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In order to reveal the effects of disorder in the vicinity of the apparent metal-insulator transition in 2D,
we studied the electron transport in the same Si- device after cooling it down to 4K at different fixed values
of the gate voltage V°°°!. Different V°°? did not modify significantly either the momentum relaxation rate
or the strength of electron-electron interactions. However, the temperature dependences of the resistance and
the magnetoresistance in parallel magnetic fields, in the vicinity of the 2D metal-insulator transition, carry a
strong imprint of the quenched disorder determined by V°°°. This demonstrates that the observed transition
between metallic and insulating regimes, besides universal effects of electron-electron interaction, depends on
a sample-specific localized states (disorder). We report an evidence for a weak exchange in electrons between
the reservoirs of extended and resonant localized states which occur at low densities. The strong cool-down
dependent variations of p(T'), we believe, are evidence for developing spatially inhomogeneous state in the

critical regime.

PACS: 71.27.+a, 71.30.+h, 72.20.Ee, 73.40.Qv

After about a decade of intensive research, the appar-
ent metal-insulator transition (MIT) in two-dimensional
(2D) systems remains a rapidly evolving field [1]. One
of the central problems here is to understand individual
roles of two major driving forces, disorder and electron-
electron (e-e) interactions. A great body of experimental
data demonstrates that, at sufficiently large carrier den-
sities, the low-temperature behavior of disordered sys-
tems is governed by the universal quantum interaction
corrections to the conductivity [2—-4]. These purely in-
teraction effects between mobile 2D electrons have been
intensively studied both theoretically [2 —8] and experi-
mentally [9-13]; the role of disorder in these studies is
limited to scattering of mobile electrons solely.

In contrast, the interplay of disorder and interac-
tions, particularly, interaction between localized and
mobile electrons is considered much rarely [14-18].
There are clear observations that near the apparent 2D
MIT, the behavior of dilute systems is very rich, and
does not necessarily follow the same pattern [18-20].
One might expect that the interplay of the disorder and
interactions should become more and more important
as electron density decreases and approaches the criti-
cal density of the 2D MIT.
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Usually, the presence of the localized states itself in
2D transport is masked by mobile electrons. In order
to reveal their contribution in the vicinity of the 2D
MIT, we have studied the electron transport in the same
Si-MOS structure, which was slowly cooled down from
room temperature to ' = 4K at different fixed values
of the gate voltage V, = V°°l. Changing the cooling
conditions affects primarily the thickness of the poten-
tial well [21]. We believe that this allowed us to vary
fine details of disorder — the structure of the resonant
(localized) states — without affecting the type of disor-
der (short-ranged), the scattering rate, and the strength
of electron-electron interactions in the system of mobile
electrons. We focused on two key features of the 2D
MIT, strong dependences of the resistivity on the tem-
perature and parallel magnetic field, and studied them
in the density range n = (0.7—3)-10! cm 2 for a system
with a snapshot disorder pattern.

We have observed that at relatively high densities
(resistivity p < 0.1h/e?), the dependences p(T) and
p(B)) in weak parallel magnetic fields B are very simi-
lar for different cooldowns. This “universal” behavior of
transport at high densities agrees with our observation
[11] of the sample-independent p(T'7, n) for samples with
different mobility (u o< 7). In contrast, at low densities
(p ~ (0.1 —1)h/e?), or in moderate and strong parallel
fields gup B ~ EF > kgT, the cooling conditions affect
dramatically the transport even though the main para-
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meters of disorder and of electron interactions remain
unchanged. This observation provides direct experimen-
tal evidence that near the 2D MIT the electron transport
at finite temperatures in dilute systems becomes sample-
specific and dependent on more subtle details of disorder.

We have also observed that the frequency of the
weak-field Shubnikov—de Haas (SdH) oscillations varies
with temperature and in-plane field; these variations (of
the order of a few %) grow as density approaches the
2D MIT critical density. The SdH-frequency is directly
related with the density of mobile electrons, whatever
strong interactions are. Therefore, the observed varia-
tions of the mobile charge at a fixed total charge in the
MOS-capacitor evidence for the redistribution of elec-
trons between the bands of mobile and localized states.
The weak T-dependence of this electron exchange, if at-
tributed to activation processes, indicates the presence
of very low energy barriers (~ 1K) between the mo-
bile and localized electron states. We relate the finite
temperature cool-down effects to the hybridization of
the mobile and spatially separated resonant (localized)
states present at the Fermi energy at low densities.

