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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
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We study a surface superlattice structure, consisting of a two dimensional electrd80f&6) with a
periodic array of Schottky gates on the surfacel an additional back gate, which independently controls the
2DEG density. We use several independent features in the magnetoresistance to determine the rwagfitude
the periodic potential induced in the 2DEG, and its dependence on the gate voltages. We obtain a systematic
quantitative picture oW, 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.
[S0163-182606)08944-8

A periodic potential can be imposed on a two-dimensional 5V
electron gas2DEG) by an array of surface electrodes, or Be~ i (23
gates. When a voltag€, is applied to the gates, a periodic F
potential is induced in the 2DEG, whose magnitude dependshis, rather than Eq2), is the value that is determined ex-
onVy. Such a structure is referred to as a surface superlattiggerimentally.
(SSL.*"In this paper we will concern ourselves with grat- A somewhat different analysis of this positive MR was
ing SSL’s, namely, the case where the gate array consists @koposed by Streda and MacDonafdwho described this
wires, imposing a potential which is periodic in tkedirec-  effect as being due to magnetic breakdown between open
tion but uniform in they direction of the 2DEG plane. and closed orbits in momentum space. They obtained the
Transport in SSL’s has been studied extensively in recenéxpression
years. The quantity measured is the resistiyiy, or the
resistanceR,,, for current flowing in the direction of the me
periodic modulation. One of the most celebrated and widely B.= (W
studied effects is the oscillations in the magnetoresistance
(MR) at moderate magnetic fieldB,®'° These oscillations  for the critical field.
are understood as a semiclassical effect associated with re- Thys both the MR oscillations and the low-field positive

CUrring Commensurab”iw between the CyClOtron orbit andMR can be used to determine g|V|ng two Seeming|y inde-
the periodic potential. Such commensurability leads to gendent measures of the same quantity. This quantity is of
drift, in they direction, of the guiding center of the cyclotron considerable practical and theoretical interest. The different
orbit, which in turn increaseg,, . Using classical arguments, mechanisms that influence the value\bin such structures

aV?
Ur

()

Beenakket' showed that the MR is then given by have recently been studied, with particular focus on the pi-
ezoelectric contribution of strain produced by the gate
2/ 12 metal!+1°
Apy [€V | 27R, . . o
=& \ar cog 7l 1) In previous work on SSL's, there was no possibility to
Pxx F/ \aRe a separately controh, the density of the 2DEG, and the

strength of periodic potentidl. IncreasingV, in the nega-
where Eg is the Fermi energyV is the amplitude of the tive sense not only increas&s but also reduces. In the
periodic potentiala is the period of SSL| is the electron present study we overcome this problem by using a doubly
mean free path, anB; is the cyclotron radius. At very low gated structure, where the density is independently con-
fields one observes positive MR rather than oscillations. Thisrolled by a back gate, while a gate array on the surface is
positive MR, which is approximately quadratic at loB;  used to induce a periodic potential in the underlying 2DEG.
extends from zero up to a “critical” magnetic fiell, . Be- The samples were made using an IS(Bwerted
ton et al? derived an expression for the value of this field, Semiconductor-Insulator-Semicondugtbeterostructuré-t’
grown by molecular beam epitaxy on conductive GaAs. A
2V profile of the structure is schematically presented in Fig. 1.
B.= , 2) Mesas with Hall bar geometry, bm wide and 35um long
aur (between voltage probewere patterned on the surface using
wet etching. Shallow NiGe, _,Au Ohmic contacts were de-
whereug is the Fermi velocity. This result was obtained by posited and alloyed, taking special care to avoid punch
considering the classical trajectories of electrons in a perithrough to the conductive substrate. A positive “backgate”
odic potential in a weak field. The MR is not quadratic voltage V, applied to the substrate, with respect to the
through the entire range, and thraximunof the MR occurs  Ohmic contacts, induces a 2DEG as shown in Fig. 1, whose
not at the above value, but at a slightly smaller field, densityn varies withV,. Note that unlike the case of con-
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FIG. 1. A schematic profile of the samples studied. The hetero-
structure layer sequence, known as I$F&f. 16, forms a high-
mobility 2DEG in the GaAs layer on top of théundoped

