannot be directly
samples. Figure 4 shows the gaps @8 Band 25 for  compared with our experiments at a fixed particle number,
all the samples studied as a function of ZE. Both axesvhere the excitation is a Skyrmion—anti-Skyrmion pair,
are scaled by, making the abscissa = gupB/E., the because they do not include creation of the quasiparticle
ratio which determines the Skyrmion size and energy [16]Skyrmion or finite thickness effects. Nonetheless, they
The data for 13 falls into two distinct groups. With allow us to estimate relevant energy and size scales. It
|p| > 0.01, mostly from ambient pressure data, the gapis clear that composite Skyrmions will always be small
scales only with the Coulomb energy. This behavior isfor experimentally accessible parameters and that a size
similar to that observed at = 1 [5] and shows that the of 3 spins provides good agreement between experiment
FQHE state atv = 1/3 has a Coulomb gap, which may and theory in the region dfp| = 0.002. The experiment
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suggests, however, that the minimum gap for Skyrmionidowest density samples [20]. Interestingly, the tilted field
CF excitations is much less than half of the gap at large ZEmeasurements did not see the crossover f&; 20 it can
This is substantially different from the prediction of a 50% be seen that a combination of experimental techniques is
reduction in the gap due to infinite sized Skyrmions for therequired for the complete study of the FQHE.

analogous IQHE state at = 1 [8], showing that analo- In summary, we have measured the FQHE gaps at
gies between these ferromagnetic states must be treated= 2/3, 2/5, and ¥3 under conditions where the
carefully. Zeeman energy can be tuned through zero. For the

Turning to the data obtained at = 2/5 [Fig. 4(b)],  ferromagnetic state at = 1/3 the energy gap decreased
there are two distinct regions that cross overrat=  dramatically as the ZE was reduced. At small ZE, the
—0.006. For [n| > 0.006 the gap decreases as the sizeexcitation appears to consist of 3 reversed spins which we
of the spin splitting decreases, and foy| < 0.006 the interpret as a small composite Skyrmion. The behavior is
gap increases again. This suggests a level crossing asdnilar to that of the most easily accessible quantum Hall
finds a straightforward explanation in the CF picture.ferromagnet state at = 1, and is in general agreement
The v = 2/5 FQHE gap occurs when two CF LLs are with theoretical predictions. These experiments lend
full. When the ZE is small these will be the lowest LLs support to the existence of Skyrmionic composite fermion
of the two opposite spin ladders, thus the excitation aexcitations within the two-dimensional electron gas.

v = 2/5 is a spin flip from an unpolarized ground state. This work is supported by NATO and the European
As the ZE increases, the spin reversed ladder moves ugnion TMR Programme.
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