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Abstract. 'We report temperature-induced transitions between insulating, metallic, and guantum
Hall states in a very dilute, high-mobility two-dimensional electron system in silicon at a
magnetic field corresponding to Landan level filling fagtor v = 1. Qur data show that at
high temperatures, the extended states at v = | are above the Fermi energy so that the system is
insulating; with decreasing temperature they sink below the Fermi energy, so that the quantum
Hall effect occurs. As the extended states cross the Fermi energy, the conductivity has a
temperature dependence characteristic of a metallic system.

Recently there has been considerable experimental [1, 2, 3, 4, 5, 6] and theoretical [7, 8, 9]
interest in mransitions between insulating, metallic, and quantum Hall (QH) states of the
two-dimensional electron system (2DES). In spite of this intensive activity, the published
experimental work [1, 2, 3, 4, 5, 6, 10, 11, 12, 13] is restricted to descriptions of such
transitions driven by changes in two-dimensional carrier density (n;), and/or magnetic
field. However, in this letter we report experimental data which conclusively demonstrate
that transitions between insulator, metal, and QH-like behaviour can also be observed at
fixed field and n; as the temperature is decreased. In particular, we have observed 2DES
delocalization (i.e. an insulator to metal transition) with decreasing temperature, whereas
increasing localization is the usual consequence of lowering the temperature of a 2DES
{1, 2, 31.

This letter is arranged as follows: our experimental observations are described first, and
compared with earlier studies. This comparison suggests a theoretical description which
accounts qualitatively for our data. A summary is given in the final paragraph.

Two Si MOSFET samples made from different wafers have been studied: Si-14,
which has a maximum mobility (Jm) of 1.9 % 10* em? V 57, and Si-22, which has
fmax = 3.5 x 10* em? V 57!, The samples are rectangular with a source to drain length
of 5 mm, a width of 0.8 mm, and an intercontact distance of 1.25 mm. Resistances were
measured using a four-terminal low-frequency (typically 8 Hz) AC technique involving cold
amplifiers with input resistances > 10'* € installed inside the cryostat. The output of these
amplifiers was connected to a standard lock in amplifier. Great care was taken to ensure

0953-8984/95/050041+08$19.50 (® 1995 IOP Publishing Ltd ' L41



L42 Letter to the Editor

that all data discussed here were obtained in regions where the /-V characteristics were
linear.

In this work we choose to concentrate on the region close to filling factor v (=
ns/(eB/R)) =1 (here e is the electron charge, and % is Planck’s constant). The various
phases of the 2DES ate distinguished in the following manger:

(1) Insulating. The 2DES is defined as insulating if its diagonal {o,,) and Hall (o,,}
conductivities exhibit temperature dependences characteristic of an insulator, i.e., do, /dT,
do,y /dT > 0 with 0y < 0, < €2/ 4.

(2) Mezallic. The 2DES shows metallic behaviour if doy, /dT, doy, /dT < Q.

(3) Quantum Hail. The quantumn Hall state at v = 1 is characterized by the well known
behaviour oy — €2/ h and 0, — 0 as the temperature is lowered to zero [14].

Figure 1(a) shows the resistivity components o, and oy, (both are in wnits of //e?)
versus magnetic field for ng = 9.1x10'° cm™? at three different temperatures. At the highest
temperature, p,:(B) is flat up to B ~ 4 T and lies well above h/e?. As the temperature
decreases, minima near integer filling factors v = 1 and 2 and maxima at intermediate
filling factors v ~ 1.5 and 2.7 appear [15]. The Hall resistivity is almost T independent;
at low temperatures, narrow QH plateaux start to develop near v = 1 and 2 [4, 6, 14].
Note that as the temperature is decreased from 1.82 K to 942 mK, p,, at v = 1 decreases
while remaining larger than p,, = & /e%; this corresponds to do, /dT < 0 characteristic of a
metallic state and reflects delocalization with decreasing temperature, whereas o, increases
at B = 0, indicating an insulating ground state. At still lower temperature, p., at v = I
sinks below gy = h/e?, penetrating into the QH region.

Before proceeding further, we must demonstrate that the observed metallic-like decrease
in pr near v = 1 is an intrinsic effect of the whole 2DES and not an artefact of contacts
or current paths such as, e.g., edge currents {16]. Furthermore, in principle the current
distribution in a 2DES at low temperatures can be inhomogeneous. If this is the case,
it is difficult to draw conclusions about the behaviour of o, using p,, data, To check
these points and to obtain information about o, directly, we have measured the impedance
between the 20 chanpel and the metallic gate using an RC bridge. The real part of the
bridge imbalance signal is proportional to inverse o, averaged over the sample area [17].
The magnetic field dependence of the signal, proportional to o,}!, is shown in figure 1(b).
One can see that it is qualitatively similar to p,.(B), as expected in the case of oy > pyy.
(In case of raised eyebrows at this statement, it should be mentioned that in the familiar,
high-n; QH effect, where p.x < pxy, the dependence is qualitatively different, due to the
form of the transformation relationships between the conductivity and resistivity tensors
[14]; at integer filling factors v = 1 and 2, 0! has extreme maxima instead of minima (see
figure 1(b) inset).) Again, as the temperature is lowered, o,, increases at v = 1, showing
metallic behaviour, and decreases at B = 0, showing insulating behaviour. The similarity
of the independently determined g,,(B) and orx‘;‘ (B) shows that the current distribution can
be considered homogeneous and that we can therefore calculate oy, and o,y from the data
for prx and pgy.

