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Observation of the fractional quantum Hall effect in
GaAs—(Ga,Al)As quantum well structures
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We report the observation of the fractional quantum Hall effect in single GaAs—(Ga,Al)As quantum well structures with
well widths of 102 A and 68 A. In both samples we have observed a strong » =4/3 fraction in both the longitudinal
resistivity p_, and the Hall resistivity p, . The surprising result in our data (in comparison with the FQHE in conventional
single heterojunctions) is that the 5/3 is heavily suppressed or possibly absent. In a tilted magnetic field the energy gap of
4/3 depends only on the perpendicular field. We associate this difference between our samples and the conventional
heterojunctions with the energy (well width) dependence of the Landé g* factor and the influence of the Zeeman energy
on the (partially) spin-polarized energy levels and hence the activation energies.

Recent experiments on the fractional quantum
Hall effect (FQHE) have focussed on the de-
termination of the spin configuration of the elec-
tron ground state [1,2] and the energy gap A
[3,4] above this ground state. Initially it was
thought that the ground state of the FQHE was
spin-polarised, but recent theoretical [5] and ex-
perimental [1,2] investigations in tilted magnetic
fields have shown that spin-unpolarised states are
also possible. It was found that the § fraction has
a spin-polarised ground state, whilst the § frac-
tion has a spin-unpolarised ground state [1]. In
conventional heterojunctions used to study the
FQHE, the spatial extent of the electron
wavefunction is large (~250 A). A (Ga,Al)As—
GaAs—(Ga,Al)As quantum well makes it pos-
sible to compress further the wavefunction.
However, the scattering on the second interface
tends to suppress the FQHE. Nevertheless, there
have been some investigations of the FQHE in
GaAs-(Ga,Al)As multi quantum well systems
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[6] and wide single quantum well systems (4,7].

In this paper we study the FQHE in a 2DEG
confined in a narrow single quantum well. The
filling factors v = § and 3 show a large difference
in their activation energies. A similar effect has
been found in hydrostatic pressure experiments
on conventional high-mobility single hetero-
structures by Morawicz et al. [8,9]. Their data
show a well-developed 3 minimum, which is un-
changed with pressure. The § state, however, is
not present at atmospheric pressure, but de-
velops into a very strong feature by applying
pressures up to 9kbar. Because of the energy
dependence of the Landé g* factor one can
change the value of g* by changing the pressure
[8,9] or the well width, as optical experiments on
these type of samples have shown [10]. We con-
sider the reduction of the Zeeman energy as a
possible explanation of the striking difference
between our data and those for conventional
heterojunctions.

The samples are MBE-grown GaAs-—
(Ga,Al)As single quantum wells, modulation
doped on one side of the well [7], with well
widths of L, =102 A and 68 A. The carrier con-
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centrations and  mobilities (N, =1-3.4 X
10” m™? and p =37-55m"/Vs for the 102A
well and N, =1.8-3.1x10”"m™? and wu =36-
52m*/ Vs for the 68 A well) could be varied by
illumination with an infrared (sub-bandgap)
LED.

Figure 1 shows the diagonal resistance R, and
Hall resistance R,, of the 68 A sample as a
function of the magnetic field. The % fraction can
(over the whole electron density range and in
both samples) unambiguously be identified by
the value of the corresponding Hall plateau. A
slightly puzzling feature in these samples is that
the magnetic field position of the % minimum
differs slightly (~5%) from the extrapolation of
the low field Shubnikov-De Haas oscillations.
The 3 fraction is found in the same way in the
102 A well. In the 68 A well, however, the fea-
tures in R, and R, at magnetic fields just below
the % fraction are slightly off from what is expec-
ted for the 2 fraction in the field value as well as
in the Hall resistance value. An identification of
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Fig. 1. Diagonal and Hall resistances R,, and R, for the

68 A well width sample. The density is N, =3.2x 10" m~’
and the mobility is u =40m*/Vs.

3 could also be possible; in that case the 3 is

completely absent in this sample. In this paper
we focus on the § and ; and the remarkable
difference in their relative strength. In conven-
tional single heterojunctions these two fractions
appear with a similar strength, while in this
experiment the j fraction is much better de-
veloped than the 3 fraction (which might even be
absent in the case of the 68 A well). The activa-
tion energy A is determined from temperature
dependent measurements assuming p, (T)=
pS, e *’*". Figure 2 shows measurements for sev-
eral temperatures on the 68 A sample at two
different electron densities. The § fraction when
it occurs at 9.0 T has an activation energy A=
0.2K (fig. 2(a)), at least an order of magnitude
larger than the activation energy of the feature at
slightly higher filling factor when it occurs at a
similar field (fig. 2(b)). A direct comparison
between samples is very difficult because the
activation energies are masked by disorder,
Landau-level mixing and the finite width of the
2DEG, but similar effects have also been ob-
served in the 102 A well sample.