The resistivity measurements were performed on a
high mobility Si-MOSFET sample [22] at the bath tem-
peratures 0.05—1.2 K. The crossed magnetic field system
allowed to accurately align the magnetic field parallel to
the plane of the 2D electron system [9]. Five different
cool-down were done with V°°°! = 0, 5,10, 18, and 25V.
The carrier density, found from the period of SdH oscil-
lations, varies linearly with V: n = C'x(Vy—V;in), where
C (= 1.10-10* /Vem? for the studied sample) is deter-
mined by the oxide thickness. The threshold voltage Vin
varied little (within 0.15V) for different cool-downs and
remained fixed as long as the sample was maintained at
low temperatures (up to a few months). Within the same
cool-down, both C' and V4, remained constant (within a
few %) overall studied range of densities.

Fig.1 shows the mobility u versus Vj for five different
cool-downs with V°°! = 0,5, 10,18, and 25 V. The peak
mobility for different V°°? varies by less than ~ 7%);
this demonstrates that the momentum relaxation time 7
is not strongly affected by the cooling conditions. Com-
paring the pu(n) curves with the conventional transport
theory [23, 24], we conclude that the density of charged
impurities varies by less than 1-10°cm~2 for different
cool-downs. We also observed that the amplitudes of the
SdH oscillations are similar for different cool-downs, as
shown in the inset to Fig.1. These two observations are
consistent with each other, since the quantum lifetime
Tq is nearly equal to 7 for Si-MOSFETs.

Fig.2 shows that the p(T) dependences are cooldown-
independent far from the transition (at p < h/e?) (see,
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Fig.1. The mobility versus the gate voltage for different
cool-downs. The V°°® values for both the main panel and
the inset are shown in the figure. Examples of the SdH os-
cillations, shown in the inset for the same V, = 1.15V, T =
= 0.1K, B = 0.03 T, demonstrate that the quantum time
Tq is not very sensitive to the cooling conditions. Carrier
densities vary within the interval (1.07—1.09) - 10"" cm™>

e.g., curves 9, 10). However, in the vicinity of the tran-
sition (p ~ h/e?), a dramatically different behavior is
observed as temperature increases. The irreproducibil-
ity of p(T) for different cool-downs is clearly seen for the
curves in Fig.2 which correspond to nearly the same p at
the lowest T": these curves, being different at higher tem-
peratures, converge with decreasing T'. We have verified
that the renormalization of electron spin susceptibility
and effective mass (and thus the two Fermi-liquid cou-
pling constants) do not change for different cool-downs,
to within 5%. Thus, the electron-electron interaction ef-
fects [11] also can not be accounted for the changes in
p(T).

The sample-specific variations vanish at sufficiently
low temperatures: this suggests that the underlying
mechanism is related to the finite-temperature effects
in a system which retains a quenched disorder. These
results also suggest that, in addition to universal ef-
fects, a finite-temperature and sample-specific mecha-
nism, which strongly affects the resistivity, comes into
play.

If the behavior shown in Fig.2 is characterized by
a critical density m., which corresponds to the transi-
tion, the latter would have been cooldown-dependent.
The labels in Fig.2 mark two p(T') dependences, which
corresponded to n = n. for two different cool-downs;
they were estimated from linear extrapolation to zero
of the activation energy A(n) measured in the insu-
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Fig.2. Temperature dependences of the resistivity for four
different cool-downs. For curves I to 10, the density val-
ues are 0.827, 0.882, 0.942, 0.972, 1.00, 1.038, 1.07, 1.18,
1.31, 1.53, in unites of 10*cm 2. nd and n2°% mark two
critical dependences for cooldowns at V; = 5 and 25V,
respectively

lating regime p(T') x exp(A/T) [20, 25], away of the
critical regime. It is clear that the critical dependences
p(T,n = n.) are non-monotonic (see also Refs. [25, 26]).
The non-monotonicity is not caused by electron over-
heating; we applied sufficiently low source-drain current
in order to reduce the excess in electron temperature
0T, to a few mK. For example, for the curve “n2°” (the
source, drain resistance 150kOhm each, channel resis-
tance ~ 30kOhm/(J) the chosen source-drain excitation
101V corresponds to dissipation ~ 10~ 13W which might
cause electron overheating < 1mK [26].

