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Abstract

We have investigated the electrical transport in mesoscopic low-density 2D
electron systems as a function of background disorder. At zero magnetic field,
over a specific window of disorder and electron density, an unusual density-
dependent oscillatory pattern in conductance was observed as the Fermi energy
was swept in the localized regime. The temperature, source—drain bias and
magnetic field dependence of transport indicate the formation of a pinned
electron solid, which undergoes a series of order—disorder transitions as the
electron density is changed by a gate.

In a strongly disordered localized 2D electron system (2DES), experimental [1] and
theoretical [2, 4] study of electrical transport at mesoscopic length scales has been extensive.
We now know that transport in this regime is dominated by resonant (or elastic) tunnelling (RT),
hopping via a small number of isolated impurity states, or the Coulomb blockade (CB) effect
in small puddles of electrons, capacitively coupled to the leads. When the amplitude of the
background potential fluctuations is reduced, localization occurs at smaller Fermi energy (Er),
and hence at stronger effective Coulomb interaction (Uc) with Uc/Er ~ 1/ /ns > 1, where
ng is the electron density. Transport experiments in low-density 2DESs reveal various many-
body body phenomena ranging from glassy freezing [5] to electron-assisted hopping [6], but
the nature of the ground state, in particular at the mesoscopic scale, is still not well understood.
Theoretically, while several forms of charge-density-wave (CDW) ground states have been
predicted [7, 8], itis generally agreed that over a specific disorder window the interaction effects
would be significantly amplified, leading to modification in the single-particle transport. Here,
we have investigated the disorder-enhanced interaction effect in dilute 2DESs as a function
of the magnitude of background potential fluctuations. At the mesoscopic length scales, we
identify a non-monotonic conductance (G) structure as a function of Ef that could not be
associated to conventional RT or CB, but appears to be due to a many-body phase in the
correlated regime.

We have used 2DESs formed at high quality modulation-doped GaAs/Al,Ga;_,As
heterostructures, where the magnitude and length scale of disorder can be tuned by varying
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Figure 1. (a) Dependence of the overall mobility 1 on the spacer thickness ds,. The mobility is
calculated at electron density n; = 9 x 10'% cm~2. (b) A typical Vg-dependence of conductance
G for a sample with 85, = 60 nm. The solid curve indicates a smoothly increasing background.
The open circles indicate the background-subtracted oscillations (AG). (c) Dependence of AG on
ng in four samples (ng = 2.5 x 10'0 cm~2) with varying disorder. The samples are 2 um x 2 um
squares. All the traces are obtained at 0.3 K and zero magnetic field. The traces are scaled and
vertically shifted for clarity.

the distance (d,p) and density (n5) of the Si-dopants in the §-doped layer from the 2DES.
We have studied a large number of 2DESs with §,, ranging from 0 to 80 nm, and n; from
2.5to0 10 x 10" cm~2. In most samples, measurement of the transport and quantum lifetime
suggest that the mobility p in the metallic regime is limited primarily by small-angle scattering.
Hence, as shown in figure 1(a), at a given ng (R9 x 10" cm~2), the average [ rises by ~3
orders of magnitude when g, is increased from O to 80 nm. The electron density n, was
varied continuously by a metallic surface gate at a distance ds above the 2DES, d ranging
over 120-330 nm. The sample dimensions were chosen to be in the mesoscopic regime
with the length (/) and width (w) varying from 0.4 to 5 um and 1.5 to 5 um, respectively.
In most samples at 7 ~ 300 mK, freezing of the carriers occurred around Vy ~ —0.3 to
—1.0 V, where V, is the voltage at the surface gate. The electron density achieved at this
‘pinch-off” depends on the §,, and in cleaner samples (e.g. §;, ~ 40-60 nm) ng as low as
~8-10 x 10° cm~2 (Uc/ Er ~ 6) could be achieved. The conductance G was measured by the
standard low-frequency two or four probe method with a measuring bias Vyq << kg7 /e. When
G < €?/h, the temperature dependence of G was found to obey the variable-range hopping
law, G(T) ~ Goexp[—(To/T)"?], where Ty is the density-dependent activation energy scale
and p ~ 0.3-0.5. Inabout 10-15% of the relatively disordered samples (mostly with 8, S 15—
20 nm) at low densities, we found a slow drift in G over a large timescale T ~ 10-1000 s,
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Figure 2. Coulomb blockade oscillations in a disordered sample with §;, = 10 nm. The data
was recorded at T ~ 0.3 K. (a) Traces at different source—drain fields. The numbers indicate the
source—drain bias in millivolts. The thick solid curve identifies the zero-bias trace. Successive
traces are shifted vertically by 2 uS for clarity. (b) Line-shape of the individual peaks. The solid
curve denote a thermally broadened cosh™2(x) line-shape.

