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ABSTRACT

Y

This report describes our work on spin dependent recombinat
to date and contains copies of preprints and reprints of our work
on two dimensional transport.

Our work on spin effects has succeeded in identifying both spin
dependent generation and recombination. The obtained structure is
described and it is shown that damage produced by avalanche injecti
of holes gives rise to an SDR signal.

The major feature of our work on the electronic properties of
two dimensional systems is the frequency production of fractional

quantisation in Si inversion layers and GaAs-Al1GaAs heterojunctions.

Decreasing the transport length scale reduces the role of disorder
and enhances the electron-electron interaction. This work leads to
the possibility of observation of a number of effects based on a
trade off between localisation and interactions. Other 2D topics
discussed are the effects of the electron-electron interaction on
transport in high magnetic fields and the role of disorder in
altering the rate of electron-electron scattering.
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g 2. INTRODUCTION

We present the abstracts of preprints and reprints of the work
supported by this contract. The complete description of this
work is in section 5.

3. PUBLICATIONS SUPPORTED BY THIS CONTRACT

1. 'Electron-electron scattering in silicon inversion layers';
R.A. Davies and M. Pepper, J. Phys. C. 16, L353-L360, 1983.
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'Non-metallic transport in silicon inversion layers and

the Hall effect'; R.A. Davies and M. Pepper, J. Phys.C 16
L361-L367, 1983.

3. 'Two dimensional electron interaction effects in high
magnetic fields', R.A. Davies and M. Pepper, J. Phys. C 16,
L679-1L685, 1983.

4. DEFECT PRODUCED SPIN DEPENDENT RECOMBINATION (SDR) IN Si p-n
v JUNCTIONS. M. PEPPER AND R. VRANCH

Recombination

The experiments are performed at room temperature on MOS field-
effect transistors used as gate-controlled diodes (figure 1). The
diode between the p diffusion and the n substrate is operated in
small forward bias so that the current is dominated by recombination
in the depletion region: the depletion region can be extended by the -
application of a negative gate voltage to include (radiation induced)
interface states at the Si-Si0, interface.

Spin-Dependent Recombination (SDR) is observed as an enhancement -8 4
of the recombination current when a magnetic field B is swept through
the resonance conditiongrl B= vV, where,./ is the Bohr magneton and
O is the frequency of a microwave or radiofrequency magnetic field
perpendicutar to B. The value of g is deduced from this equation -
as in conventional ESR. A typical signal, from a (100) MOS device
irradiated with 30 keV electrons, is shown in figure 2. It is
measured as a first derivative of current by lTock-in detection at the
frequency of modulation of the swept field B. The sign of the - ¢ i
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enhancement is opposite to that of a first derivative degradation of
current caused by a DPPM absorber in the cavity, which causes a -
resonant reduction in fie pickup of stray microwave electric field

by the sample.

In conventional ZSR, any unpaired spin contributes to microwave -
absorption but a large area of interface is required to detect a
signal. SDR is only detected when an electron-hole recombination is
affected by the spin resonance, but as long as such recombination
dominates the conduction process the resonance can be measured in
arbitrarily small samples. Hence the results below are particularly
significant in that they have been obtained by non-destructive
electrical measurements on small, working,devices which have been
degraded in similar ways to MOS devices in practical systems. -

The size of the enhancement, I(SDR)/ Ippc s about 5 x 1074,
The main error in estimating this quantity is in measuring the
fraction of the diode current I{(dc) that is the recombination current
IREC Radiation-induced recombination centres increase the fraction
IRgc/I(dc)by an order of magnitude, but SDR is only seen in devices
witn large numbers of defects. This indicates that the pre-
irradiation density of centres i's not sufficient to observe a spin- P
dependent effect. The best model to explain the large size of the
effect does indeed rely on the interaction between adjacent trapped
electrons and holes (D. Kaplan, I. Solomon and N.F. Mott, J-de Physique'
Lettres 39, L-51, 1978). Without such a pair model, one can only °®
account for an enhancement of about 1076 at room temperature since ~
the polarisation of free spins in B is small.

The gist of the model is that trapped electron-hole pairs cannot _ e

recombine if the two spins are 'parallel' (strictly, if they are in
a triplet symmetric spin state). At resonance, one of the spins
is 'flipped' to produce a singlet pair, which can recombine, enhancing

the recombination current. Therefore one would expect to see two )
resonances, corresponding to the electron or the hole. Usually, one

broad resonance is seen (figure 2). It is Gaussian in shape, and the f
linewidth is reduced when the microwave frequency is reduced to 7GHz, ‘ 'j
with a proportional reduction in B for the resonance. This e
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inhomogenous line broadening indicates that more than one g-value
is in the SDR signal,.

The resonance has also been observed at a field of about 15.5 mT
(ImT=10 Gauss) and a corresponding radio frequency of 440MHz. The
fact that the signal is found to be the same size at this field is a
convincing test of the prediction of the trapped pair model of
Kaplan et al, that the signal size should be field-independent.

The g-value on (100) devices for B normal to the (100) is
2.0051% .0003. At present, anisotropy measurements are not as easy
as in conventional ESR work, due to the device packaging, but this
is good evidence of the surface recombination centres being P,
centres as observed by ESR initially by Nishi, and investigated
recently by groups at Sandia, ERADCOM and elsewhere.

SPIN DEPENDENT GENERATION (SDG)

The reverse current in a diode is dominated by the generation of
carriers in the depletion region. This is a consequence of the
statistics of the capture and emission of electrons and holes by
generation-recombination centres. A reverse biased diode shows a
spin resonance signal with the same shape and position as the SDR
signal, but of opposite sign. This corresponds to an enhancement
of the (negative) generation current and will be referred to as SDG.
Irradiated devices have enlarged reverse 'leakage' currents because
of the increased number of recombination-generation centres, but
the current is small (about 1nA) compared to forward currents. However,
since the effect of microwave electric field pickup is less significanti;'
in reverse bias, the signal to noise ratio is often bigger for the
SDG signal, so it is often used in prefernce to SDR to investigate
the spin dependence. SDG signals are also easier to interpret, since
the reverse current is dominated by generation, whereas the SDR
signal must be considered with allowance for the fraction of I{(dc)
which is recombination current.

Incident light affects the direct curent through the diode by
band to band generation of carriers, and can even reverse the sign
of the current, but it has no effect on the SDR or SDG signals. This




implies that the number of the free carriers is not important in
the spin dependent process.

Small resonances recently detected on either side of the main
(111) signal are very similar to the 295 hyperface structure
recently reported in ESR measurements by Brower (Appl. Phys. Lett. 43
(12), 1111, (1983). Electron-Nuclear Double Spin Dependent Resonance
experiments have so far not been successful in resolving the hyper-
fine structure more clearly.

MNOS Devices

Experiments have been performed on a batch of (111) MNOS devices
with a 2 nm oxide layer which have far greater interface recombination
than most irradiated MOS devices. They do not suffer from the
inhomogeneity of radiation-induced trapped positive oxide charge
that can smear out any gate voltage dependencies (for example
C-V plots).

The signals vary from sample to sample, and one is shown in
figure 3. Two separate resonances are clearly resolved. The data
can be fitted to a pair of Gaussian derivatives.of width 0.75 mT,
centred 0.6 mT apart. The g-values of the MNOS signals are generally
much bigger than the MOS Py centres. This could be due to an
interaction with an impurity (iron for example) or it could be related
to the electron-hole in the triplet state.

The energy diagram for a triplet is shown in figure 4. The
position of the singlet level So depends on the exchange interaction
between the spins. Note that if the zero-field splitting D is
large enough, the transitions described above corresponding to one
spin'flipping' (marked with arrows) of length "V will occur at
different g-values for the electron and hole. Using the data of
figure 3, D can be estimated from the difference in magnetic field
between the two resonances, and using a formula for the dipole-dipole
interaction between adjacent spins (W. Gordy, 'Theory and Applications
of ESR', Wiley, 1980) the separation between the spins is estimated
to be 1.4 nm. There are two further interesting properties of
systems which are described by a triplet energy level diagram. These
will now be described.