Since the cooldown-dependent changes in p(T') van-
ish with temperature decreasing, we have attempted to
analyze the variations dp(T) = p(V£°?, T) — p(Vs£oo, T)
in terms of the exponential exp(—A/T) dependence,
as demonstrated in Fig.3. The corresponding “activa-
tion” energy A is very low: it varies within the inter-
val ~ (0.7—1) K. This proves that the low-lying band
of localized states (located close to the bottom of the
conduction band, ~# 8 K below the Fermi level) is irrel-
evant. The smallness of A, therefore, points at the in-
volvement of the localized states which are located close
to the Fermi level. Similar resonant localized states are
known in the narrow band-gap semiconductors and must
be spatially separated from the mobile states.
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Fig.3. Difference between resistivity values for two differ-
ent cool-downs (shown in Fig.2) versus inverse tempera-
ture. The numbers label the curves for densities same as
in Fig.2

We now turn to the magnetoresistance (MR) in par-
allel fields; the data are shown in Figs.4 and 5. This MR
which is usually associated with the spin effects [1, 19].

p (b))

B (T

Fig.4. Examples of the dependences p(B|2|) at T = 0.3K
for the carrier density (a) 1.20 - 10" cm™? and (b) 1.34 -
-10'* cm™2. The insets blow up the low-field region of the
quadratic behavior. The values of V°°? are indicated for
each curve
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Fig.5. Resistivity vs By -field for three cool-downs at two
electron densities

In the theoretical models of the parallel-field MR, based
on electron-electron interactions, the MR is controlled
by the effective g*-factor and the momentum relaxation
time 7 [6, 11, 4]. An important advantage of our method
is that as we mentioned above, cooling of the same sam-
ple at different V°°° does not affect these parameters.
Thus, one might expect to observe a sample-independent
behavior if the MR is controlled solely by the universal
interaction effects.

Firstly, we consider the range of fields much weaker
than the field of complete spin polarization (g*upB) <
Ep). The insets to Figs.4a and 4b show that the MR
is proportional to Bﬁ at g*upB)/ksT < 1. We found
that the slope dp/dB? is nearly cooldown-independent
(i-e. universal) only for the densities n > 1.3-10'cm 2
(which are by 30% greater than the critical density n.),
or for the resistivities p(0) < 0.16h/e? (compare insets
to Figs.4a and 4b); this is consistent with our earlier ob-
servations [11]. With approaching n., this universality
vanishes: Figure 4 a shows that even when the zero-field
resistivity is as small as 0.22h/e?, the slope varies by a
factor of 1.3 for different V°°°!,

For the intermediate fields, kgT < g*upB| < EF,
the p(B)|) behavior is not universal over the whole den-
sity range n = (1—3)-10'cm 2 (Figs.4). As n decreases
and approaches n., the cooldown-dependent variations
of p(B))) increase progressively.

The influence of cool-down conditions to the mag-
netoresistance becomes even more dramatic in strong
fields, B 2 Er/g*up. Despite the fact that the de-
pendences u(n) o« 7(n) for different cool-downs are very
similar (Fig.1), we observed very large variations in the
high-field MR. Figs.5a,b show p(B)) for different cool-
downs at two values of n. The cooldown conditions
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Fig.6. Typical Shubnikov-de Haas oscillations at six tem-
peratures (indicated on the main panel) and in-plane field
B = 0.02T. Nominal density value n =~ 2 - 10" ecm ™2,
The lower left inset demonstrate precise control of the zero
magnetic field position, the upper inset magnifies one of the
oscillations to show its shifting with T'

cause factor-of-five changes in p(B) in high fields and
factor-of-two changes in the values of B = Bsat at which
the MR “saturates” at a given carrier density. The lat-
ter quantity was determined from the intercept of the
tangents at fields below and above MR saturation [19].

The non-universal, sample-dependent behavior of
p(B) agrees with earlier observations made on different
samples [19]. We emphasize that the curves for differ-
ent V! (in each of Figs.5a,b) correspond to nominally
the same density. The fact that Bg,; is a cooldown-
dependent parameter, proves that the MR in strong
parallel fields is not solely related to spin-polarization
of mobile electrons. The fact that the variations arise
in strong fields gupB| ~ Ef hints that a deep tail
of localized states located near the bottom of the con-
duction band (or near the bottom of the upper spin-
subband) [14, 15, 27, 28] is responsible for the magne-
toresistance variations. We note, that at low temper-
atures T = 0 — 1K <« Tr and at zero field, the tem-
perature activation of carriers from the tail of localized
states to the Fermi level (across the energy gap ~ Er)
is negligibly weak and could not affect the data shown
in Fig.2. In contrast, at higher temperatures T' ~ T,
the thermal activation of carriers from the tail of local-
ized states to the Fermi level produces noticeable effects,
detected in to the Hall voltage [29].
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It is worth mentioning that the influence of vari-
able disorder on transport and magnetotransport in Si-
MOSFETSs has been studied earlier. Both the tempera-
ture dependence p(T') and magnetoresistance p(B)) were
found to be different in samples with different mobility
[20, 19], in samples cooled down with different values of
substrate bias voltage [30], and with intentionally var-
ied oxide charge [23]. In contrast, in our studies we
kept constant the scattering time, quantum time, phase
breaking time, interface charge and parameters relevant
to electron-electron interaction. Even under such con-
ditions, the strong non-universal variations in p(T') and
p(By) occur.

