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Magneto-optical probe of two-dimensional electron liquid and solid phases
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Band-gap photoluminescence (PL) is used to establish the optical signature of a GaAs-Gaj-xAlAs
heterojunction in the extreme quantum limit. The temperature and field dependence of new PL struc-
ture maps a phase boundary which correlates with the electron liquid-solid transition.

Following the discovery of the fractional quantum Hall
effect (FQHE) in a two-dimensional electron system
(2DES), there have been a number of investigations
designed to observe the electron liquid-solid (Wigner crys-
tal) phase transition. Wigner crystallization is predicted
below a critical Landau-level ﬁlling factor v, at high mag-
netic fields and low temperatures.” Experimental reports,
for high-quality GaAs-Ga;-,Al,As heterostructures, in-
clude measurements of sample resistivity,? nonlinear I-V
characteristics,® ~® radio frequency (rf) absorption,>’ sur-
face acoustic wave (SAW) attenuation,® and cyclotron
resonance (CR).°

Recently, there has been intense interest in experiments
that probe both FQHE states'®”!7 and the condensed
Wigner solid phase'2!>!°~18 of the 2DES by magneto-
photoluminescence (PL) at low temperatures. The optical
experiments fall into two categories, resulting from impor-
tant structural differences in the samples studied which
determine the PL recombination process: 2D electron-
free valence hole (e-h) (Refs. 10, 11, 13, 14, 16, and 17)
and 2D electron-acceptor-bound hole (e-49).!%!518
Where recombination involves holes confined to a Be §-
doped layer (e-A4%), a strong signal associated with the
Wigner solid has been observed in addition to steps in PL
energy associated with FQHE energy gaps.'>!> In con-
trast, no definitive optical signal'® has been associated
with the Wigner solid in standard sin%le heterojunction
(SHJ) samples, used in all other work,?~° where recom-
bination involves only valence-band holes (e-h). For the
standard structures, energy shifts and strong PL intensity
variations have been observed at FQHE states which ex-
hibit major differences with data from &-doped samples.
It is clear from these experiments that the nature and lo-
cation of the holes in the two types of sample is of central
importance, but a theoretical understanding is only now
emerging for the FQHE (Ref. 20) and no theory exists for
the Wigner regime. It is therefore important to establish
the optical signature of the Wigner solid in standard sam-
ples.
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In this paper, we report e-h PL measurements in a
high-quality, low-density SHJ. We observe an intense
spectral feature in the low-v limit, the temperature and
field dependence of which is used to define two charac-
teristic temperatures, 7., and T.,. We find that the
boundary formed by the lower, T.|, mapping is strongly
correlated with the liquid-solid transition.

PL measurements at an excitation wavelength of 740
nm, at temperatures down to 70 mK and magnetic fields
to 15.5 T, have been carried out in a GaAs-Ga; — Al As
SHJ, sample G648 (saturated n;=3.2x10'" ¢cm ™2, u
~3%10% cm?/Vs) with a large Ga, —Al,As spacer layer
(4800 A). The sample was mounted in the dilute phase of
a >He/*He refrigerator. Optical fibers delivered light
from a Ti-sapphire laser and PL was collected using a tri-
ple spectrometer with a cooled charge-coupled device ar-
ray. Low laser powers at the sample (2D layer 2.5%2.5
mm?) in the range 0.025-0.5 uW were used to eliminate
electron heating. Simultaneous transport measurements
showed sharp FQHE structure out to v=1+. Under pro-
longed illumination some parallel photoconductivity was
observed; this had no effect on the PL spectra over our
magnetic field range.

Figure 1 illustrates the magnetic field dependence of the
PL spectra at 70 mK and 2.2 K. The evolution of PL peak
intensities at 70 mK is presented in Fig. 2: (a) B=0 to
28T, (b) B=281t05T,and (c) B> 5T. Filling factors
obtained from simultaneous transport measurements are
marked by vertical lines in Fig. 2; lines at v=+ and 5
are inferred from FQHE structure v= +. In Fig. 2(a)
(integer QHE and 3 FQHE hierarchy), two sharp PL
lines are observed (Fig. 1) corresponding to recombina-
tion between the /, =0 Landau level of the E¢ and E,
electron subbands and the lowest-energy hole Landau lev-
el. For B <0.8 T, higher Landau levels of the 2DES are
observed in the E¢ emission (not shown). The charac-
teristic intensity modulations (minima in Eo, maxima in
E at QHE states) have been explained by correlation and
screening effects. '%!"141617 5 Fig 2(b) (+ FQHE
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FIG. I. Field dependence of (e-h) PL spectra at 70 mK and

