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Below a critical filling factor (v, =0.28) and critical temperature (7. =1.4 K at 26 T) an additional
line has been observed in the luminescence spectrum of a GaAs-Al,Ga; -xAs heterojunction; it grows in

intensity with decreasing v, dominating the spectrum at v < {r.
strong reduction in overall integrated intensity, while its relative intensity decreases sharply at v= %, 7,
The lack of correlation between v. and the disorder-related properties of the system indicates

1
and 7.

Its appearance is accompanied by a
1

the intrinsic nature of the line which we propose signals the formation of a pinned Wigner solid.

PACS numbers: 73.20.Dx, 73.40.Kp, 78.20.Ls, 78.65.Fa

One of the most important outstanding questions in
low-dimensional physics is the nature of the ground state
of the interacting two-dimensional (2D) electrons in a
perpendicular magnetic field (H). In the extreme quan-
tum limit, at fractional filling factors v=nsh/eH (where
ng is the electron concentration) the ground state is
known to be an incompressible Fermi liquid.'~> Howev-
er, on further reducing v, a phase transition is expected
to occur at v=v, to the energetically favored Wigner
solid. Theoretically predicted values of v, are sensitive
to the approximations used in the calculations and have
therefore ranged from + to 15 .2*7 So far, experimen-
tally, this changeover has not been unambiguously
identified.

Up to now magnetotransport®'® and radio-frequency
spectroscopic techniques'' have been used to investigate
this phase transition between the liquid and Wigner-solid
states. From transport measurements, it is now well es-
tablished that at v=4 and + the ground state of the
system is still an incompressible Fermi liquid, giving rise
to a quantized Hall resistance and the corresponding
minimum in the diagonal resistivity. And even at +, evi-
dence of a fractional state has been reported.'® The
radio-frequency absorption measurements,'! on the other
hand, suggest that the value of the critical filling factor
for Wigner crystallization is v, =0.23.

In this paper we describe magneto-optical experi-
ments, also performed in this extreme quantum limit, on
a GaAs-Al,Ga, -As (x=0.28-0.32) single heterojunc-
tion. We have previously shown'? that condensation of
the 2D electrons into an incompressible Fermi liquid at
v=%, +, ¥, and + is accompanied by discontinuous
changes in the spectral position of the luminescence line
at these v. Here we report the observation of a new

luminescence line appearing at v < v, and below a criti-
cal temperature (T, which depends on v) which weak-
ens in intensity at v=1, ¥ and + and which we associ-
ate with the formation of a Wigner solid.

In Fig. 1 we show luminescence spectra recorded at
two different concentrations n, =5.4x%10'°© and 6x10'°
cm ~? at various magnetic fields. A detailed description
of the sample and the experimental setup, as well as a
discussion of the low-field data can be found elsewhere. '?
It can be seen that in both cases above a certain magnet-
ic field (H,) an additional line (1) appears, shifted by
~1.4 meV to lower energy, which grows as the field is
increased until at v< {r it dominates the spectrum. Its
appearance is accompanied by an abrupt decrease of the
integrated luminescence signal.

In Fig. 2 both the intensity ratio I,/I, [Fig. 2(b)] and
the total integrated intensity [Fig. 2(a)] are plotted as a
function of magnetic field for two different concentra-
tions. It can be seen from this figure that for a given
concentration, the value of H, obtained from both plots
is practically identical. It is our belief that at exactly
v=1+, ¥, and %, when the 2D electrons condense into
an incompressible Fermi liquid, the intensity of the new
line actually drops to zero. That an increase in the in-
tegrated intensity is observed at this point is due to a
simultaneous enhancement in the intensity of the 7, line.

The most important property of the new line is that it
can be characterized by two critical parameters— v, and
T.. These can be determined from the plots presented in
Fig. 3, in which it can be seen that H, depends linearly
on the concentration of 2D electrons. From the slope of
the dependence of H. on ng, we obtain v, =0.28 + 0.02.
In Fig. 3(b), the dependence of the ratio I./I; on tem-
perature, measured at H=26 T (v=0.09), is shown.
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FIG. 1. Luminescence spectra measured for two different

concentrations at 0.6 K and at various magnetic fields. Note
the nonmonotonic increase of I at (a) 22 T (v=17) and (b)
16T (v=7).

The line I, disappears from the luminescence spectrum
abruptly at a critical temperature, which at this v is
T.=1.4 K.