The first is that at a magnetic field of about half that of the
resonances described above, the applied microwave energy quantum
| can excite transitions between the upper and lower triplet levels.
LT This 'half-field' or mg = 2, resonance has been observed in an
irradiated MOS device (figure 5). The signal was an enhancement
. at 7 GHz but a degradation at 9.4 GHz. Work is in progress to
| understand these results in terms of how these transitions affect
the recombination statistics. This involves the question of the
position of the signal level on the triplet energy diagram in
~ figure 4. The size of the zero-field splitting D, and also the
I ) possibility of a further split E between the 1 and -1 levels at
zero field, will affect the positions of the microwave induced
transitions on the magnetic field axis, and will also affect the
o transition probability for the normally forbidden mg = 2 transition.
" D and E should vary with the orientation of B with respect to the
' crystal axes.

The second property is that even without a microwave field,
as B is reduced and 0 level crosses the -1 level, transitions can
occur between these levels. This is a 'spin temperature' effect
which arises because.the Zeeman energy difference between the level
is comparable to the dipole-dipole energy between the spins.
(Normally, the dipole-dipole interaction simply determines the width
of the spin resonance between the well-spaced Zeeman levels). Non-
resonant effects of this kind are described below. For a description
of triplet recombination in amorphous materials observed by optically
detected magnetic resonance, see a review by B.C. Cavenett, (Adv.
Phys., 30, (4), 475).

NON-RESONANCE EXPERIMENTS

Sweeping the magnetic field without a microwave field reveals
'resonances'that show up as enhancements of the recombination or
generation current (figure 6). These resonances only appear in
devices that show conventional resonant SDR signals, and they respond _‘;7 
to biasing and light in the same way as the high-field resonances do.

Because of the lack of microwave interference, the signal to noise

ratio is excellent, but of course no information about g-values can L
be obtained. There is no analogy with conventional ESR here. The N
experiment is in effect measuring a magnetoresistance by phase
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sensitive detection in a system where the conductivity is dominated

by SDR. Similar non-resonant effects have been observed in the
luminescence and photoconductivity of amorphous silicon. Explorations
which rely on geminate pairs, spin dephasing and spin-dependent
hopping have been proposed.

The signals are always symmetric about zero magnetic field and
are of similar width to the conventional spin resonances, but have
tails either side of the centre that are wider even than a
Lorentzian derivative. This implies that the 'level-mixing' begins
to be effective at B ' 4mT, so the resonance ‘is wide. Thesize of
the non-resonant signal is about the same or slightly bigger than
the saturated resonance signals (it requires just over one watt of
microwave power for the saturation of resonant SDR.) Both SDR
and SDG signals can be detected.

Variation of the angle between the magnetic field and the sample

can cause structure to appear at the centre of the non-resonant -

signal (figure 7). As in figure 3, the centre structure results
from the addition of two clearly spaced resonances, though here we
are seeing the same resonance twice, centred symmetrically at
equivalent positive and negative magnetic fields. In figure 6 the
resonance was centred at zero field, so it appears only as a single
derivative.

For (111) devices, the structure is not seen for B |111], and
centre structure of peak to peak width 0.4mT appears with B |[111]. -
The structure probably arises between B and |[111]|, which modifies
the point at which the 0 and - levels cross to give the non-resonant
signal. The structure is isotropic about the [111| direction, which
is responsible for the SDR effect. The centre structure on (100)
devices shows a more complicated angular dependence, but it can be
explained qualitatively by considering the sum of the the |111]
axially symmetric dependencies just described, orientated along the
I111] and |177] directions at the (100) interface.

MODULATION FREQUENCY DEPENDENCE

The non-resonént SDR signal was used to investigate the
variation of the size of the effect with the frequency
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of the modulation of the swept magnetic field. The result is

shown in figure 8. It is very similar to the result of Lenahan -
and Schubert on the frequency response of the spin-dependent

trapping at a silicon grain boundary. The normalised signal varies

as CT&YE:*T)‘| where & is 24( times the modulation frequency,

and & is a carrier emission time. From the data of figure 8, a -
value of® =1.0x10"%4 seconds is obtained.

ELECTRICAL INJECTION OF HOLES

High frequency avalanche injection of holes into the oxide of o
NOS capacitors has been used to investigate the radiation hardness
of gate oxides. This technique cannot be used on MOS devices due
to edge breakdown and other limitations (see Nicollian and Brews,
'MOS Physics and Technology', Wiley, 1982). It is possible to N
inject holes in a MOSFET by using the avalanche of the p-n diode ,
between the diffysion and substrate. This is related to the ,i o
additional problems caused by hot carrier trapping and injection S
that can degrade MOS devices even in non-radiation environments.

For this work, n-channel gate-controlled diodes were used,
and the n-diffusion to p-substrate diode was avalanched while a
gate voltage of -10v was applied to pull holes into the oxide,.
Severe degradation of the 51-5102 interface was produced in the
region of the diffusions, and large SDR and SDG signals were observed
after the avalanche. ]

This demonstrates the potential usefulness of the technique for
investigating the nature of the defects produced in real MOS devices
by a variety of degradation mechanisms that the device will encounter J
in its working 1ife. ESR will..not be able to provide such infor- -9
mation, as it can only be used on large area wafers. SDR can give 3
information about defects introduced in device fabrication and
operation, by non destructive measurements that can be performed

in-situ. - 4
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FIGURE
.,
Figure 1 MOS gate-contolled diode.
Figure 2 A typical SDR signal with microwaves at 9.4 GHz B
(the DPPH g-marker is also shown). "o
Figure 3 An example of an SDG signal from an unirradiated
MNOS device.
Figure 4 Energy Diagram for a triplet (Ty, T4, T_1) and e
singlet (Sg) in a magnetic field. The spin wave-functions .
(4 up and ¢down) for the pair are also shown. :
Figure 5 The normal SDR signal at 0,347, with the broad half- :
field resonance at 0.17T7 (microwaves at 9.4 GHz). . ®
Figure 6 A typical non-resonant SDR signal.
Figure 7 Non-resonant SDR signal for B |111]|, showing centre
structure symmetric about zero field. ".’"“'
Figure 8 Normalised SDR signal size plotted against modulation
frequency.
.o
.o
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j . FREQUENCY INDUCED ELECTRON DELOCALISATION AHD FRACTIONAL QUANTISATION IN
SILICON INVERSION LAYERS '

A.P. LONG2, H.W. MYROND and M. PEPPERa)C

a Cavendish Laboratory, Cambridge, U.K.

b Physics Department, University of Nijmegen, Netherlands.

¢ G.E.C. Hirst Research Centre, Wembley, Middlesex.
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ABSTRACT

We demonstrate the disappearance of plateaus of quantised Hall resistance
with increasing frequency resulting in a decrease in the extent of localisation, :
At the highest frequncies this is accompanied by the evolution of structure
corresponding to fractional quantisation. This is discussed in terms of
an increased role for the electron-electron interaction as the effects of

disorder diminish.
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increased amplitude of drift length. Earlier work (Pepper and Wakabayashi, 1982

Previous work on the effects of frequency on the Quantum Hall Effect

demonstrated the relation between disorder induced localisation and the GQHE. -
When states near the centre of the Landau levgl were weakly 16ca1ised, ie,

the localisation length is long, the electrons behave as if extended as the
frequency is increased. The cause of this lies in the low velocity of the e
orbit eF/B which under the conditions used is in the range 102-103 cms sec-).

The effect of localisation in the tails of the Landau levels is to increase

this velocity in order to maintain quantisation of the Hall resistance. ®

Nevertheless the increase in velocity is not sufficient to give a drastically

and Pepper and Wakabayashi 1983) demonstrated that the sample length cut e
6ff the localisation and when the drift length was less than this the frequency
started to produce a plateau of quantised resistance. Similar results wvere

obtained by producing effective de]ocalisation with increasing temperature. L4

~-—

In this letter we give further evidence that states in the tails of the

Landau levels are effectively delocalised at high frequencies so destroying ®

the quantised Hall resistance.In the tails the effective length scale

is determined by the diffusion coefficient, D,of the electrons and hence

the rate at which they jump between localised states. As we dc not know *

the density of states at Ep, we cannot estimate D. Measurements have been }

carried out on Corbino and Hall geometry MOSFET's on the (100) Si ;urface, ;

the peak mobilities at 4.2K were in the range 104-1.2.10% cm?volt-1 sec-1. ¢ ]
: ﬂ

Measurements on the Hall devices use two terminals exploiting the quantised .

magneto-resistance (Fang and Stiles, 1983; Powell et al, 1984). Figures

1 and 2 show the relation between ¢, and gate voltage Vg, (1 volt=1.7x1011ecn-2)
for.the ground Landau level. The effect of increasing frequency is to decrease .
the zero conductivity region, ie, the number of immobile carriers, this is '

illustratod in mare detail in Eiguce 3. Figures 1 and 2 g]so show the increasc
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in the peak va]uesofchwith increasing frequency, this effect is illustrated
in Figure 4. Another aspect of Figures 1 and 2 is the small lowest valley,
lowest spin level and the structure between levels which is removed by
increasing the frequency. Similar structure was reported by Tsui (1977)

who found that it was removed by increasing the electric field, in this

respect both field and frequency produce delocalisation.

