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Magnetoresistance in a back-gated surface superlattice

A. Soibel, U. Meirav, D. Mahalu, and Hadas Shtrikman
Braun Center for Submicron Research, Weizmann Institute of Science, Rehovot, Israel

~Received 20 February 1996!

We study a surface superlattice structure, consisting of a two dimensional electron gas~2DEG! with a
periodic array of Schottky gates on the surfaceandan additional back gate, which independently controls the
2DEG density. We use several independent features in the magnetoresistance to determine the magnitudeV of
the periodic potential induced in the 2DEG, and its dependence on the gate voltages. We obtain a systematic
quantitative picture ofV, which is generally in good agreement with theoretical expectations. However our
density dependence cannot be accounted for within the usual picture of static screening in a 2DEG.
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A periodic potential can be imposed on a two-dimensio
electron gas~2DEG! by an array of surface electrodes,
gates. When a voltageVg is applied to the gates, a period
potential is induced in the 2DEG, whose magnitude depe
onVg . Such a structure is referred to as a surface superla
~SSL!.1–7 In this paper we will concern ourselves with gra
ing SSL’s, namely, the case where the gate array consis
wires, imposing a potential which is periodic in thex direc-
tion but uniform in they direction of the 2DEG plane.

Transport in SSL’s has been studied extensively in rec
years. The quantity measured is the resistivityrxx , or the
resistanceRxx , for current flowing in the direction of the
periodic modulation. One of the most celebrated and wid
studied effects is the oscillations in the magnetoresista
~MR! at moderate magnetic fields,B.8–10 These oscillations
are understood as a semiclassical effect associated wit
curring commensurability between the cyclotron orbit a
the periodic potential. Such commensurability leads to
drift, in they direction, of the guiding center of the cyclotro
orbit, which in turn increasesrxx . Using classical arguments
Beenakker11 showed that the MR is then given by

Drxx
rxx

5S eVEF
D 2S l 2

aRc
D cos2S 2pRc

a
2

p

4 D , ~1!

whereEF is the Fermi energy,V is the amplitude of the
periodic potential,a is the period of SSL,l is the electron
mean free path, andRc is the cyclotron radius. At very low
fields one observes positive MR rather than oscillations. T
positive MR, which is approximately quadratic at lowB,
extends from zero up to a ‘‘critical’’ magnetic fieldBc . Be-
ton et al.12 derived an expression for the value of this fiel

Bc5
2pV

auF
, ~2!

whereuF is the Fermi velocity. This result was obtained b
considering the classical trajectories of electrons in a p
odic potential in a weak field. The MR is not quadra
through the entire range, and themaximumof the MR occurs
not at the above value, but at a slightly smaller field,
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Bc'
5V

auF
. ~2a!

This, rather than Eq.~2!, is the value that is determined ex
perimentally.

A somewhat different analysis of this positive MR wa
proposed by Streda and MacDonald,13 who described this
effect as being due to magnetic breakdown between o
and closed orbits in momentum space. They obtained
expression

Bc5S me

4\2D S aV2uF
D ~3!

for the critical field.
Thus both the MR oscillations and the low-field positiv

MR can be used to determineV, giving two seemingly inde-
pendent measures of the same quantity. This quantity i
considerable practical and theoretical interest. The differ
mechanisms that influence the value ofV in such structures
have recently been studied, with particular focus on the
ezoelectric contribution of strain produced by the ga
metal.14,15

In previous work on SSL’s, there was no possibility
separately controln, the density of the 2DEG, and th
strength of periodic potentialV. IncreasingVg in the nega-
tive sense not only increasesV but also reducesn. In the
present study we overcome this problem by using a dou
gated structure, where the density is independently c
trolled by a back gate, while a gate array on the surfac
used to induce a periodic potential in the underlying 2DE

The samples were made using an ISIS~Inverted
Semiconductor-Insulator-Semiconductor! heterostructure16,17

grown by molecular beam epitaxy on conductive GaAs.
profile of the structure is schematically presented in Fig.
Mesas with Hall bar geometry, 5mm wide and 35mm long
~between voltage probes! were patterned on the surface usin
wet etching. Shallow NixGe12xAu Ohmic contacts were de
posited and alloyed, taking special care to avoid pun
through to the conductive substrate. A positive ‘‘backgat
voltage Vb applied to the substrate, with respect to t
Ohmic contacts, induces a 2DEG as shown in Fig. 1, wh
densityn varies withVb . Note that unlike the case of con
4482 © 1997 The American Physical Society
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55 4483MAGNETORESISTANCE IN A BACK-GATED SURFACE . . .
ventional heterostructures, here the 2DEG is locatedabove
the heterojunction interface, which is why ISIS structures
referred to as ‘‘inverted.’’ An array of narrow Schottk
gates, each approximately 25 nm wide, with perioda5200
nm is formed on the surface of the Hall bar using elect
beam lithography. The voltage on these Schottky gate
denoted byVg . Resistance measurements are performed
ing standard lock-in techniques atT51.5 K.