2.2 K. Intensity in arbitrary units.

hierarchy), a doublet structure labeled 4,B emerges. Fig-
ure 3 shows the PL transition energies; the trajectory of
the A line extends on smoothly from the Eq (singlet) emis-
sion discussed above, while the B line is higher in energy
by ~0.5 meV and lies between the Eg and E, data. The
PL spectrum at 3 T in Fig. 1 captures the emergent B
peak as structure additional to the E line, which becomes
barely detectable beyond this field. The origin of the B
line is not understood, but doublet structure in the region
of the + FQHE hierarchy, of a magnitude similar to the
A-B splitting, has been observed in other SHJs (Refs. 13
and 16) and in the E( emission of single quantum wells. 14
It is clear from Fig. 1 that the B peak is significantly
weaker than the 4 peak at 2.2 K, whereas at 70 mK they
are comparable. Intensity minima in the A line in Fi%.
2(b) correlate well with v=3%, %, 3 states of the

Sy 7 3
hierarchy, consistent with the optical signature estab-
lished for the % hierarchy.'®'" This important symmetry

2
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was not observed in earlier work.'®> Additionally, intensity
minima in the A line correlate with maxima in the B line.
While thxs is analogous to E,E | behavior at FQHE states
of the % hierarchy, the mechanism may well be different;
if the B line is associated with the Eo subband, competi-
tion for recombination with holes is relevant.

The most important change in the PL is observed at 70
mK in the low-v limit where a dramatic breakup of the
A,B doublet to a complex structure labeled 4,S,B' in
Figs. 1-3 occurs, dominated by the new, central S peak
(shown by an arrow in Fig. 1 at 9 T). In addition, struc-
ture close to the A line, labeled A’ in Fig. 1 [corresponding
to ¢ data in Figs. 2(c) and 3], is intermittently resolved
over the region 7-14 T. A similar complex breakup in a
higher density sample '* could not be investigated in detail
for v« + due to the available magnetic field range.
Significantly, a weak low-energy peak (shown by an arrow
in Fig. 1 at 15 T) is also observed above 12 T [v< §, ¢
data in Figs. 2(c) and 3] split off from the main E( emis-
sion by 0.65 meV at 15 T. This latter feature is reminis-
cent of the low-energy peak observed for v <0.28 in §-
doped structures'? attributed to a solid phase, and a low-
energy shoulder recently reported in a standard SHJ (Ref.
16) in the region v <0.21. In Fig. 3, a careful examina-
tion of the spectral evolution in the range 7-9 T reveals
that S and B’ do not obviously emerge from B; the energy
trajectory of the S line is lower in energy by ~0.1 meV
and our interpretation is that the B peak falls in intensity
with the onset of new S (and B') structure. It is difficult
to determine a precise threshold field for the S peak, but
the collapse in B intensity sets in close to v= 7 ; see Figs.
2(b) and (c). The emergence of S structure is also ac-
companied by a falloff in rotal integrated intensity close to
v= 1 (Fig. 3, inset); a similar falloff occurs in Be 8-doped
samples'? and other SHJs. !¢

In the extreme quantum limit, the S peak, which dom-
inates the 70 mK spectrum is not resolved above ~2 K
(Fig. 1). This remarkable temperature dependence is
highlighted in Fig. 4(a); the spectral weight is transferred
from S to B’ on raising the temperature. This behavior,
coupled with the onset of S structure at high field, strong-
ly suggests that it can be used to map out a phase bound-
ary in the (B,T) plane.
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FIG. 2. PL intensity data in arbitrary units at 70 mK for (a) integer QHE and v=} FQHE hierarchy, (b) v=% FQHE hierarchy,
and (¢) extreme quantum limit— note the scale change.
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FIG. 3. PL energy data at 70 mK. Inset: Total integrated
PL intensity, in arbitrary units.

The emergent S structure has been studied systemati-
cally and analyzed by plotting the peak height ratio S/B’,
similar to the procedure of Ref. 12. Representative S/B’
data over the temperature range 0.1-3.5 K, at 9.24 and
12.5 T, are shown in Fig. 4(b); fitted lines define two
characteristic temperatures, T, and T2, below and above
which (respectively) the ratio S/B' shows little change.
The low-temperature regions are expanded in the Fig.
4(b) insets. While T, is well defined, the ratio change in
the vicinity of T, is less abrupt; the definition of 7., by
the intersection of the extrapolated high-temperature sat-
uration value of S/B’ with the straight-line fit through the
steep rise between T, and T, is adopted as a reasonable
criterion to characterize the onset of the rise. Plots of al-
ternative ratios such as S/A4, S/A4’', S/(4+A'+B') have a
similar but less abrupt form to Fig. 4(b), but are con-
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FIG. 4. (a) Temperature dependence of high-field PL struc-
ture. (b) Ratio of peak intensities S/B’, defining critical tem-
peratures 7. and T¢.
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sistent with T,;,T., values obtained from S/B'. The
analogous procedure to determine an onset field B, at
fixed temperature is difficult, due to the complexity of the
spectral evolution in the transition region 7-9 T (Fig. 1);
below 8 T the S peak is masked by the strong adjacent PL
structure and the expected continuous falloff in S intensity
to lower fields cannot be tracked. We limit the analysis to
T, data (® and ¥ distinguish two different runs) and T,
data (0,V) plotted as reduced temperatures t =T/T ¢y, vs
vin Fig. 5. T is the classical 2D melting temperature of
the electron solid; Tcm=T "le2/4reeokga with T =127
and a = (zn,) ~"2.