We now present our results on the two terminal measurements of quantised
magneto-resistance on Hall geometry devices 400pm long by 50prwide. These
devices were first used in the first paper announcing‘the discovery of the
Q.H.E. (von Klitzing, Dorda and Pepper, 1980). Figure 5 shows the effects
of increasing the frequency on thei=4 plateau(~ 6.38k¥2); it is clear that
the plateau is destroyed by increasing the frequency as found earlier by
Pepper and Wakabayashi. The finite response of the electrons in the tails
of the Landéanlevel results in the quantised value being found only when

EF is between empty and filled levels, ie N(EF) is zero and no a.c. response
is possible. There appears fo bg a critical frequency for this which is
sample dependent, we have not investigated the dependence on sample length
but we would expect this to be present. The decrease in plateau width is
consistent with the reduction in the number of inmobile electrons illustrated
in Figure 3. This is clear evidence for the role of the frequency in removing
localisation so narrowing and finally eliminating the palteau of quantised
resistance. Being a manifestaten of localisation the Q.H.E 1is esentially

a d.c. effect.

We now show in detail measurements of the Vg dependence of two terminal
conductance, G, in a magnetic field of 25 Tesla, Figures 6 and 7. Due to
cable losses there is an overall change which we have not corrected. The

essential features are the loss of the integer quantised plateaus and the

i S Thic ctaiunaiaad b ot
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spin gap and its evolution as a function of frequency is shown in Figure 7. ‘e -
In Figure 8 the decréase in the integer plateau and the formation of this ;
structure is clear. Figure 9 shows that the structure shifts with magnetic i
field in the same way as that corresponding to the integer Q.H.E. indicating s ﬂ
that it is related to filling factors 4/3 and 5/3 a]though the ration of
the 5/3 and 2 peaks is .72 rather than the expected .833 indicating that 1
the5/3 peak has not completely developed with increasing frequency. This ® |
" result is expected as the decreased role of disorder and localisation will
. increase the role of the electron-electron interaction. We note that the
role of the disorder in giv{ng a plateau based on the interaction gap ‘e
is itself hinimised by frequency so tending to give a fractional peak rather
than a p]ateéu. '
@
In summary we have demonstrated that increasing the frequency, and decreasing
the length scale of transport, minimises the role of disorder and localisation
so converting a plateau of quantised Hall resistance into a peak. When - @
the localisation is sufficiently small the increasing influence of the electron-- |
electron interaction results in the formation of fractional quantisation |
as in GaAs under d.c. conditions (Tsui et al 1982). *
1
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FIGURE CAPTIONS

Figure 1  The real part of the conductivityg, as a function of the gate
voltage Vg for a Corbino geometry. The frequency of the electric
field Ejq =15mv/em  (R.M.S) is 500kHz. The magnetic
field B = 14.4 Tesla and the temperature T =1.4K.

" Figure 2 The real part of the conductivity o7 as a function of the gate
voltage Vg at a frequency of 40 MHz.

Figure 3  Plot of the number of immobile electrons in the spin gap (x) and
Landau level gap (0) in the ground Landau level as a function
_ of frequency for sample P2C8. B = 14.4 Tesla, T = 1.4K and
. _ESJA = 75 mv/em (RM.S).
Figure 4 Thé frequency dependance of the heights of the four conducitivity
; - . peaks in the ground Landau level, (o) is 04— , (a) is O¢+

(o) is 0 -  and (o) is 0™,

Figure 5 Detail of the i = 4 step (ground Landau level) of the quantised
Hall resistance in a 400Fm10ng SOym wide Hall geometry sample
y : " at various frequencies. The magnetic field B = 7 Tesla the

X - temperature T = 1.2K and the electric field Esd = 75m7ﬂh (R.M.S.)

!% Figure 6 The two-terminal quantised Hall resistance at 500 kHz and 5 MHz.
.The magnetic field B = 25 Tesla, the temperature T = 1.3K and
the electric field Esd = 75 mv/em . (R.M.S.) R
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Figure 7

Figure 8

Figure 9

-6-

The two-terminal quantised Hall resistance at 20MHz and 45MHz.
- wi th requencs :
The evolutionApf extra structure between peaks 1 and 2 i{s seen.

Detail of the region of the first two steps in the quantised Hall

resistance showing the reduction in the integer steps and the

appearance of extra structure at the highest frequencies.

The magnetic field dependence of the structure at Landau level

filling factors of 4/3 and 5/3.
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ABSTRACT

We report the observation of fractional quantisation obtained by increasing
the frequency of measurement,this is found up to a Landau index of 10. The
result is coincident with the suppression of integer quantisation and is
interpreted as indicating a transition from a liquid state to a solid state

behaviour as the time scale of measurement is reduced.
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Previous work hés established that varying the frequency of measurement

has a pronounced effect on the measurement of the Quantum Hall Effect

~(Q.H.E.) (Pepper and Wakabayashi, 1983;Wakabayashi,Myron and

Pepper,1983;Long,Myron and Pepper,1984).This arises from the Q.H.E. being a

manifestation of localisation in the Landau level. If states at the centre
of the level are weakly localised,plateaus of quantum Hall resistance afe
not found at d.c. However if the frequency of measurement is increased,then
when the ‘amplitude of the drift path of the centre of the orbit is less than
the localisation 1ength,tﬁé plateaus of quantised Hall resistance become
apparent. The frequency aided delocalisation occurs first at the centre of
the Landau level where localisation 1is weakest.Further increase in
frequency -‘delocalises states in the tails of the Landau 1levels so
destroying a nécessary condition for the observation of the Q.H.E.The exact
increase iﬁ frequency necessary for the observation of this effect depends
on the 1localisation length,i.e. disorqgr,and hence will be sample
dependent.Previous work(Pepper and Wakabayashi,1983) has indicated that the
maximum observable localisation length is the sample length,which acts as a
cut-off.The previous work showed that increasing the frequency removed the
plateau by delocalisig tail states and the quantised value was only found
when Er was between empty and full Landau levels-the condition for the

quantisation in the abscence of localisapion.The essential feature of the

'frequency effect' is that when the sample {s in the plateau condition the

velocity of the centre of the orbit is F/B, where F {s the Electric Field
and B is the magnetic field.However if a number of carriers are localised
then the velocity is correspondingly increased to malntaln.the quantisation
of Hall resistance,this can result in a considerable {increasec in the
velocity as a substantial proportion of the carriers can be 1ocaliscd.1n
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that the velocity enhancement was no more than a factor of three.A typical
Lo : Vélécity of electrons in the plateau of the ground Landau level is 10 cm
. sec™!, at a frequency of 10 MHz,this gives a drift length of 150 A. In the
Atails of the levels rough estimates of the diffusivity D,éuggest that the
K diffusion length in a frequency w can be decreased considerably using the
; MHz region of frequencies.This is paricularly effective as the localisation
P - lengths are long.Accordingly we would expect the a.c. conductivity to.be
less dependant on scattering and disorder and Se more dependant on the
electron-electron interaction than under d.c. conditons. We therefore
i investigated the possibility of using the effect of frequency to observe

the Fractional Quantum Hall Effect (Tsui et al, 1982,Stormer et al.

1983,Laughlin 1983)

The samples used in this experiment were MBE grown modulation doped
GaAs-GaAlAs heterojunctions in the form of gated Hall bars,1.9mm long and
0.2mm wide.The mobility,uy, agd carrier concentration,ng, could be
continuously varied between 120,000 cm®/Vs at ng= 5x10'' e~ cm™2,to 50,000

em™?.Lock-in techniques were used to measure only

em®/Vs at ng = 2.7x10'' e
the in-phase component of current from a matched current monitoring
resistor and the two terminal conductance method of measurement was used
(Fang and Stiles,1983;Powell et al;1984).0ur method of measurement

s eliminated the role of gate capacitance but we experienced cable loss,here

we compensated for the loss at those frequencies where {t occured.The
Y frequency dependent magneto-conductance oscillations were measured at
T=1.4K in fields up to 20 Tesla.