Figure 2 shows several measurements forVg520.15 V.

FIG. 1. A schematic profile of the samples studied. The hete
structure layer sequence, known as ISIS~Ref. 16!, forms a high-
mobility 2DEG in the GaAs layer on top of the~undoped!
Al xGa12xAs barrier. The 2DEG densityn is controlled by the back-
gate voltageVb , which is applied to the conductive substrate. A
array of Schottky electrodes on the surface, in a grating config
tion, induces a periodic potential in the 2DEG, whose strengthV is
separately controlled by the voltageVg on these gates. The perio
of the grating is 0.2mm.

FIG. 2. ResistanceRxx vs magnetic field forVg520.15 V,
where different curves correspond to different backgate volta
The densityn decreases from the lower curve to the upper cu
~n55.5, 4.4, 3.9, 3.431015 m22, respectively!. The oscillations at
intermediate fields are the SSL commensurability oscillations
scribed in the text, which are periodic in 1/B. The measurements ar
at T51.5 K. Inset: The inverse period of the oscillations plotted
densityn. The solid line is a theoretical prediction, Eq.~4!. There
are no fitting parameters.
e

n
is
s-

The different curves correspond to different values ofVb ,
i.e., for different 2DEG densities. At very low fields we fin
positive MR, which extends up to a field of about 0.1–0.2
The rapid oscillations seen atB;1 T are the Shubnikov–de
Haas oscillations, which are used to determinen. The oscil-
lations at intermediate fields are those resulting from
commensurability of the cyclotron radius and the SSL pe
odic potential, as discussed above. This plot demonstr
the power of the back-gated ISIS heterostructure in estab
ing the origin of these effects, as follows: The commensu
bility oscillations, which are periodic in 1/B, have a period
which can be shown, from Eq.~1!, to be given by

S D
1

BD 21

5
2\A2pn

ea
. ~4!

We plot the measured inverse-period of these oscillati
versus density, in the inset of Fig. 2, along with the solid li
corresponding to Eq.~4!. The agreement is very good.

In Fig. 3 we show results of measurements with the sa
Vb , but for differentVg ranging from20.1 V for the lowest
curve to20.6 V for the upper curve. It is clearly seen th
the size of the oscillations and of the positive MR a
strongly dependent onVg , increasing as the latter is mad
more negative. Although changingVg entails a certain
change inn as well, this effect is much smaller than for th
case whereVb was tuned.

Using these data we can calculateV, both from the posi-
tive MR and from the MR oscillations. In Fig. 4 we plo
these values ofV versusVg . The different symbols corre
spond to three different analyses, which we now discuss

The square symbols in Fig. 4 are values derived from
low-field positive MR. From Eqs.~2!–~3! we see that the
productBc3uF is a quantity that scales with the amplitud
of the periodic potential in both theoretical models.12,13We
find that this product has a remarkably linear dependence
Vg . V itself is also expected to be approximately linear
Vg , from theoretical considerations14 and also from the othe

-

a-
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e

-

FIG. 3. ResistanceRxx vs magnetic field forVb52.2 V, with
Vg520.1 to20.6 V in equal steps of 0.1 V. The measurements
atT51.5 K. The amplitude of oscillations and the low-field positiv
magnetoresistance depend on the strength of the periodic pote
induced byVg .
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MR data shown below. Therefore, a consistent picture fav
Eq. ~2a!, and so we use the latter to calculateV fromBc . The
results are shown in Fig. 4.

The circles and triangles in Fig. 4 correspond to values
V extracted from the oscillatory part of the MR. The amp
tude of each oscillation was determined by taking the diff
ence between the peak resistance and the interpolated
tance between the neighboring minima~both linear and
quadratic spline interpolations were checked!. This is a nec-
essary step since the minima are not all at the same va
We thus obtain a valueDri of the MR at the highest-field
peak ~i51! and second-highest peak~i52!, respectively.
From Eq.~1! we then obtain

Dr i
r0

5S eVEF
D 2S l 2

aRc
i D , ~5!

whereRc
i is the cyclotron radius at thei th peak. Thus the

circles ~triangles! in Fig. 4 correspond toV extracted from
Eq. ~5! for i51 ~i52!.