reminiscent of a glassy behaviour [5]. Our analysis was, however, based on the samples which
were extremely stable, and did not show any drift within the experimental accuracy (better
than 0.1%) at any value if ns. Due to the uncertainty in measuring the exact geometry of the
active region, primarily due to the lateral depletion at the mesa-walls, we have reported the
data in terms of conductance G, rather than the conductivity o. Since most of the discussions
are based only on relative changes in G, this does not affect the main conclusion of the paper.

In figure 1(b), the solid circles illustrate a typical G-V, trace at B = 0, obtained from a
2 pm x 2 pm sample with &g, = 60 nm moderately disordered with a high dopant density
(ns = 10" cm™2). In the localized regime (V; < —0.5 V) G displays a non-monotonic
structure as the Fermi energy is swept across the band tail. The oscillations are highly
reproducible and, when the smoothly increasing background (solid curve) is subtracted, these
appear as a superposition of small-amplitude, rapid fluctuations on a large-amplitude slowly
varying component. In figure 1(c), we show the behaviour of these two components when Jp,
i.e. the effective disorder, is varied. When disorder is strong, as in sample A with §;, = 10 nm,
the rapid fluctuations become sharply peaked and quasi-periodic in V.

In order to determine the origin of these rapid component, we have studied its dependence
on the Fermi energy and source—drain field in several samples fabricated from the wafer with
dsp = 10 nm. Figure 2 illustrates this with a typical 2 um x 2 pum sample measured at
T = 0.3 K. The modulation in the zero-bias conductance is clearly observable (figure 2(a)),
which gets obscured by the appearance of new sharp peaks as the source—drain bias was
increased. This is a clear signature of the Coulomb blockade (CB) effect, where new peaks
arise with the inclusion of additional single-particle states between the chemical potentials
of the source and drain [3]. The conductance around these peaks was found to vary as
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~ cosh™2 (BAVy), where B is a numerical constant depending on the temperature and the
compressibility of the system [4]. As shown in figure 2(b), this line-shape provides further
evidence of thermally broadened tunnelling through nearly isolated puddles of electrons.
Formation of such puddles are expected in a strongly disordered 2D mesoscopic system [4].
Typical charging energy, e?/ Cs;, where Cy is the total capacitance of the conductance-limiting
puddle, was found to lie within ~0.5-1.5 meV. From Cx ~ 4€p€,d,, we find, d, ~ 0.2-0.4 pm,
where d, is the diameter of the puddle. Note that d, > 1/./ns, 8s,, which implies a spatial
correlation in the §-doped layer. As the amplitude of potential fluctuations is reduced by
increasing gy, for example, from sample B with §;, = 20 nm to sample C with §5, = 60 nm,
the relative amplitude of the CB oscillations is suppressed, and the slow background oscillations
dominate the non-monotonicity of conductance in the clean samples up to dg;, as large as 80 nm.