An example of the d.c. Quantum Hall Effect obtained at 280 mK is shown
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in Fig.1 ; as scen the integer platcaus are very broad down to i=2,the field
Y available was not high enough to observe the i=1 platecau.Figure 2 shows the

high ficld two terminal conductance obtained at 1.4K and 80Hz.Herc the =1
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plateau for i=3,which is a spin split state.On figure 2 we have indicated
the expected positions of the plateaus and it is clear that there is no
additional structure.Figure 3 shows Gpp plotted against magnetic field for
frequencies upto 5MHz.At frequencies upto 1 MHz the i=1 and i=2 plateaus
.have their expected values and additional structure appears at a filling
factor v= N4/5.With further increase in frequency the i{=2 plateau remains
flat upto 2.5 MHz but falls in value.,This is due to cable loss and we find
that the loss increases linearly with frequency and can be modelled by a
parasitic capacitance of 0.8pF.This enables us to extract the two terminal
device conductance Gop.It is clear that fractional quantisation is present
at filling factors v=5/3 and v=u/5,tﬁe structure at 4/5 being a plateau at
the correct value of conductance at 5 MHz.A distinct feature of the result
is the collapse of the i=1 integer plateau,this has disappeared at 5 MHz and
becomes a minimum at higher frequencies.At frequencies higher than 2.5 MHz
the =2 platéau starts to disappear and becomes a minimum.At 10 MHz there is
evidence of fufther structure (Fig.4) ©but this 1is not analysed
here.Increasing the frequency to 20 MHz re;ults in a pronounced minimum at
i=2,appreciable loss was found at this frequency preventing analysis of
lower order structure.

The frequency was found to have a pronounced effect on higher order
Landau levels.The principal structure was always at the 2/3 filling factors
and this was apparent up to v=32/3 which occured at a magnetic field of 1
Tesla.Figures 5a and S5b show the Landau level indexation at. frequencies of
500kHz #nd 10 MHz.It s seen thét at low frequencies only integer
quantisation is present but at higher frequencies the fractions are
dominant.It {s noticeable that when an integer pecak appears strongly
localiscd,and does not reach a quantised value at low freéuency.lt is not

significantly affected by frequency and persists when other integers have

Aisanncared This is maat nrogouaced for add integers.which befng spin split




l

-~
§ are the weakest;and is exemplified by the persistance of the 143

peak.Figure 6 illustrates the progressive decline of the i=4 and 6 integer

- o tmbs 4 s e o St o s A —
.

peaks and the appearance of the 11/3 and 17/3 peaks.

We have investigated these effects as a function of carrier

EQ concentration,ng,which is varied by the gate voltage.The enhancement of the
'5, . fractions and decrease of the integer peaks by frequency,is most pronounced
- as ng decreases,this is despite the decrease in mobility.Presumably the
frequency is minimising the disorder element and the réduction in ng is
increasing the relative importance of the interaction for a given filling
facfor. |
We now turn to a discussion of the hain points of this work,namely the
frequency induced appearance and enhancement of the fractional quantisation
and coinciqggy decrease and collapse of integer quantisation.The essential
feature of the experiment is that the diffusion length of the electrons is
smaller than the localisagion iength.The drift length of the extended
electrons is small and we therefore remove the role of localisation lengths

greater than this.We expect as. in Si,the conversion of the quantised

plateau to a peak as frequency is increased.However,the results go beyond

this and the integer quantisation disappears and then becomes a mininum.i¥e
conclude that this is the result of electron interactions which is also
: . producing the fractional quantisation.The frequency is enhancing the liquid : l
state and the interaction.Our measurement is monitoring the response of the
electrons over a short period of time (1/w) and it appears as if the entire
Landau lével does not conduct for very short intervals of time (10~* s).The

observation of an insulating state when the time is short suggests that when

ey

Er 1s between Landau levels the system bchaves as a pinned solid and {5 an

ifnsulator.As the time Increases the liquid state becomes apparent giving

conduction and the integer quantisation reappears.It {s the liquid motion

~ itseclf which gives diffusion and canduction. '
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We therefore conclude that at very short intervals of time,or
insignificant disorder,conventional (integer Landau level) magnetic
quantisation will not bec observed.The only quantisation apparent will be at
fractional valuecs and transport is totally dominated by mutual interactions
‘of electrons.

The results suggest that in any Landau level the interaction increases
as the filling factor increases.Thus the integer disappears and the 2/3
occupancy is favoured over 1/3 etec.There is a complicated relation between
disorder,interactions and frequency.The disorder and localisation,gives a
plateau ‘based on the interaction induced fractional gap.Increasing
frequency enhances the gap,but also minimises the plateau by reducing the
disorder induced localisation.Therefore we expect the system will behave as
a solid at sufficiently high frequencies and for all values of carrier

—

concentration.

/
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CAPTIONS TO FIGURES
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%g. , Figure 1 Shows the Quantum Hall Effect (pyy vs B) at f=80Hz,T=280mK, -
] ' -

2 V8 +0.2v.

E . . .

4

§ - Figure 2 Shows the two terminal conductance Gpr vs magnetic field at

f=80Hz,T=1.UK,Vg=+0.2v.The Landau level filling factor v is

shown on the top scale whilst the expected values of Gop

P ~~e shown on the r.h.s. . -

i : Figure 3 Shows the two terminal conductance Gpr vs magnetic field at
- ~— T=1.4K,Vg=0.0v and f=500kHz to 5 MHz.ng= 2.7x10'' cm™* and
: p=5.5 m*/Vs.The Landau level filling factor v is shown on
11? i the top scale whilst the exbected values of Gpp are shown

in multiples of e*/2rA.

1 Figure X Shows the two terminal conductance Gpr vs magnetic field at
T=1.HK,V8=0.OV and £=10 and 20 MHz.The Landau level filling

factors v are shown on the top scale.

Figure 5 Shows the Landau level filling factor vs 1/B for T=1.UK,

V8=0.0v and f= 500 kHz (a) and f= 10 MHz (b).

- p
Figure 6 Shows the two terminal conductance vs magnetic field .
between 1.5 and 4.0 Tesla to indicate the emergence of the ;
17/3 and 23/3 peaks and the coincident suppression of the ]
) e

intcger peaks i=6 and i=l,The graphs have been offsct for

clarity,for exact values refer to figures 3 and u.
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LETTER TO THE EDITOR

Two-dimensional electron interaction effects in high
magnetic fields

R A Daviest and M Peppert

Cavendish Laboratory, University of Cambridge,
Madingley Road, Cambridge, CB3 OHE, UK

Received 26 April 1983

Abstract. We have investigated the interaction contributions to the conductivity of silicon
inversion layers in the presence of high magnetic fields. When Landau levels are formed. a
sign change in the temperature dependence of the resistance has been found. This is not
present in the correction to the Hall coetficient; both these effects are in agreement with
theoretical predictions.

It is known that the application of a magnetic field to a 2D system separates the weak
localisation and interaction corrections to the conductivity (Uren et al 1980, 1981, Davies
etal 1981). The introduction of the cyclotron length, L., decreases the length scale
determining the magnitude of the localisation correction. When L. < Ly (the inelastic
diffusion length) the localisation correction becomes virtually temperature-indepen-
dent, although negative magnetoresistance is found until L = / where /is the mean free
path for elastic scattering. The condition that L. =~ [ corresponds to

T = l/kpl

where kg is the Fermi wavevector, w is the cyclotron frequency and ris the mean free
time for elastic scattering. The condition for the observa‘ion of strong Shubnikov—de
Haas oscillationsis wt.= landif kg/ > litisclear that the weak localisation is suppressed
before the onset of the oscillatory magnetoresistance. The magnetic field also changes
the screening properties of the electrons, thus enhancing interaction effects. This is a
spin effect whereas the suppression of the localisation is orbital. The theory of interaction
effects when the density of states is split into Landau levels has been considered for the
conditions Err > 1 and wt > 1 (Houghton et al 1982a, b), where Egis the Fermi energy.
The predicted corrections to the unperturbed resistance R® and Hall constant Ry are
given below:

AR 0 8¢

= = Ry (1 - &'7) In(T/To) )
AR
—R—?F = —-2RY, ng;, In(T/Ty). 2

+ Now at GEC Rescarch Laboratories. Hirst Research Centre, Wembley, UK
$ Also at GEC Research Laboratories, Hirst Rescarch Centre, Wembley, UK.