The values ofV calculated fromBc are larger than the
values calculated from the oscillations, but all show the sa
trend and similar magnitude. The values extracted fromi51
and 2 are equal when the periodic potential is weak, but t
start to differ as the potential becomes stronger. We spe
late that this is a suppression of the measured oscilla
amplitude, relative to the ‘‘naive’’ theoretical value, due
the distortion of the circular cyclotron motion by the pre
ence of the periodic potential.12 This effect becomes mor
significant asV increases or asB decreases, which is wh
this suppression is much stronger in the case of thei52
peak. In particular we propose that in this range the triang
present an underestimate ofV. It is also likely that the circles
~i51! involve an underestimate, although a less severe o

In any case, Fig. 4 portrays a consistent picture wherV
depends linearly onVg . This is not surprising, of course, bu
it implies that the primary mechanism of periodic modu
tion inside the 2DEG in these samples is electrostatic in

FIG. 4. The magnitudeV of the periodic potential, plotted vs th
gate voltageVg . The different symbols correspond to differe
methods of extractingV from the magnetoresistance, as explain
in the text: from the maximum fieldBc of the low-field positive MR
~squares!, from the size of thei51 commensurability peak~circles!,
and from thei52 peak~triangles!.
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ture, rather than, e.g., strain.14,15The potential modulation a
zero gate voltage corresponds to the built-in potential of
Schottky barrier.18 In fact we can estimate its value from th
data, by extrapolation to theVg-axis intercept, which is
;20.2 V. From the slope we obtain the ratio betweenV and
the gate voltage, which turns out to bedV/dVg'3.731023.
Using the model of Davies and Larkin14 for the case of
screened electrostatic modulation, we can calculate the
pected theoretical value for this ratio in our structure. Tak
the superlattice perioda5200 nm, the depth of the 2DEG
d570 nm, and the width of the metallic gate wires'25 nm,
we obtaindV/dVg'3.631023, which agrees well with the
measured results.

The amplitudeV as a function ofn, with constantVg , is
shown in Fig. 5. This is obtained by changing the back g
bias,Vb , with n determined from the Shubnikov–de Ha
oscillations at higherB. The different symbols correspond t
the different modes of extractingV from the MR, as dis-
cussed above. We clearly see that changingn causes a
change inV. The effect is weak at highn, but becomes more
pronounced as the density decreases. This result is no
tirely obvious becauseV is expected to depend only onVg
and on the structure of the device, but not onn. We note that
there is some dependence ofd, the vertical position of the
2DEG, onVb ; however, it is too small to account for th
observed change inV. The theoreticalindependence ofV on
n results from the fact that screening in two dimensions d
not depend onn.19

Figure 5 implies that standard 2DEG screening is not n
essarily accurate in estimatingV. Usually, screening is intro-
duced when the external potential is small with respect to
Fermi energy and one can neglect the influence of this
tential on the electronic density of states. But in our expe
ments the potential can be substantial. Such a periodic
tential changes the wave functions and the density of st
of the 2DEG. In particular, part of the electrons becom
bound in thex direction, and screening is therefore reduce
Thus for fixedVg and decreasingn, this effect becomes

FIG. 5. The value ofV plotted vs the densityn. In these mea-
surementsVg was fixed, whilen was tuned by the substrate voltag
Vb . The different symbols correspond to different methods of
terminingV from the magnetoresistance, as in the previous figu
The dependence ofV on n at fixed Vg is not accounted for by
screening.
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55 4485MAGNETORESISTANCE IN A BACK-GATED SURFACE . . .
gradually more significant and causes the enhancemen
the periodic potential inside the 2DEG.

In conclusion, we have used various aspects of the m
netoresistance to study the amplitude of the periodic po
tial in a grating-type surface superlattice. Our measurem
were facilitated by samples with the combination of a ba
gate and surface Schottky gates, allowing separate contr
the electron density and of the strength of the periodic
tentialV. We generally find good agreement between exp
mental and theoretical values, although the values ofV sug-
ol

ys

s,

s.

s.

tt
of

g-
n-
ts
k
of
-
i-

gested by the positive magnetoresistance are some
larger than those suggested by the commensurability osc
tions. We also find that for fixed gate voltage,V depends
directly on the density; this fact is not accounted for with
the usual theoretical treatment of this system.

We wish to acknowledge useful discussions with A. Me
sica and P. Streda. This work was supported by the Mine
Fund and by the Basic Research Foundation administere
the Israeli Academy of Science and Humanities.
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