Magnetic Field (T)

Fig. 2. Temperature dependence of R, around v = § at two
different densities of the 68 A sample: (a) N, =2.8 X 10° m™?
(the temperatures are 75, 113, 169, 243, 307, 390 and 820 mK
respectively) and (b) N,=3.1x10""m > (the temperatures
are 66,91, 124, 161, 214, 281, 349,433 and 518 mK respec-
tively).



C.V. Brown et al. | The fractional quantum Hall effect in quantum well structures 83

For an ideal (infinitely thin) 2DEG the field
dependence of the activation energy is given by
A=0.1¢%¢l, (for filling factors §, %,% and 3)
where ¢ is the dielectric constant and /=
(f/eB)"'? is the magnetic length [11]. However,
this theory does not take into account the pos-
sibility of partially polarised and unpolarised
ground states and excited states with polarisation
different from the ground state. The total energy
of the interacting, ideal 2DEG consists of a
Coulomb term and a Zeeman term [5], namely

E=E.(S,Bcos8)+ g*uyBS N

where § is the spin quantum number, g* is the
effective bare Landé g* factor. All the many-
particle effects, leading for example to exchange
enhancement, are included in the Coulomb term
E. (which has the VB dependence for an ideal
2DEG). The spin state of a 2D system with N
electrons can vary between its minimum value 0
(unpolarised) and its maximum 3N, (polarised)
in integer steps AS = 1. Finite-size calculations of
E. by Maksym [5] show that it is possible to have
partially polarised and unpolarised ground states
and that the first excited state can have a polari-
sation different from the ground state. The
Zeeman energy can have a considerable contri-
bution to the activation energy A if the ground
state and first excited state have a different
polarisation. In general we can write

A=(E, — E,) £ AS g* 5B )

where E; and E, are the Coulomb terms of eq.
(1) of the ground and first excited states of the
FQHE spectrum (which can have different po-
larisations) and AS is the change in spin state of
the system in going from the ground state to the
first excited state. E, — E, has the VB depen-
dence for an ideal 2DEG as discussed above.
The =-sign indicates an increase or decrease in
polarisation in going from the ground state to the
first excited state.

The Landé g* factor in egs. (1) and (2) is
small and negative in bulk GaAs (g* = —0.44).
From k- p perturbation theory [12], it has an

energy dependence given by

g* 3 P2<l_ 1
E E-A

) + h.o.t. (3)

where g, = 2 is the free-electron Landé factor, E,
is the bandgap energy, 4, is the valence-band
spin—orbit splitting and P describes the coupling
between the conduction band and the other
bands. In a simple approximation for a quantum
well system, we can add the subband energy E_,
to the bandgap energy E,. We find that |g*| is
then reduced in magnitude for a smaller well
width and becomes zero at a well width of
L, =22A. This decrease in |g*| has been mea-
sured by photoluminesence [10]. Although the
values do not fit eq. (4) exactly, the data show
similar qualitative behaviour: the value of g*
increases with increasing confinement and
changes sign for quantum wells with L =55 A.
The commonly used heterojunctions have a
‘width’ of the 2DEG which is of order 250 A.
Therefore, the value of the effective | g*| factor,
and thus the Zeeman energy g*ugB, will be
smaller in our samples.