© 1983 The Institute of Physics L679
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The square suffix signifies ohms per square, the constant Ty = #/21kt and g is the
coupling constant, which in a magnetic field sufficiently strong to lift the spin degeneracy
is according to theory (in the notation of Fukuyama 1980) n.g, — g3 = { for n, = 2 and
the screening constant F = 1. More appropriately it should be regarded as an empirical
parameter. The unperturbed values of RY and R}, are

Rg, = M/ZN(EF) EFCZT
Rg = 1/2N(EF) EFE.

These results predict a ratio

ARyRY 2 3
AR/R® " 1- P 3)

For wt < 1 this yields the well known result for small fields (Altshuler et al 1980, Uren
et al 1980, 1981, Bishop er al 1981). The most noticeable consequence of equation (3) is
that due to the behaviour of A R/R® the ratio changes sign as wrincreases through unity.

We have investigated this prediction for transport in the inversion layer of (100
orientation) Si MOSFETs. The method of measurement has been described before (Uren
et al 1981), the devices had an aspect ratio of unity with potential and Hall probes located
at { and £ of the channel length. This geometry introduces a correction into the relation
between the Hall constant and the Hall voltage. Previous work in GaAs-GaAlAs
heterojunctions by Paalanen er al (1982) established the existence of the logarithmic
correction when the magnetic field was sufficiently strong to cause Landau level for-
mation. In the work reported here the corrections in the resistance and Hall effect were
measured in the conductivity maxima and minima. When the rate of impurity scattering
islow, thermal excitation of electrons causes a temperature dependence of conductivity
when Efis in a density of states minimum. In order to avoid this effect, we used samples
in which the mobility was low, resulting in a large broadening of the Landau levels,
hence any measured temperature dependence of conductivity was the result of the
interaction mechanism. The high degree of impurity scattering necessary was achieved
by implantation of boron into the channel region; the mobility was ~2900 cm* V~'s~!,
An example of the Shubnikov-de Haas oscillations found with these devices is shown in
figure 1.

For low values of magnetic field the Hall constant changed twice as rapidly as the
resistance, as has been reported previously (Uren er al 1980, 1981, Bishop er al 1981).

30
28 ’M
&
: I ° ]
a0l ©° 0
15 A A  — P
0 1 2 3 \ 5

B8

Figure 1. An example of the Shubnikov-de Haas oscillations found with the devices used in
this work. The arrows and symbols indicate the values of magnetic field where the temper-
ature dependence was measured, 7 = 1.3 K, carrier concentration 10' electrons/cm?.
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The results for higher magnetic ficlds are shown in figures 2 and 3; it is seen that a
logarithmic temperature dependence is found for all cases. The behaviour of the resist-
ance, figure 2, clearly shows that the magnitude of the slope decreases with increasing
magnetic field and then changes sign. The sign change is clear at 4.5 T which is slightly
smaller than the value of field required to meet the wt = 1 condition (4.8 T). This
discrepancy may be caused by the field dependence of 7, or possibly a slightly incorrect
estimate of rdue to a small error in our estimate of mobility.
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Figure 2. The resistivity as*a function of temperature for the values of magnetic field indicated
infigure 1. OB=061T;08=38T,0B=45T.

The predicted temperature dependence of the Hall constant should not change sign
but should oscillate as the resistance oscillates with the magnetic field. However, the
temperature dependence of the Hall constant increased at 4.5 T, whereas the resistance
passed through a minimum. It is possible that this effect is associated with the geometry
of the devices not being ideal for measurements of the Hall effect. The percentage
change of resistivity, p., and Hall resistivity. p,,, per decade change in temperature are
plotted against magnetic ficld in figure 4.

These corrections do not. of course, have significance for the quantised Hall resist-
ance (von Klitzing et al 1980, Pepper and Wakabayashi 1982) as in this experiment p,,
is zero and, hence, Ap,,/p,, = 0.
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We now consider the interaction effect in the presence of a strong magnetic field
applied parallel to the plane of the inversion layer which, of course, does not form
Landaulevels, It was first shown by Davies et al (1981) that the parallel and perpendicular
field magnetoresistance is a method of distinguishing between localisation and interac-
tion effects. We present further results on this effect here (figure 5). As is seen, below

62 5

g}

Ry thed)

36

33 T W e W 8 A S — berdod.
0.1 1.0 10
8 1(n

Figure 5. The resistivity is plotted against magnetic field for normal (@) and parallel (O)
r directions. The carrier concentration is 1.1 X 10 electrons/cm®, temperature is 1.35 K.

0.1 T the resistance is almost field independent but a negative magnetoresistance rapidly
- develops for the normal ficld case as localisation is suppressed. For both directions of
field the resistance increases above ~1 T} as expected this field corresponds to a spin
% - splitting approximately equal to k7°(T = 1.35 K). The magnitude of the magnetoresist-
. ance is larger for a parallel field than for a normal field, as predicted by Kawabata’s

(1982) calculation in which the effective coupling constant is g3 + g, for a parallel field

g and g for anormal field. Here g3 = g, = F/2. and for our experimental conditions £ = 1.

» ' Figure 6 shows the enhancement of the temperature dependence of the resistance in
! a parallel magnetic field when g ug B > k7. The values of electron temperature corre-
# sponding to electric field are also shown; here we assume that the relationship between

electric field and temperature is not affected by the magnetic field. This is reasonable,

asithasbeen verifiedexperimentally (Uren et al 1980, Bishop et al 1981) that the phonon
emission rate is not strongly affected by the field. The results of figure 6 show that a
small negative magnctoresistance is present at small fields. This may arise from a sample ]
misalignment as Hall results indicate an angle of 2° between the ficld and the inversion .
layer. It is also possible that a mechanism tirst proposed by Altshuler and Aronov (1981) ®
is responsible. Here, because of the finite thickness of the inversion layer, localisation ) 7

MRS I
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Figure 6. The resistivity as a function of electric field (the electron temperature is the upper
scale) for various values of parallel magnetic field.

effects are removed even by a paralle] field. Due to the small field misalignment this
effect could not be investigated quantitatively.

The magnetoresistance at a constant electron temperature, i.e. constant electric
field, can be extracted from figure 6 and other similar data. As the interaction enhance-
ment is a spin effect the magnetoresistance should be a function of g, ug B AT only.
Figure 7 shows a theoretical curve of parallel field magnetoresistance for a value of
coupling constant g of 4. Also shown are experimental points for three electron temper-
atures. As seen the effective g value appears to increase with increasing temperature.
However, it is not clear if this is due to problems with theorv or to the presence of the
negative magnetoresistance. We note that Dynes (1982) and Bishop er al (1932) have
found from magnetic field experiments that the value of the coupling constant is bigger
than expected and increases with the sample resistivity.

15

10

AR, k)

05

Figure 7. The magnetoresistance from figure 6 ploited against the dimensionless parameter
b = gug B/kT. The electron temperatuces are O = 0.2K, 0D = 0.4Kand O = 0.6 K.
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LETTER TO THE EDITOR

Non-metallic transport in silicon inversion layers and
the Hall effect

R A Daviestf and M Peppert§

+ Cavendish Laboratory, University of Cambridge, Madingley Road,
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§ GEC Research Laboratories, Hirst Research Centre, Wembley, Middlesex, UK

Received 10 February 1983

Abstract. We present results on the Hall effect in the Si inversion layer in the regime where
the temperature dependence of the conductivity is due to corrections arising from the
electron—electron interaction. We find that the temperature dependence of the Hall coeffi-
cient is independent of the magnitude of the magnetic field which does, however, have a
pronounced effect on the temperature dependence of the conductivity. This is not explained
by present theories, and suggests that whereas the effects of screening on the conductivity
are well understood this is not the case with the Hall effect.

Recent advances in the understanding of transport in two dimensions have shown that,
even in the weak-scattering limit, deviations from metallic conduction will occur at low
temperatures. These deviations arise from two distinct sources: the so-called localisation
and interaction effects.