Figure 2 shows the temperature dependence of oy, at v = 1 for four different electron
densities. For the lowest ng, 25 (T) always lies above % /e? and monotonically increases as
the temperature is decreased; as the inset shows, this is characteristic activated behaviour.
On the other hand, for the highest electron density, p,. always lies below #/e* and
monotonically decreases as the temperature is decreased below T &= 3 K showing the
QH state behaviour. However, turning to the two intermediate 7n;, the p. (T} curves are
nonp-monotonic, showing apparent activated behaviour at high temperatures (see inset) and
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Figure 1. (2) Diagonal and Hall resistivity of sample Si-14 in units of #/e® against magnetic field
at three temperatures and g = 9.1 x 10'? con~2. (b) Inverse &, of sample 5i-22 obtained by
impedance measurements against magnetic field at two temperatures and 2, = 7.8 x 10 em—2,
The inset shows ‘conventional’ o (8) for a higher electron density, ng = 1.56 x 10!! ¢cm2,
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Figure 2. Temperature dependence of diagonal resistivity of Si-14 at v = 1 for foor electron

densities. The inset shows activated temperature dependence of py, at higher temperatures for
the same sample.

decreasing as T — 0. This non-monotonic behaviour implies, as will be shown below,
temperature induced transitions from insulator-like to metallic and QH states of the 2DES.

The temperature dependences of oy, and oy, at v = 1, calculated from the py, and pyy
data, are shown in figure 3. Figure 3(a) shows o, and oy for the case of the familiar
‘high-n;’ QH effect; &,,, which is always less than e?/2h, monotonically decreases to
the expected very small value as T — 0, and oy, which is always higher than &/2h,
monotonically increases to the familiar quantized value as T — (. Neither metallic nor
insulator-like behaviour is observed at ns 2 1.3 x 10!! em™~? for any temperature. However,
at a slightly lower electron density {figure 3(b}), both components of conductivity are no
longer monctonic functions of T'.

(1) At T 2 2.5 K (to the left of the first vertical dotted line), oy < 0, < €%/h, and
both diminish with decreasing T'; this is characteristic of an insulating state. Furthermore,
according to Khmelnitskii [7], 6y in units of e?/h is a ‘counter’ of the number of extended
states below Ef; as oy e?/h at T 2 2.5 X, this indicates that there are no extended
states below Ep, confirming the existence of an insulating state in this temperature region.

@ At1 £ T 5 25 K (between the two vertical dotted lines), both oy, and oy,
increase with decreasing T, indicating ‘metallic’ behaviour. Both also reach ¢°/2k, the
value expected for an extended (as opposed to a localized) state (crfJr ~ crfy = ¢%/2h at
= % and T = 0 [18]).

(3} Below T ~ 1 K {to the right of the second dotted line), o;, again tends to zero
as T — 0 while o,y approaches ¢2/h. The value of oy now corresponds to ane band of
extended states below Ep; this is a QH state [14].

At even lower n; (figure 3(c)), both o..(T) and oy (T) change their slope from
‘insulator-like” to the ‘metallic’ at 7 = 1 K but gy, always remains < ¢*/2h and the
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¥igure 3. Temperature dependences of diagonal and Hall conductivities for sample Si-14 at
w = 1 for four differeént n;. Open symbols correspond 10 oyy. closed, to op.. Vertical dotted
lines approximately separate different kinds of temperature dependence.
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QH conditions are never obtained for this ns.

Finally, for the lowest n, (figure 3(d)), both ¢ (7') components decrease monotonically
down to the lowest temperatures while oy < oy < ez/h; therefore for this ng, the system
always remains insulating.

In summary, for ns = 1.3 x 101 cm™2 we have observed that the system remains in
the QH state regardless of temperature. For ns = 9.5 x 10'® cm™2, we have observed three
different types of behaviour at v = 1: insulator-like at higher temperatures, metallic at
intermediate, and QH at T —> 0. For lower n; = 8.6 x 10'° ¢cm~2, we have observed a
transition from an insulating to a metallic state without a further transition to QH behaviour.
For even lower n, = 8.1 x 10'° cm™2, the system remains insulating.