While the amplitude of the oscillations depends strongly on the local disorder, hence vary
from sample to sample even for a given &p, an intriguing feature of traces shown in figure 1(c) is
the overall similarity in the positions of the conductance minima of the slow oscillations, when
expressed in terms of n;. We have used a linear calibration of ng with V, as ng = Cs(Vy — Vyp),
obtained from the quantum Hall measurements in the metallic regime (Cs =~ €/ed;, is the
specific capacitance, and Vg, is the pinch-off voltage). These density-dependent oscillations
(DDOs) are clearly distinct from CB oscillations, which are periodic in V. To investigate this,
we have varied Cs over a factor of ~2-3, and observed the width of the DDOs in V, to change
accordingly. In figure 1(c), in spite of the specific capacitance of sample D being roughly
one-third that of sample B (C/CB® ~ 0.37), the strong minima appear at similar values of .
Typically, 2—4 periods of DDOs are observed in most localized samples with large &5,. We
have restricted the analysis within the strongly localized regime since,

(1) when G = €?/h, interference effects like universal conductance fluctuations lead to
additional structures in G obscuring the DDOs, and

(2) at higher Vy, the dependence of ng on V, deviates from linearity, introducing a systematic
error in the positions of the minima.

Denoting ng at the minima as ny,;,, we have compiled the ny,,-values from 22 samples
with varying size and &, (figure 3). In order to minimize the effect of CB oscillations, we have
only considered samples with &g, > 20 nm. The set of n,;, from a given sample depends on
the range of n, scanned by V;, and hence depends on the local disorder. The histogram clearly
shows a clustering of i, around a few critical values indicated by the strong peaks. The 7y, -
values originating due to CB forms an uniform background within countrange N, S 2-3. The
width of each peak is dominated by the measurement uncertainty of Vg, (~10%). Within the
experimental accuracy, we found the critical nni, to be insensitive to the sample dimensions,
however the magnitude of the oscillations becomes too small to observe beyond the scale of
220 pm x 20 pm.

In order to understand the DDOs, we now focus on the maxima and minima as the 7" and
source—drain field (Vyq) are varied. This is illustrated in figure 4. In figure 4(a), T-dependence
of two successive sets of maxima and minima, denoted by 1 and 2, is shown over a range of
0.3—4.5 K. The data was obtainedin a2 yum x 2 um sample with §;, = 20nmand d; = 120 nm.
Even though the rather large width of the peaks in V, could be explained in the framework of RT
(or CB) by assuming a strong coupling of the localized state to the leads so that the tunnel rate
I' > T, we find such an explanation untenable on the following grounds. The 7T-dependence
of Gmax/ Gmin Shown in figure 4(b) identifies a threshold temperature 7y, (indicated by the
arrows) for both sets, below which the Gax/Gmin 1s essentially T-independent. For set-2,
which is at a higher ng, we find Ty, is lower than that of set-1. Since Ty, ~ I', this implies a
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Figure 3. A histogram of electron densities npy, at the local conductance minima in 22 samples.
N, denotes the count in a given window of density. The samples were fabricated from wafers
with dopant densities ranging from ns = 2.5-10 x 10'> cm~2 in the §-doped layer. Inset: same
histogram plotted as a function of the electron separation r = 1/,/fimin. A, is the separation of the
successive strong peaks in terms of r.

larger tunnel rate at lower ng, which is counter-intuitive, since at lower ng screening would be
less effective resulting in stronger tunnel barriers.

Figure 4(c)—(e) shows the non-linear characteristics of the DDOs in a 2 um x 2 um
sample with 85, = 60 nm. V,-dependence of the linear conductance G is shown in the inset of
figure 4(e), where we have identified and numbered every individual maximum (open circles)
and minimum (solid circles). The differential conductance d//dVy4 at the minima shows a
clear gap and threshold-like behaviour in the V-dependence (figure 4(c)). The gap becomes
weaker at higher ng. Taking the gap ~0.08 meV at minimum 2, and assuming that it arises
from the charging energy e*/Csx of CB, we find the diameter of the conductance limiting dot
dgor > 4 pm, which is larger than the sample dimension itself. Furthermore, a dot as large
as the sample would be purely classical with periodicity AV, = ¢/C; < 0.1 mV, about two
orders of magnitude smaller than the experimentally observed separation between the maxima
and minima (Cq ~ eoerdgot /ds, 1s the gate-2DES capacitance).

An important feature of the non-linear transport is the cusp-like sublinear enhancement of
d7/dVyq in the range Viq > Vi, where Vy, is the threshold voltage indicated by the arrows in
figure 4(c). In figure 4(e) we have plotted d//dVy as a function of the reduced source—drain
voltage (Vsa — Vin)/ Vin for the first three minima. We find d7/dVyy to behave as a power
law with d7/dViq ~ (Via/ Vi, — 1)¢, where ¢ ~ 0.8, over about one order of magnitude of
Vsa, equivalent to ~2 orders of magnitude of 7. At higher Vg, dI/dVsq becomes slower as 1
asymptotically approaches the linear regime.