In order to elucidate the origin of the observed vari-
ations in disorder, we have analyzed SdH-oscillations
at weak perpendicular magnetic fields versus temper-
ature and in-plane magnetic field. Figure 6 shows typi-
cal pg;(B.1) curves for six temperatures, measured dur-
ing the same cooldown, for a fixed gate voltage value.
The p,, minima occur when the Fermi energy coincides
with the middle of the energy gap. The upper-left inset
clearly shows that the minima of the oscillations shift
with temperature, thereby evidencing for the changes
in the density of mobile carriers. The lower-left inset
demonstrates that the shift of the p,, minima is not
caused by variations in the residual field of the super-
conducting magnet (maintained at 4 K).

We fitted the total oscillatory picture with theoret-
ical dependence (similar to that in Ref. [9]), using the
frequency of oscillations ngqy for each curves as fitting
parameter. The resulting temperature dependences of
ngqu are shown in Fig.7. The error bars on the fig-
ure correspond to relative changes of the frequency with
temperature; the absolute frequencies are determined
with about three times lower precision. At higher den-
sity n > 5 - 10" cm~2 the oscillation frequency was in-
dependent of temperature, within the 0.5% uncertainty.
The nggu(T) changes become noticeable at frequency
< 4-10" cm~? (which is four times larger than the crit-
ical density of the 2D MIT); they increase progressively
with the in-plane field, as Figs.7a and b show.

Discussion. The measured density values ngqm re-
fer to the density of mobile electrons which participate
in the Landau quantization. Weak temperature varia-
tions of the density of mobile electrons do not involve
large energy scale of the order of Er ~ 8K. This points
at the presence of the resonant localized states at the
Fermi level, separated spatially and by a small energy
barrier from the mobile states. The density variations
then are caused by exchange in electrons between those
two states via either overbarrier transitions as schemat-
ically drawn in Fig.7, or via tunnelling.
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Fig.7. Temperature dependences of the frequency of SdH
oscillations at two fixed values of the gate voltage. Differ-
ent curves within each panels are offset shifted, for clarity.
Diagrams on the right show schematically DOS for the
band of mobile electrons and a resonant state. The arrow
shows an overbarrier transition

The temperature induced exchange in electrons be-
tween the bands of mobile and localized states, by it-
self, can not produce significant effect on the resistivity.
Indeed, the appearance (disappearance) of ~ 10%cm 2
charged scatterrers (which corresponds to the 0.5% vari-
ations of density in Fig. 7) may cause, correspondingly,
0.5% changes in p. However, in the critical regime, the
localized states may be expected to occupy a significant
share of the total 2D layer by forming clusters. The
periphery of the cluster is expected to consist of the res-
onant states which may emit and absorb electrons. As
a result, the overall area available for motion of mo-
bile electrons changes with temperature, similar to that
in the known percolation picture [31]. The resonant
states thus may control transport through the saddle-
points separating neighboring areas occupied by mobile
electrons, and thus, indirectly trigger the strong changes
in p.

In the B field, the resonant state should split and
move relative the band of mobile states. This model may
potentially explain both, strong variations of p(T") and
p(B)) in the critical regime, and weak changes of the
mobile carrier density. Formation of the two-phase state
may be caused by either disorder or electron-electron
interactions. Spontaneous formation of the heterophase
state in the vicinity of the phase transition was estab-
lished for quasi-1D system [32]; in 2D electron system,
the two-phase state is also intrinsic to some theoretical
models [33].
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To summarize, by cooling the same high-mobility Si-
MOS sample at different fixed values of the gate voltage,
we tested universality of the temperature and magnetic-
field dependences of the resistivity near the 2D MIT.
An important advantage of this approach is that the dif-
ferent cooldown procedures do not alter the interactions
effects between mobile carriers. It has been found that in
the vicinity of the transition (p ~ h/e?), the cooldown-
specific effects strongly affect p(T'); these effects vanish
only when p decreases below ~ 0.1h/e? with increasing
electron density; they also vanish as T decreases. The
non-universal behavior is especially dramatic in strong
By fields where it extends to much higher electron densi-
ties (we observed pronounced non-universality of R(B)
over a range n = (1 — 3) - 10 cm™2).

Our results reveal the existence of the resonant
(shallow) localized states near the Fermi energy. The
observed temperature variation of the frequency of
Shubnikov-de Haas oscillations demonstrates a weak ex-
change in electrons between the reservoirs of mobile and
resonant localized states. The large changes of p(T') at
elevated temperature signify the development of a spa-
tial inhomogeneity of the 2D system, which may result
from either interactions between electrons or disorder.
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