In both high-mobility silicon inversion layers [1] and low-mobility GaAs/(Al,Ga)As
heterostructures [2, 3] it has recently been demonstrated that a 2DES, strongly localized in
zero magnetic field (B = (), can nevertheless manifest the integer QH effect. References
[4, 5, 6] discuss this magnetic-field-induced transition from the point of view of many-
body effects, whereas [2, 3] ignore the effects of electron—electron interactions and consider
the arguments of Khmelnitskii [7] and Laughiin [8] along with the global phase diagram
proposed by Kivelson and co-workers [9] as the basis for the insulator—QH transition.
According to Khmelnitski {7] and Laughlin [8], extended states, which lie above the Fermi
energy (Ep) at B = 0 (i.e. making the system insulating) decrease in energy as B is increased
and may sink below Er [19]; at high magnetic fields, the extended states approximately
follow the centres of the Landau levels (see figure 4). At zero temperature, the diagonal
conductivity (o) is zero except when extended states are at Er. As long as Ep lies
below the lowest extended state, the Hall conductivity (o,,) is also zero and the system is
insulating. For each band of extended states below Ef, o,y increases by e*/ k, providing the
next integer QH state. If the temperature is not zero and there are no extended states at EF,
o, displays activated behaviour with the activation energy equal to the energy difference
between Er and the nearest extended state [14].

energy .

e
T

/y <" insulator {6,=0)
I P 4
s ~

magnetic field

Fipure 4, Schematic of the expected behaviour of extended states in a magnetic field (after
{7,8]).

Magnetic-field-induced transitions between insulating and QH ground states have also
been investigated in very dilute high-mobility GaAs/(AlLGa)As heterostructures in the
extreme quantum limit (see, e.g., [10} and references therein) and in Si inversion layers
around v = 1, 2, and 6 [5, 6]). In some papers [4, 5, 6, 11, 12, 13] the fact that the
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insulating state can be disrupted by integer or fractional QH resistivity minima has been
discussed in a speculative fashion in terms of the formation of a pinned electron solid
melting at integer or fractional v. However, the global phase diagram [9] can also explain
magnefic-field-induced transitions between QH (at v = 1, %, or 1§) and insulating ground
states without invoking collective effects, although it must be said that recently observed
direct transitions from v = 2 and £ [13, 20] and v = 6 [6] to insulating states do contradict
the global phase diagram. )

Returning to the Si samples in this work, we have considered the region around v = 1 at
low ng; under these conditions it is known that there is no electron solid [4, 5, 6, 11, 12, 13].
In view of this, we shall discount the explanations involving an electron solid outlined in
the previous paragraph, and instead interpret our experimental data phenomenologically in
terms of “levitation of extended states’ [7, 8]. According to [7, 8], the energy of the lowest
state at T =0 is

Ee = $ Q1+ (1) 7] . (1

where . is the cyclotron frequency and 7 is the relaxation time. Therefore, at constant B
(£, = constant), E. increases with decreasing t. i.e., with increasing disorder. Our data
show that at v = 1, the effect of temperature is qualitatively similar to the effect of disorder:
with decreasing temperature, the energy of the lowest band of extended states decreases.
At high T, there are no extended states below the Fermi energy, and conductivity is due
to temperature activation to the nearest extended state. At lower temperatures, the band of
extended states crosses the Fermi level, and we observe a metallic state with characteristic
metallic temperature dependences for both diagonal and Hall conductivities. At still lower
temperatures, the band of extended states sinks below the Fermi energy, o., approaches
e*/h, and the system enters the QH regime.

The mechanism behind this variation of E; is unclear. It can hardly be a single-
particle effect because in a non-interacting system, the electron states are determined by the
Hamiltonian and the temperature only defines the distribution of the electrons between the
states; in an interacting system, however, the electron states may in principle be temperature
dependent. The electron—electron interactions in our samples appear to be much stronger
than the disorder potential [17]; evidence for this is seen in the giant enhancement of the
valley splitting at v = 1 [21] and the negative density of states at high magnetic fields
[17, 21, 22]. The observed variation in E; might therefore be connected to the large drop in
the resistivity at zero magnetic field at T < 1 K observed very recently in similar 81 MOSFET
samples [23], and thought to be a manifestation of electron—electron interactions. This drop
in resistance appears to be due to the suppression of the dominant scattering mechanism at
low temperatures [23], leading to an increase in ©; this in turn will result in a decrease in
E, according to equation (1).

We have studied the temperature dependent behaviour of a very dilute 2D electron
system in silicon around filling factor v = 1. We have obtained experimentai evidence
that at v = I, the energy of the lowest band of extended states decreases refative to the
Fermi energy as the temperature is decreased. As a result, this band passes through the
Fermi energy, causing transitions from insulator-like to metal-like and metal-like to QH-like
temperature dependences of the transport coefficients. The first of these transitions reflects
delocalization with decreasing temperature; this is in sharp contrast to the familiar situation
in which lowering the temperature makes a 2DES more localized.

We acknowledge useful discussions with E I Rashba, L Zhang, B A Mason, X C Xie, and
D Shahar. This work was supported by grants from the National Science Foundation, DMR
89-22222 and Oklahoma EPSCoR via the LEPM, and EPSRC (UK).
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