The localisation effect is a reduction in the diffusion coefficient as a result of back-
scattering and quantum interference. Perturbation calculations by Gorkov et al (1979)
and Abrahams and Ramakrishnan (1980) have shown that, to first order, conductivity
is

2
o(T) = o0 + -2 In(T/To). )
o is the unperturbed conductivity, n, is the valley degeneracy, ais a constant of order
1/n,, p is the index of the inclastic scattering rate, 7, = T, Tis the temperature and Ty
is a constant. An interpretation proposed by Anderson er al (1979) has been used to
incorporate finite temperatures into the perturbation results.

It has been shown by Hikami et a/ (1980) and Altshuler et a/ (1980b) that the
logarithmiccorrection should be suppressed by classically small magnetic fields, negative
magnetoresistance accompanying this.

The second term, the interaction effect, is the result of interference between impurity
scattering and the electron-electron interaction. Altshuler et a/ (1980a) and Fukuyama
(1980a) have shown that a logarithmic correction is also expected from this mechanism:

Ao = (geX/222h) In(T/T,) )
where T} is a constant and g is a ‘coupling constant’.

$ Now at the GEC Research Laboratories, Hirst Research Centre, Wembley, Middlesex, UK.
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There is some controversy over the exact value of g (Lee and Ramakrishnan 1982, ®
H Fukuyama, private communication), but it is generally agreed that in the case of (100) !
I silicon inversion layers it should be small because of the short screening length. : \
: Experimental work by Uren ez af (1980) showed that this term is enhanced by a -
magnetic field. Later theoretical work by Kawabata (1582) and Lee and Ramakrishnan '
(1982) showed that this could be explained by including the effect of spin splitting in the ' :
calculations. In a large field such that g ug B > kg T (g is the Landé factor, ug is the °
Bohr magneton and B is the magnetic field) certain terms are suppressed, so the value
of g in equation (2) is enhanced.
The localisation and interaction terms are additive to first order (Kaveh and Mott
1981, Houghton er al 1982).
We now turn to the subject of this Letter: the Hall effect.
Corrections to the Hall effect from localisation have been considered by Fukuyama . ®
(1980b) and Altshuler et al (1980b). They have shown that there should be no correction '
to first order in the Hall constant Ry, i.e.

ARy =0. &)
The corresponding result from the interaction effect has been calculated by Altshuler e
etal (1980a). They have shown that Ao,, = 0, so that . ®
ARy/Ry=2AR/R. @

It should be noted that certain terms (g; and g4 in Fukuyama’s notation) have not been
included in this calculation. The contribution of these terms to the conductivity has been
shown by Fukuyama (1981a) to be suppressed by small magnetic fields. .9
Fukuyama (1980c, d) has considered the effect of valley degeneracy on all these
results and has shown that they are not significantly changed.
Experimental work on the Hall effect by Uren et al (1980, 1981) and Bishop et al
(1981) have confirmed equation (4). These results were for ‘large’ magneticfields, where
localisation effects are suppressed and interaction effects enhanced.
Uren et al (1981) and Fukuyama (1982) give comprehensive discussions of all these ®
- effects; here we concentrate on the Hall effect in small magnetic fields. This is an area
' of great interest on which very little has been published.
The measurements were performed on (100) n-channel silicon MOSFETs, size
250 x 250 um, with two pairs of contacts at 4 and § along the side. An implant of boron
into the channel region was used to control the mobility. Conventional low-frequency
AC measuring methods were used, with phase sensitive detection; a four-terminal resist- -8
ance or Hall resistance could be measured by using appropriate pairs of contacts.
Low temperatures were obtained using two cryostats: one was a dilution refrigerator
covering the range 0.1 to 1 K with magnetic fields of up to 5 T and the other was a *He
evaporation cryostat covering the range 0.5 to 5 K with fields of upto 0.2 T.
An extensive discussion of experimental techniques has been given clsewhere (Uren
etal 1981); a few pertinent points are summarised here. -9
Electric ficlds in the range 0.1to 1 V m™! were used, depending on the temperature, :
to ensure that no electron heating occurred.
In measurements of the Hall effcct, results for both directions of magnetic field were
averaged. This was necessary as, when very small Hall voltages were measured, an error
existed due to macroscopic inhomogeneities giving rise to non-uniform current paths.
The measuring method gave a resolution of better than 0.1% but absolute accuracy was -9

_________#
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much less; about 4%. This should be borne in mind when comparing results for different

magnetic fields. .

Figure 1 shows the results of measurements of the temperature dependence of
resistance in magnetic fields of 0, 0.1 and 0.61 T. In the absence of a magnetic field the
temperature dependence is due mainly tolocalisation, and can be described by equation
(1) with n,ap = 0.7. In the small field of 0.1 T no temperature dependence is observed.

258

255

= x
=
& +
+ + + +
2.45)
& . o
? %J 30 00

T {K)

Figure 1. The effect of a magnetic field on the temperature dependence of resistance of the
device used for the Hall measurements in figure 2. The transition is clear from localisation
behaviour (A) at zero magnetic field which is suppressed in (B) with B=0.1T and (C)
interacticn behaviour with B = 0.61 T. The error in the resistance is indicated and the arrow
illustrates the temperature at which kT = g_ u B and, as expected, the interaction effect
vanishes with increasing temperature. The carrier concentration is 10' electrons/cm’.

This is expected from the work of Hikami er a/ (1980) and Altshuler eral (1980b). Above
3 K the resistance starts to rise with temperature. This is believed to be the result of a
temperature dependence in the elastic scattering rate (Stern 1980), and will not be
discussed further. When the field is increased to 0.61 T the logarithmic temperature
dependence reappears. This is the interaction effect which is enhanced when the spin
degeneracy is lifted. The line is the theoretical curve (equation (2)) with the coupling
constant g = 4. Above 0.6K the temperature dependence decreases. This is also
expected as g up B = kpT at 0.8 K, so that the spin degeneracy is restored above this
temperature.

The corresponding results for the Hall effect are shown in figure 2, for fields of 0.1
and0.61 T. Taking first the results for 0.61 T, where interactions are known to dominate,
the temperature dependence in the Hall constant is exactly as expected; the line is the
theoretical curve Ryy/Ry = 2R/R, with R/R taken from the corresponding result in figure
1. Thisratio of two hasbeen observed over awide range of conditions (where interactions
dominate) by Uren et al (1980, 1981). It should be noted that the temperature depend-
ence of Ry continues beyond 0.6 K, which is not consistent with the theoretical
prediction.
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A

0i 03 10 30 00
7K

Figure 2. The temperature dependence of the Hall constant for the same device and condi-
tions as figure 1. The points X were taken at a magnetic field of 0.61 T and O were a1 0.1 T.
As the magnetic field is only known to 5% it was not possible to obtain the absolute value of
the Hall constant to the same accuracy as the measurement of the change. In order to display
the field independence of the rate of change of Ry the 1 K reading at 0.1 T was normalised
to the same value as the 0.61 T result, and the other 0.1 T readings were all multiplied by the
normalisation factor. Due to the geometry of the device the absolute value of Ry is approx-
imately a factor of 2 too small. The vaiue of ARy/ Ry is unaffected by the geometry.
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Figure 3. The percentage change in the Hall constant, per decade change in temperature,
plotted against resistivity (sheet resistance) R for three devices. The threshold voltages and
mobilities i of these devices were adjusted by jon implantation, The values of u (m? V!
s~') and magnetic ficld B (T) were asfollows: JB =0.1 T,u=0.39;0B=0.1T,u = 0.29.
© was the same device as QO but B=0.61T; © B=0.1T, u=0.23. As scen the results O
and @ are identical for the same value of Rc and are independent of magnetic field.

The relation ARy/Ry < Rz is characteristic of interactions, following from
ARp = RbAaand AR"/RH x ARD/RQ.
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Much more interesting are the results for the 0.1 T magnetic field. It can be seen that
a temperature dependence similar to that in the 0.61 T field is present in the Hall effect
while no temperature dependence is visible in the resistance. This result was totally
unexpected and so the Hall effect in small fields was studied in greater detail. The results
are summarised in figure 3. Here the percentage change in the Hall constant per decade
change in temperature is plotted against resistivity, for afield of 0.1 T, Alsoshown is the
corresponding result, taken from figure 2, for a 0.61 T field. It lies almost on top of the
result for 0.1 T, while the ratio g, ug B/ks T is in the range 1 to 8 for 0.61 T and 0.02 to
0.25 for 0.1 T. This suggests that the same mechanism is responsible in each case.