FIG. 3. Resistanc®,, vs magnetic field foV,=2.2 V, with
Vyg=—0.1t0—-0.6 Vin equal steps of 0.1 V. The measurements are
atT=1.5 K. The amplitude of oscillations and the low-field positive

AlxGay _xAs barrier._Tht_e ZDEG densityis controllgd by the back- magnetoresistance depend on the strength of the periodic potential
gate voltageVy,, which is applied to the conductive substrate. An induced byV
g-

array of Schottky electrodes on the surface, in a grating configura-
tion, induces a periodic potential in the 2DEG, whose strehgth

separately controlled by the voltagg, on these gates. The period The different curves correspond to different values\Vgf,
of the grating is 0.2um. i.e., for different 2DEG densities. At very low fields we find

positive MR, which extends up to a field of about 0.1-0.2 T.

ventional heterostructures, here the 2DEG is locatedve The rapid oscillations seen Bt~1 T are the Shubnikov—-de

the heterojunction interface, which is why ISIS structures ar{";’}ai Os?lliﬁ?orn? ;‘;h,'[Ch f?rlil userd t’?h deterrrmnlét’i:e ?rscrlrl{ h
referred to as “inverted.” An array of narrow Schottky ations at Intermediate nelds are those resuiting 1ro €

getes, each approXnatey 25 nm wide, wih perioa200 * SOMMENsIabily o e cyeloton adue an e SSLper:
nm is formed on the surface of the Hall bar using electro Ic p al, Iscu Ve. 1his p

beam lithography. The voltage on these Schottky gates i e power of the back-gated ISIS heterostructure in establish-

denoted by, . Resistance measurements are performed u%?tthe o.rl'lg'tr.' of theﬁ? ﬁffeCtS’ as qulqwsﬂ;/Trrl\e commens dura—
ing standard lock-in techniques 1.5 K. ility oscillations, which are periodic in B/ have a perio

Figure 2 shows several measurements\fge=—0.15 V. which can be shown, from Eq1), to be given by

25 T T T T
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We plot the measured inverse-period of these oscillations
versus density, in the inset of Fig. 2, along with the solid line
corresponding to Eq4). The agreement is very good.

In Fig. 3 we show results of measurements with the same
Vy,, but for differentV, ranging from—0.1 V for the lowest
curve to—0.6 V for the upper curve. It is clearly seen that
the size of the oscillations and of the positive MR are
strongly dependent oW, increasing as the latter is made
more negative. Although changiny, entails a certain
change inn as well, this effect is much smaller than for the
case wherd/,, was tuned.

B [Tesla] ' Using these data we can calculateboth from the posi-
tive MR and from the MR oscillations. In Fig. 4 we plot
FIG. 2. Resistanc®,, vs magnetic field forv,=—0.15 V, these values oV versusVy. The different symbols corre-

where different curves correspond to different backgate voltagesSPONd to three different analyses, which we now discuss.
The densityn decreases from the lower curve to the upper curve 1 he Square symboals in Fig. 4 are values derived from the
(n=5.5, 4.4, 3.9, 3:%10' m™2, respectively. The oscillations at 10W-field positive MR. From Eqs(2)—(3) we see that the
intermediate fields are the SSL commensurability oscillations deProductB¢Xug is a quantity that scales with the amplitude
scribed in the text, which are periodic inBL/The measurements are Of the periodic potential in both theoretical mod&ls® We
atT=1.5 K. Inset: The inverse period of the oscillations plotted vsfind that this product has a remarkably linear dependence on
densityn. The solid line is a theoretical prediction, E@). There V4. V itself is also expected to be approximately linear in
are no fitting parameters. Vg, from theoretical consideratiofsand also from the other
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FIG. 4. The magnitud¥ of the periodic potential, plotted vs the FIG. 5. The value ol plotted vs the density. In these mea-
gate voltageV,. The different symbols correspond to different surement®/y was fixed, whilen was tuned by the substrate voltage
methods of extractinyy from the magnetoresistance, as explainedVy. The different symbols correspond to different methods of de-
in the text: from the maximum fielB.. of the low-field positive MR terminingV from the magnetoresistance, as in the previous figure.
(squareg from the size of thé=1 commensurability peafcircles, The dependence df on n at fixed V is not accounted for by
and from thei =2 peak(triangles. screening.