The threshold behaviour of d//dVy at the local conductance minima resembles sliding
transport of a pinned charge-density wave above the depinning threshold [9, 10]. In this context,
the exponent ¢ ~ 0.8 shows remarkable agreement to that in the collective flow of charge in
2D array of metallic dots [9] or in the plastic flow of a weakly disordered Wigner solid [11].
Theoretically [12], ¢ = 2/3 is obtained when the 2D system is spatially ordered. Hence
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Figure 4. The temperature 7 and source—drain field Vsq dependence of the density-dependent
oscillations: (a) 7' dependence from 0.3 to 4.5 K. Two sets of successive maxima and minima are
denoted by 1 and 2. The data was obtained in a sample with 6y = 20nmand ns = 2.5 x 102 cm—2.
(b) T-dependence of the ratio of Gpax and Gin for set-1 and set-2. The temperature threshold
(Tip) is indicated by arrows. (c), (d) Vi dependence of the differential conductance d//dVy at
the minima and maxima, respectively. Arrows indicate the threshold voltage at the minima. The
data was obtained in a sample with s, = 60 nm at 7 = 0.3 K. (e) d//dVyq as a function of the
reduced voltage (Vsqg — Vin)/ Vin at three of the minima. Note the power law rise in d//dVgq. The
solid lines indicate a slope of ~0.8. Inset: conductance in log-scale at zero source—drain bias. The
solid and open markers indicate the positions of the minima and maxima, respectively, for which
the differential conductance has been shown.

the DDOs appear to be associated to a CDW ground state of the 2DES, where the electrons
are distributed in a rigid crystalline array. Microwave resonance studies have indicated such
a crystalline order in high-mobility 2DESs at a very similar range of ng [13]. Even though
the range of n; is too large for a conventional Wigner crystallization, numerical studies show
that in the presence of weak pinning the crystallization can be stabilized at effective Coulomb
interaction as low as Uc/Er ~ 7.5 [7]. Indeed, in a recent magneto-transport study we
have obtained clear evidence of a rigid self-localized electron phase in similar mesoscopic
systems [14].

In a pinned electron solid, any characteristic length scale in the background potential may
give rise to a commensurability oscillation in the pinning potential [15]. To investigate the
possibility of such an effect we have analysed the histogram of n,;, values in terms of the
mean electron separation r = 1//fmin. This is shown in the inset of figure 3. Note that the
peak separation is relatively more uniform with the separation between the strong peaks being
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A; ~ 11 £ 2 nm. At higher ng, the peak separation appears to have increased slightly, which
can be attributed to the sublinearity of the n,—V, relation at high n,. Assuming the dopant
distribution to provide the external length scale, we have varied the dopant concentration n;
by a factor of &4 from ns = 2.5 x 102 cm 2 (ds = 1//ns = 6nm)tons =1 x 103 cm™2
(ds =~ 3 nm). Within the experimental accuracy, however, we have not observed any significant
reductionin A,. Even though this could be due to a higher compensation factor at high dopants
densities, we also note that in most cases the spacer width &g, is > ds, and the granularity in
the background potential due to individual donors should be exponentially suppressed.

Since the commensurability effect only modulates the pinning potential, it cannot explain
the peak in d7/d Vg at non-zero Vg4 at the conductance maxima (figure 4(d)). The amplitude
of the DDOs is essentially determined by the position and width of this peak, which depend
on local disorder and thermal history of the sample. The position of the peak was found
within the range ~0.02-0.1 mV in all the samples. Note that, for RT (or CB), this peak is
expected at Vg = 0. These observations lead to the following possible mechanism for DDOs.
In a pinned electron solid, when the electron number is changed using the gate, an ‘impurity
band’ of interstitials (or vacancies) may form as a complete reorganization of the solid may
be energetically unfavourable [7, 16]. Apart from enhancing the screening of the pinning
potential, this would also raise the energy of the system through strain and strong zero-point
fluctuations, towards a solid-to-fluid transition. However, close to the fluid state the energy
cost of a collective reorganization is much less, and the system may re-condense in a solid
with different lattice parameters. A quantitative analysis leading to the observed A; & 11 nm
is beyond the scope of this paper. However, the similarity of A, to the effective Bohr radius aj
(&~10.5 nm) in GaAs systems was noted in early experiments, where the DDO was attributed
to a fundamental instability of the pinned 2DES to electron—electron interaction [17].