The relationship ARu/Ry = R is characteristic of interactions, and is implicit in the
experimental resuits of Uren et a/ (1980), for large fields. Further evidence for the same
mechanism being responsible in both cases comes from the points in figure 2 for 0.61 T;
the temperature dependence of the Hall constant does not change with g ugB ~ kT
while the temperature dependence of the resistance does.

Some measurements have also been made at lower magnetic fields where the tem-
perature dependence from localisation appears in the resistance. Figure 4 shows plots
of Hall voltage against magnetic field for two temperatures; an offset of 2uV has been
subtracted. The corresponding plots of the magnetoresistance are shown in figure S. The
Hall voltage measurements suggest that the temperature dependence of the Hall con-
stant persists to fields below 0.01 T and is not greatly influenced by the appearance of
weak localisation. Over this range of magnetic field the temperature dependence of
resistance changes noticeably.

Figure 4. Here we illustrate the behaviour of the Hall voltage as a function of magnetic field
for two tempcratures 4.2K and 1.4K. The device had a carrier concentration of
7 % 10 electrons/m” and a constant current of 10-7 A was passed. As scen, the Hali voltage
Vuincreases linearly with B and shows a temperature dependence down to the fowest fields.
The effect is present despite the presence of weak localisation which is illustrated in figure
5.

All these results suggest that there is a correction to the Hall constant from interac-
tions but not from weak localisation. The magnitude of this correction is the same over
a wide range of magnetic ficlds while the corresponding correction to the resistivity
varies by different amounts. At present no explanation of this is available but it should
be noted that the contributions of g; and g, processes to the Hall effect have not yet been
calculated.
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Figure 8. The relation between the magnetic field and resistivity corresponding to figure 4
isdisplayed. Itis seen that the weak localisation is substantially suppressed by afield of 0.2 T
at 1.4 K although not at 4.2 K where the inelastic diffusion length is short. These differences
in the suppression of the weak !ncziisation do not affect the behaviour of the Hall constant,

as illustrated in figure 4.

Experimentsonsiliconinversionlayers by Dyncs (1982) have produced very different
results. He has found that the ratio ARy/Ry: AR/R falls towards zero at small magnetic
fields but has not reported the actual temperature dependence. Experiments by Poole
etal (1981) on GaAlAs heterostructures are in better agreement with our results. They
have found a temperature dependence, but no magnetic field dependence, in the Hall
constant under similar experimental conditions. In that system interactions are always
present because of the longer screening length.

Finally, we consider the physical significance of our finding that ARu/Ry is indepen-
dent of magnetic field, and, hence. is independent of the magnitude of the temperature
dependence of the interaction contribution to the resistance. As we have found that
there is no localisation contribution to the Hall constant, it is clear that. in the notation
of Fukuyama (1980a), the term (n,g, — 2g3), which becomes (n,g, — g;) in high mag-
netic fields, does not determine the temperature dependence of the Hall constant. If we
inspect the various terms contributing to the interaction process. then the requirement
that ARy/ Ry is independent of B implies that there is a correction in the Hall conduct-
ance, g, given by

Oy = 20TA0;.
Here w is the cyclotron frequency, t is the eleastic scattering time and Ao is the
contribution to the conductivity given by the antiparallel spin Hartree term

2

Aoy = 5= g3(G(b) = In(T/Ty)).
Here g3 is the coupling constant, and the function G(b) must be evaluated numerically.
The limiting forms of G(b) are given by Kawabata (1982) as

G(b) = ~0.09/4b* (forb <1)

G(b) = ~Inb ~0.258 + 236

b = gLus/kT.
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At high fields Ao; becomes zero and, as predicted by Fukuyama (1980b) and Altshuler
(1980b), Ao,, = 0. However, at low fields this term dominates as, in the inversion layer,
screening effects reduce the magnitude of the interaction effect, and Ao,, = 0. Thus the
temperature dependence of ARy/Ry is unaffected by the magnitude of the magnetic
field and the modification of the net coupling constant.

In conclusion it appears that whereas the understanding of screening appears
adequate for explaining the effects of the electron-electron interaction on the conduc-
tivity, this is clearly not the case for the Hall effect.

We have enjoyed many stimulating discussions with Professor Sir Nevill Mott and Dr M
Kaveh. This work was support~d by SERC and, in part, by the European Research
Office of the US Army. R A Davies acknowledges an SERC Research Studentship.
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Electron—-electron scattering in silicon inversion layers
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Abstract. We present the results of aninvestigation of the rate of electron-electronscattering
inthe two-dimensionalelectron gasof the Siinversionlayer. The electron-electron scattering
rate was extracted by analysis of the negative magnetoresistance in the regime of weak
localisation when kg/ > 1, where kr is the Fermi wavevector and / is the mean free path for
elastic scattering. The results showed that over a wide range of k¢, carrier concentration
and electron mobility the scattering rat= was given by two processes which were additive.
The first was the normal T° (Landau-Baber) law and the second was the T law expected
when the effects of disorder are considered.
There was no evidence for the recently proposed T 'In T law.

Recentadvancesin the understanding of localisation have shown that at low temperature
deviations from metallicconduction occur. The form of the deviation has been calculated
for two dimensions (Abrahams et al 1979, Gorkov et al 1979, Kaveh and Mott 1981 and
others) as

Ao = (n.ae?/27%h) In(ti/7)

where n, is the valley degeneracy, ais aconstant of order one, 7 is the inelastic scattering
time and tis the elastic, impurity, scattering time.

The magnetoresistance associated with this has been considered by Hikami et al
(1980) and Altshuler et a/ (1980). They derived the expression

" Ao = (nyae?/27°48) [y} + Vat) — y(} + 1a1)}

where y is the digamma function (Abramowitz and Stegun 1970), B is the magnetic
field, D is the diffusivity of the electrons and a = 4eBD/#. The constant awas originally
treated as an empirical parameter to improve the agreement with experimental results.
Fukuyama (1980a) has shown that it is the result of intervalley scattering; at low tem-
peratures n,a = 1 is expected with a = 1 at high temperatures.

By fitting the theoretical expression t0 the experimental results, using « and 1; as
parameters, the inelastic scattering time is determined. This has been done by many
groups, initially Kawaguchi and Kawaji (1980) and Uren et al (1981a, b). It has been
established that electron—electron scattering is the dominant scattering mechanism and
that the 7° law is modified in the presence of impurity scattering. As has been shown by
$ Now at GEC Research Laboratories, Hirst Rescarch Centre, Wembley, Middlesex, UK.

© 1983 The Institute of Physics L353

Lot ol ok et

...
s twataracd




—r e v w v

L354 Letter to the Editor

Altshuler et al (1980a, b) and Fukuyama (1980b) the interference between impurity
scattering and Coulomb interactions also gives deviations from metallic conduction.
These effects are small in inversion layers (Uren et al 1981a, b); Fukuyama (1981) has
shown that they can be included by modifying slightly the value of «. More extensive
discussions of deviations from metallic behaviour can be found in the papers by Uren et
al (1981a, b) and Fukuyama (1982).

Here the results of a systematic study of inelastic (electron-electron) scattering are
presented. First the available theories of electron—electron scattering will be discussed.

Atlow temperatures this is the dominant mechanism of inelastic scattering (Ashcroft
and Mermin 1976). The normal form is Landau-Baber scattering, where the mean free
time 7, varies as

1/% = a(kT)*/hEF

where a is a constant of order one.

Schmid (1974) and Altshuler and Aronov (1979) have considered the effect of
impurity scattering on %. They found that collisions with small momentum transfer,
where £Dq* ~ kT, also make a significant contribution to the scattering rate. In three
dimensions this gives an extra term 1/7, < T%2, Uren et al (1981a) found that the corre-
sponding result in two dimensions is

1/%, = bkT/Ept

where b is a constant of order one. The ‘normal’ and ‘anomalous’ rates should be added.
Abrahams et al (1981) have performed a similar calculation with a dynamically
screened interaction. They found a rate

1/, = (2kT/#kel) In(T}/T)

= () (5) (e

where K is the inverse of the screening length. For (100) silicon

T)=36X 106(/(1:1)3

with

where [ is the elastic mean free path.

As T, is always large compared with T this logarithmic term can be treated as a
constant so that

1 klnTl)
ra( Est T

The total scattering rate can then be written

i=A|T+A2T2.