MR data shown below. Therefore, a consistent picture favorgure, rather than, e.g., straifi™ The potential modulation at
Eg.(2a), and so we use the latter to calculastérom B.. The  zero gate voltage corresponds to the built-in potential of the
results are shown in Fig. 4. Schottky barrier? In fact we can estimate its value from the
The circles and triangles in Fig. 4 correspond to values oflata, by extrapolation to th&,-axis intercept, which is
V extracted from the oscillatory part of the MR. The ampli- ~—0.2 V. From the slope we obtain the ratio betw&eand
tude of each oscillation was determined by taking the differthe gate voltage, which turns out to H&/dVy~3.7x 1073,
ence between the peak resistance and the interpolated resigsing the model of Davies and Larkfhfor the case of
tance between the neighboring miningaoth linear and screened electrostatic modulation, we can calculate the ex-
quadratic spline interpolations were checkekbhis is a nec- pected theoretical value for this ratio in our structure. Taking
essary step since the minima are not all at the same valuthe superlattice period=200 nm, the depth of the 2DEG
We thus obtain a valudp, of the MR at the highest-field d=70 nm, and the width of the metallic gate wire25 nm,
peak (i=1) and second-highest pedak=2), respectively. we obtaindV/dVg~3.6><10‘3, which agrees well with the
From Eg.(1) we then obtain measured results.
The amplitudeV as a function oh, with constant/,, is
12 shown in Fig. 5. This is obtained by changing the back gate
ﬁcl" ' ) bias, V,, with n determined from the Shubnikov—de Haas
' oscillations at higheB. The different symbols correspond to
where R}, is the cyclotron radius at thith peak. Thus the the different modes of extracting from the MR, as dis-
circles (triangles in Fig. 4 correspond t&/ extracted from cussed above. We clearly see that changngauses a
Eq. (5) fori=1 (i=2). change inV. The effect is weak at high, but becomes more
The values ofV calculated fromB, are larger than the pronounced as the density decreases. This result is not en-
values calculated from the oscillations, but all show the saméirely obvious becaus¥ is expected to depend only
trend and similar magnitude. The values extracted frerh ~ and on the structure of the device, but notroWe note that
and 2 are equal when the periodic potential is weak, but thethere is some dependence af the vertical position of the
start to differ as the potential becomes stronger. We speci2DEG, onV,; however, it is too small to account for the
late that this is a suppression of the measured oscillationbserved change M. The theoreticaindependence of on
amplitude, relative to the “naive” theoretical value, due to n results from the fact that screening in two dimensions does
the distortion of the circular cyclotron motion by the pres-not depend om.°
ence of the periodic potentid. This effect becomes more Figure 5 implies that standard 2DEG screening is not nec-
significant asV increases or aB decreases, which is why essarily accurate in estimating Usually, screening is intro-
this suppression is much stronger in the case ofith@  duced when the external potential is small with respect to the
peak. In particular we propose that in this range the trianglegermi energy and one can neglect the influence of this po-
present an underestimateVdf It is also likely that the circles tential on the electronic density of states. But in our experi-
(i=1) involve an underestimate, although a less severe onanents the potential can be substantial. Such a periodic po-
In any case, Fig. 4 portrays a consistent picture whére tential changes the wave functions and the density of states
depends linearly oWy . This is not surprising, of course, but of the 2DEG. In particular, part of the electrons become
it implies that the primary mechanism of periodic modula-bound in thex direction, and screening is therefore reduced.
tion inside the 2DEG in these samples is electrostatic in nafhus for fixedV, and decreasing, this effect becomes
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gradually more significant and causes the enhancement gested by the positive magnetoresistance are somewhat

the periodic potential inside the 2DEG. larger than those suggested by the commensurability oscilla-
In conclusion, we have used various aspects of the magions. We also find that for fixed gate voltagé, depends

netoresistance to study the amplitude of the periodic potendirectly on the density; this fact is not accounted for within

tial in a grating-type surface superlattice. Our measurementge usual theoretical treatment of this system.

were facilitated by samples with the combination of a back

gate and surface Schottky gates, allowing separate control of We wish to acknowledge useful discussions with A. Mes-

the electron density and of the strength of the periodic posica and P. Streda. This work was supported by the Minerva

tential V. We generally find good agreement between experiFund and by the Basic Research Foundation administered by

mental and theoretical values, although the valueg sfig-  the Israeli Academy of Science and Humanities.
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