We associate the appearance of an additional line in
the emission spectra and the accompanying abrupt de-
crease in the integrated intensity with the formation of a
(most probably polycrystalline) pinned Wigner solid. In
accordance with this interpretation, the two lines 7, and
I, correspond to radiative recombination of 2D electrons
from the liquid (at v=1+, ¥, and 5 the liquid becomes
incompressible) and solid phase, respectively. That I,
lies lower in energy than I, agrees with the expected
lower energy of the solid state compared to that of the
liquid one. We conclude from the tendency of the new
line to vanish from the luminescence spectra at v=+,
+,and 5 and from the simultaneous enhancement in in-
tensity of I, that at these fractional values of v the
ground state of the system is still an incompressible Fer-
mi liquid. That 7, does not completely disappear from
the luminescence spectrum at these v may be due to a
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FIG. 2. The dependence on magnetic field of (a) the in-
tegrated luminescence intensity and (b) the intensity ratio
I>/I,, measured at 0.6 K for two different concentrations.

small amount of inhomogeneity in the concentration
which is unavoidable in a real system. In such a case, lo-
cal values of v in different parts of the sample will not be
exactly identical.

The extent of the wave functions of the localized elec-
trons in the 2D plane is defined by the magnetic length,
I=(h/eH)"?. In our case the holes participating in the
recombination process are bound to acceptors and are
thereby localized in all three dimensions. Thus as the
magnetic field is increased and the electrons become
more localized in the plane parallel to the interface, the
probability of an electron finding itself in the vicinity of
a hole decreases, causing a reduction in the luminescence
intensity. In less-high-quality structures, in which the
Landau-level width, determined from the luminescence
linewidth, was larger than 3 meV, and where we did not
observe the above described features that we associate
with Wigner crystallization, the luminescence intensity
started decreasing already at higher v (just below v=1)
and the reduction itself was not as strong. At 1.3 K the
magnetic-field onset of this luminescence drop moved to
a slightly higher field compared to that at 0.6 K [Fig.
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FIG. 3. (a) The dependence of H. on n; measured from
I,/1,(H) (circles) and from the dependence of the integrated
intensity on magnetic field (squares). (b) The temperature
dependence of the intensity ratio 7/5/Ii. T, has been taken as
the temperature at which I»/I, drops to half its maximum
value.

4(a)]. We therefore conclude that 1.3 K is above T, for
v just smaller than v.. At even higher temperatures
above T, where the electrons become mobile no reduc-
tion in luminescence was observed at all [Fig. 4(a)]. We
therefore believe that strong magnetically induced locali-
zation is responsible for the sudden drop in integrated
luminescence intensity below v=v.. It is most impor-
tant, however, to demonstrate that this localization has
an intrinsic origin rather than that of disorder. Quanti-
tatively, disorder can be characterized by the Landau-
level width ' (for example at v=1). Additionally we
have observed that at low temperatures and below v=2,
the spectral position of the luminescence line deviates
from a linear dependence on H and that this deviation,
AE, is also sensitive to the amount of disorder present.!2
At higher temperatures, the dependence of the energy
position of the luminescence line on magnetic field
remains linear. Since AFE is proportional to H, the size of
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FIG. 4. (a) The dependence of the integrated luminescence
intensity on magnetic field measured at different temperatures.
Note that H. moves to higher fields on raising the temperature.
(b) The dependence of v. on the disorder parameters (defined
in the text) AE (open symbols) and ' (solid symbols). (c)
Suggested qualitative form of the phase diagram T, (v).

this deviation, at a set magnetic field, can also be used as
a measure of the disorder present in the system. The
dependence of v, on AE and " measured for different n;
is presented in Fig. 4(b) where it is clearly illustrated
that v, shows no dependence on these disorder-related
parameters in the region of interest (for I'> 3 meV and
AE >3 meV the features associated with Wigner crys-
tallization were not observed). This thus confirms the in-
trinsic nature of the observed localizationlike phenome-
na, thereby ruling out localization on random potential
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fluctuations as the cause.

Preliminary results indicate that the critical tempera-
ture strongly depends on the filling factor, dropping to
zero for v> v, and also at v=1%, ¥, and %, thereby
producing the observed oscillations of the I, line intensi-
ty [see Fig. 2(a)] in the vicinity of these v. Qualitatively
we presume that the phase diagram, 7,.(v), has the form
shown in Fig. 4(c), where the features around v=1%, +,
and § are where our results differ most from radio spec-
troscopic data. ' On the other hand, the values of v, ob-
tained from these two experiments are in good agree-
ment (note that in magnetotransport® an unusual
enhancement of the resistivity is also observed to occur
around v=0.23-0.28). Comparing the absolute values
of T, obtained from the luminescence and radio-
frequency experiments, one finds that our value (mea-
sured under similar conditions) is approximately 4 times
higher than theirs. A higher sensitivity of our method
(which is a local probe) to the appearance of a small
amount of the crystal phase in the system could explain
this discrepancy. The coexistence of two phases is indi-
cated by the presence of two lines in the luminescence
spectrum even at the lowest temperature and for v < 1.
This may be due to the quasiequilibrium nature of the
system under continuous illumination. In other words,
the small lifetime of the electrons due to recombination
may itself be hindering the freezing process.

In summary, we have investigated by magneto-optics,
for the first time, a dilute system of 2D electrons in the
extreme quantum limit (down to v={5). An additional
luminescence line, appearing below a critical value of
filling factor and temperature, has been found, which we

associate with the formation of a pinned Wigner solid.
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