It is not obvious from the work of Abrahams et al whether the two scattering rates are
additive in their calculation, but it should be valid as a first approximation.

The devices used in this work were n-channel silicon MOSFETs, grown on the (100)
surface. Table 1 gives the important parameters of those used.
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Table 1. Device characteristics. Substrate doping 7.4 X 10% acceptors/m®.

Oxide Implant Threshold

thickness atoms voltage Mobility
Device d,.(nm) (m?) Vi(V) pu(m?V-ish)
CC8116/1 96 8.3 x 10" 2.7 0.65
CC8116/2 96 2.2 % 10 S.4 0.39
CC8116/3 96 3.6 x 10'¢ 6.8 0.29
CC8116/4 96 4.9 x 10" 79 0.23
JH1/15 80 —_ 0.2 0.28

The CC8116 devices had a 250 X 250 um square channel with pairs of potential
probes 1 and £ along the side. They were manufactured using silicon gate technology;
the gate was formed from polycrystalline silicon and an implant of boron into the surface
region was used to control the mobility. :

The JH1 device was made using conventional aluminium gate methods. The channel
length was 2 mm and the width 400 um. Pairs of potential probes were positioned # and
£ along the side.

The sample resistances were measured by low-frequency AC methods with phase
sensitive detection; a constant current was passed along the channel and the voltage
between adjacent potentiai probes measured. To prevent electron heating the voltage
drop was always below 100 uV, corresponding to electric fields below 1 Vm™.

Measurements were made over the temperature range of 0.5 to 5 K. This was
provided by a *He evaporation cryostat and a calibrated germanium thermometer was
used to measure the temperature. A smallsuperconducting solenoid was used to produce
fields of up to 0.2 T. This was energised by an industrial power amplifier so that fields of
either direction could be produced.

Figure 1 shows some typical results. The resistance is plotted against magnetic field

Ro(kQ)
130

T=3.45K
42

A . 21 '

02 0.1 : 0 01 0.2

B

Figure 1. The variation for the JH1/15 of device resistance R-, in ohms per square, as a
function of magnetic ticld B in Tesla for the indicated temperaturcs. n,, = 1.0 X 10" m-2,

aabadad ok




T -EmY

*

L356 Letter to the Editor

for three temperatures. This was done for a number of temperatures and carrier con-
centrations for each device. It will be noticed that the temperature dependence at zero
field is not monotonic, but passes through a minimum. This is the result of a temperature
dependence in the elastic scattering and has been discussed by Stern (1980).

The form the magnetoresistance plots should follow has been given. An approximate
version of this was in fact used:

n, ae’
27k

D = 22%/n,ae*Ro(B = 0) (ne=2).

Curves of this form were fitted using 7, and a as variable parameters. This was done by
trial and error, plotting the theoretical curve with trial values, comparing with the results
and adjusting the parameters until a good fit was obtained.

‘The functional form given is not exact, but differs from the true form only at large
magnetic fields, which were not reached. A very small systematicerrorisalso introduced
by the expression used for the diffusion coefficient D.

Figure 2 shows an example of this fitting procedure; the crosses show experimental
points taken from figure 1 and averaged over both field directions; the lines are the fitted
curves for the values of aand 7; shown.

ARq = Ru(B =0) [In(#/4¢BDT) — y(} + #/4eBD1)]

BT
0.0 0.1 1.0

29} T=345 K
=038

=34x107

Ralk)

28
«=038
©,=70x10""%

T=082K
a=0.38
t|=1.7l10'“s

2%

Figure 2. Examples of the fitting between theory and experiment for the JH1/15 device. The
values of temperature (T), aand t are shown. 1,0, = 1.0 x 10 m~2,

The parameter ashould be } according to theoretical calculations. In factitis slightly
less. Fukuyama (1981) has suggested that this reduction is the result of Coulomb inter-
actions. The experimental behaviour of ais discussed in some detail by Kawaguchi and
Kawaji (1982) and will not be considered further here. The temperature dependence of
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Figure 3. The inelastic scattering time 1, in seconds, is plotted against temperature for a
JH1/15 device. The lines are fitted curves 1/, = A; T + A, T?; further details are given in

table 2.

the inelastic scattering time is of much greater interest. In figure 3 this is shown for four
different carrier concentrations; parameters are given in table 2. Similar results have
been reported for inversion layers by Kawaguchi and Kawaji (1980, 1982), Uren et al
(1981a, b), Wheeler (1981) and Bishop eral (1982), for GaAs~-GaAlAs heterostructures
by Poole et al (1981) and for InP inversion layers (Poole er al 1982). The results have
conventionally been fitted by a power law 1, x T~P, where p varies between 1 and 2,
showing that electron—electron scattering, with the extra 7 term from impurity scatter-

ing, is responsible.

Instead of fitting a power law an interpretation first proposed by Uren etal (1981a, b)
was adopted; the scattering rate was assumed to be the sum of T and T? contributions.

Table 2. Parameters for figure 3.

Symbol My (10°m?) kel A10°KTs') A (10°K2sY)

¢ 3.6 2 1.3 0.43
o 1.9 11 3.0 0.51
O 1.0 4.2 6.5 0.7
] 0.63 1.05 130 t

t The fitted value was smaller than the experimental error.
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;- A curve of the form
%= AT+ A, T?

was fitted to the data by the method of least squares with A, and A; as variables. The

fitted curves are shown in figure 3 and the A, and A, values are given in table 2. Fits of

[ this kind were carried out for all the devices to allow comparison of the constants 4, and
A, with the calculated values.

The T? term comes from conventional Landau~Baber scattering. Using the constant

density of states: N(E) = 2mn,/2nh?, where n, = 2; the expected prefactor can be

; . written

2

A= 2ak2m/7rﬁ3nim,

where ny, is the inversion layer carrier concentration. (Abrahams et al (1981) give a
different expression 1/7, = Ve K(kT/HEg)? but this should be correct only in the limit of
poor screening which does not apply here.)

Figure 4 shows the fitted values of A4 plotted against the carrier density. Also shown
is the theoretical curve for a = 5. Good agreement is found over a wide range of
conditions, confirming that the 77 term arises from Landau-Baber scattering.

The T'termis the ‘anomalous’ part. According to the theory of Abrahamseral (1981)
the prefactor should be

Ay

Inf3.6 X 105( k1))

2%
hkgl

2
A (109K 57

- 1 A PUNY Ry S | A . bl
01

] & 6 8 10 20 W 60
Ny (0°M7%)

! Figure 4. The obtained values of A; are plotted as a function of carrier concentration. The N
. theoretical line for A, = Skb/AEy is shown; the devices are @ CC8116/1, O CC8116/2, O

CC8116/3, © CC8116/4, M IH1/15.
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With static screening, as calculated by Uren et al (1981a, b), the logarithmic term is
absent, so that

Ay = 2k/tkgl.
Both are functions of kgl only. kgl is given by

o= n,ekel/2mh.

In figure 5 experimental values of A, are plotted against kel together with the theoretical
curves for dynamic screening (upper line) and static screening (lower line). As can be

’ seen, over a wide range of conditions, the experimental values fit the theory which
assumes only static screening, the more sophisticated theory being in error by a large
factor.

Bishop et al (1982) have presented similar results but have reached very different
conclusions. Their scattering times are similar but they have claimed agreement with
the calculation assuming dynamic screening. They have, however, ignored the contri-
bution of the 72 term. In this context it should be noted that their plots of 1, against 1/T,
which are supposed to show the T dependence, in fact, have a significant non-zero
intercept which they have not explained and indicates that their analysis is incorrect.

Finally, after this work was completed further theoretical advances have been made.
Fukuyama (private communication) has indicated that the original calculation of Abra-
hams et al was in error and that the value of T, should in fact be much smaller. The
modified value is, however, still too large to-agree with our data.
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Figure §. A is plotted as a function of k¢ 1 with the two proposed theorctical curves for 1
comparison. The devices are @ CC8116/1, O CC8116/2, O CC81. #/3, O CC8116/4 and B
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L360 Letter to the Editor

Guiliani and Quinn (1982) have found a logarithmic term in the conventional result

Fukuyama (private communication) has indicated that in this presence of disorder this
‘becomes

1
P (KT)*/#HEg In(Egt/h).
This is not inconsistent with the results, and might account for the scatter in figure 4.
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