We investigated the possibility of such an order—disorder transition by studying the low-
field magneto-conductance (MC) in perpendicular magnetic field B. Figure 5(a) illustrates
the MC at the adjacent maximum and minimum (indicated by the arrows) obtained in a
2 um x 2 pum 2DES with a 60 nm spacer. At B 2 0.5-1 T, MC decreases rapidly according
to G(B) ~ exp (—aB?), at all Vg in the localized regime, indicating the compression of the
electron wavefunction around isolated impurity states [18]. Atlow B MC showed qualitatively
different behaviour at the maximum and minimum of the DDOs. At the minimum, a strong
positive MC (PMC) (~20%) was observed at very low fields (B < 0.2 T), while at the
maximum, both the magnitude and the characteristic field-scale (B.) of the PMC were reduced'.
Obtaining B, roughly from the field at which PMC is maximum, we have shown the dependence
of B, on V, in figure 5(b). The non-monotonic behaviour of B, clearly excludes the mechanism
of delocalization to the quantum Hall state in our samples at the filling factor v = 2 [19].
Hence the most likely origin of the PMC is an interference effect, for example, the ‘forward
interference’ in the strongly localized regime, where the intermediate destructive interferences
of the hopping electrons are suppressed by the magnetic field [20]. In such a case, B. depends
on the localization radius & of the electrons as B, ~ h/eézot(T), where a(T) ~ (TO/T)31’/2
is a T-dependent hopping parameter. In figure 5(b), delocalization of the electrons is evident
at the conductance maximum, where & shows an increase by several factors. However, even
though qualitatively the same behaviour is observed in all samples, the increase in & depends
on local disorder. As shown in figure 5(c), the relative change in B, at the maxima are strongly
reduced when the local disorder is enhanced in a sample with a smaller spacer (85, = 40 nm).
Around a minimum, B, is nearly constant, and since « varies roughly over ~1-5at 7 ~ 0.3 K

! For B 2 0.1-0.15 T there is weak oscillatory pattern superimposed on the magneto-conductance traces. This arises
from the Subnikov—de Haas oscillations of the ungated part of the 2DES. The relative magnitude of this component
decreases as the sample becomes more insulating.
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Figure 5. (a) Perpendicular magnetic field dependence of G at a local maximum and minimum,
obtained in a sample with &5, = 60 nm (dimension: 2 um x 2 um). The inset shows a B = 0
conductance trace as a function of V. (b) Variation of the characteristic field B. as a function of
Vg. The B = 0 conductance is also shown for comparison. (c) Vg-dependence of B of a relatively
disordered sample (85, = 40 nm). Even though the qualitative behaviour is similar, the relative
change in B, is suppressed.

(Ty ~ 1-10 K and p ~ 0.3-0.5, from T-dependence of linear conductance), the absolute
magnitude of & at the minima was found to lie between ~70 and 130 nm, which is close to
the separation among the electrons themselves. A more quantitative analysis would require a
better estimate of B, from an analytical description of the B-dependence of MC.

In summary, we have experimentally observed a density-dependent conductance
oscillations in low-density mesoscopic 2DESs, that cannot be described by the resonant
tunnelling or Coulomb charging effects. In source—drain field, the behaviour of conductance
agrees with that of a sliding CDW, implying the ground state of the system to be a pinned
electron solid. In this context, the conductance oscillations appear to be due to an energy
instability in the solid to the formation of defects, leading to a series of order—disorder
transitions. The low-field magneto-conductance in perpendicular magnetic field also indicates
an enhancement of the electron localization length at the conductance maxima, supporting this
picture.
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