The detailed implications of this on our experi-
ment depends on the polarisation of the ground
state. For a heterostructure the 3 ground state is
spin-unpolarized at low magnetic fields, but
changes into a polarised ground state at higher
fields, whereas the 3 ground state is spin-polar-
ised over the whole field range [1,5,13]. An
unpolarised state cannot go to a lower spin con-
figuration and a fully polarised state cannot go to
a higher spin configuration. The consequence of
this on the activation energy is shown schemati-
cally in fig. 3. Here the energy levels for a
polarised (S = 1N,) and an unpolarised (S = 0)
ground state are drawn. In each case there are
two possibilities for activated transport: there is
no spin flip involved in going from the ground
state to the first excited state (AS = 0) or the first
excited state has a different polarisation and
AS #0. The Coulomb term E. of eq. (1) is
represented by the solid levels. The Zeeman
term will reduce these energy levels by g*ug BS,
with a value .depending on the degree of polari-
sation §, resulting in the dashed lines. A reduc-
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Fig. 3. Schematic diagram of the FQHE energy levels: for
the case when the absolute ground state is unpolarised
(S =0) and completely polarised (S = {N,). The solid lines
represent the Coulomb term E. from eq. (2); adding the
Zeeman energy g* u, BS to E_ gives the dashed lines, and the
dotted lines are the levels when |g*| is reduced. The arrows
represent possible activation processes corresponding to
changes of total spin AS.

tion of |g*| will reduce the Zeeman term, and
consequently enhance the energy levels indicated
by the dotted lines, resulting (if AS#0) in a
decrease of A if the groundstate is polarised and
an increase of A if the groundstate is un-
polarised.

Since the § fraction has a polarised ground
state we expect a lower activation energy in
narrow quantum wells than in heterojunctions if
AS # 0, consistent with our data. In conventional
heterojunctions the % can have an unpolarised
and polarised groundstate, depending on, for
example, the value of the magnetic field. It is not
clear what the polarisation of the % in our experi-
ment is. Figure 4 shows the combined magnetic
field/density dependence of the activation ener-
gy of the £ fraction of the 68 A well sample. Also
data for magnetic fields tilted ~30° and ~35°
from the normal of the 2DEG are shown. The
closed symbols represent the activation energies
as function of total magnetic field; the open

symbols refer to the same data but now the

horizontal axis is the perpendicular component
of the magnetic field. The value of the activation
energy increases with B but one must realise that
changing the electron density not only affects the
Zeeman energy in eq. (1), but also the Coulomb
energy E. (which contains many-particle effects).

In ref. [1] it is mentioned that in their particular
case the effect of changing the electron density is
similar to the effect of changing the tilt angle of
the sample with respect to the magnetic field.
This is not the case in our sample, where the
activation energy only depends on the perpen-
dicular component of the magnetic field and not
the total field (fig. 4). This implies that the
Zeeman contribution to the activation energy in
eq. (2) is negligible. Thus g* =0 or AS =0 in our
samples. Snelling et al. [10] have measured the
g* factor in quantum wells, and from their data
one finds g*=~—0.1 for a 70 A well. It is not
quite clear from our data what the polarisation
of the $ ground state is. We could be in the range
where changing the electron density decreases
the disorder significantly, leading to an increase
in the activation energy.
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Fig. 4. Magnetic field dependence of the activation energy of
the 4 fraction for the sample with well width L, =68 A at
three different angles. For the filled symbols the magnetic-

field axis refers to the total field and for the open symbols to
the perpendicular component.
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Instead of changing the well width, one can
also apply pressure to reduce g*. Similar effects
have been found in hydrostatic pressure experi-
ments on conventional single heterojunctions by
Morawicz et al. [8,9]. This results in a better
developed % fraction at higher pressures. The
idea of spin-flip activation energies was already
suggested in the tilted-field experiments of
Eisenstein [2] and Furneaux [14]. Here we have
added the well width as a parameter to vary the
value of g*.

Another remarkable feature is visible in fig. 2:
at certain values of magnetic field just above and
below v = % there is no temperature dependence
of the diagonal resistance R,,. All the different
temperature curves cross at the same point. Such
single crossing points are observed for the whole
range of electron densities; two examples are
shown in fig. 2. It is clear that this feature is
related to the FQHE, since it does not appear
near the integer filling factors. The temperature
independent resistance appears to be due to an
exact compensation between two competing
thermally activated processes, such as hopping
through the 2D bulk states and activated trans-
port across the FQH energy gap.

To summarize, our experiment and the high-
pressure experiment [8,9] suggest that one must
take the polarisation and Zeeman energy (well
width dependence of g*) of ground and excited
states into account. Because of the low value for
the Lande g* factor, these samples allow the
possibility of studying the many-particle effects
in the FQHE, without the Zeeman energy being
the dominant term.
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R. Harley and Dr. K. Barnham for helpful dis-
cussions. This work was funded by the SERC
(UK) and FOM (the Netherlands).
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