T:1, T2 values from our measurements of electron-
valence-band hole PL are compared in Fig. 5 with optical
data for electron-neutral acceptor transitions in Be &-
doped structures.'>'>'® For e-4° PL,'? in addition to a
line present throughout the magnetic field range studied
(I,), a new line (I;) was observed at lower energy for
v<0.28. I, and I, were attributed to electron liquid and
solid phases, respectively. A transition temperature was
deduced from discontinuities in intensity ratio plots 1,/1,
denoted @ in Fig. 5. Recently two thresholds have been
observed in this work,'® denoted ® and A, analogous but
not identical to our T,y and T., (I, intensity exhibits a
different characteristic than our S peak). The two thresh-
olds are discussed as a two-step transition from liquid to
solid.'> The upper dashed line in Fig. 5 is from more ex-
tensive measurements'8 of the higher temperature transi-
tion in the same §-doped samples which, in this interpreta-
tion, shows reentrant liquid states'? close to v=1+ and +.
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FIG. 5. Phase diagram established from the Fig. 4(b)
analysis of (e-h) PL. T¢ and T, data are compared with previ-

0 1 |

ous reports for the liquid-solid transition—see text. Inset:

Low-temperature px. data.
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Also shown in Fig. § is the upper limit of a phase bound-
ary from rf absorption and threshold I-V for a Wigner
crystal broken into pinned domains (lower dashed line);?
this agrees well with other I-V data* and in the region of
overlap (v=0.14-0.19) with an onset boundary from
SAW data, interpreted as the pinning mode of the Wigner
crystal.® At lower v, the Ref. 5 boundary is also in broad
agreement with recent CR measurements.® The two verti-
cal dashed lines in Fig. 5 mark the extent of the v=1 p,,
minimum in our sample. Characteristic p,, data, taken
before the onset of parallel photoconductivity, are shown
in the Fig. 5 inset (1, =3.1%x10'" cm ~2). An important
feature is the abrupt onset of a p,, out-of-phase com-
ponent (§=90°) for v < +, and to a lesser extent between
v=2% and %, that has been linked to threshold conduction
for a pinned Wigner solid.>

One interpretation of the complex e-h spectra shown in
Fig. 1 at lowest v, is that the split-off low-energy peak (ar-
rowed at 15 T) and the A4 line are analogous to the (e-4°)
I,,1, peaks observed in the 6-doped samples. An analysis
of the temperature-dependent intensity of our low-energy
peak at 15 T, as in Fig. 4(b), yields a T, in good agree-
ment with the S/B' analysis. The situation in standard
SHJs is complicated, however, by the higher-energy B and
E lines at lower fields, which might result in an addition-
al S,B' pairing that is also analogous to I,, I;. This inter-
pretation is reinforced by the similar splittings of these
pairs shown in Fig. 3; the energy trajectories of the split-
off peak and A extrapolate back to a convergence close to
v=1 as do the S,B' trajectories. However, the origin of
this PL structure is not known and other scenarios are

E. M. GOLDYS et al. 46

possible.

The most important observation from Fig. 5 concerns
T.1. The phase boundary determined from our measure-
ments of e-h PL, and the single data point (@) from e-4°
PL in 8-doped samples, are in reasonable agreement. Our
T, values define a boundary which agrees well with CR
data® at v=0.09 and 0.11; 90% occupancy of the solid
phase was deduced at T~400 mK with T.,=310 mK,
corresponding to t=1.29. The lower limit of our T,
boundary is ~50% higher in temperature at the lowest
filling factor studied (v=0.09) than that obtained from rf
absorption and threshold conduction,® itself consistent
with SAW data.® While the association of T., with
solidification has a good experimental basis, our 7., data
and the e-4° second threshold (Fig. 5 upper dashed line,
¢ and A data) differ substantially, notwithstanding
differences in the samples or definitions of these critical
temperatures. This places less physical significance on T,
as an absolute measurement for the onset of an intermedi-
ate phase '’ and is supported by CR data,® where structure
attributed to coexisting liquid and solid extends to re-
markably high temperatures (~10 K). 7., may depend
on the extent of nonlinearity of the optical probe to the de-
gree of solidification.

In conclusion, we have presented comprehensive data
that establishes the optical signature of a standard SHJ in
the extreme quantum limit. A phase boundary is estab-
lished from electron-valence hole PL that is situated close
to the electron liquid-solid phase transition mapped out in
similar samples by a variety of techniques.
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