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Ballistic transport in InSb/InAISb antidot lattices
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We investigate magnetotransport properties of antidot lattices fabricated on high-mobility
InSb/INAISb heterostructures. The temperature dependencies of the ballistic magnetoresistance
peaks due to the antidot lattice are studied, and compared with mobility and density data over the
same temperature range. A scattering time particular to antidot lattices is deduced, with a linear
dependence on temperature between 0.4 and 50 K, attributed to acoustic phonon scattering. The
mobility does not vary substantially over this temperature range, whereas al@/& a quadratic
dependence of inverse mobility on temperature is noticed, attributed to optical phonon scattering.
The very weak temperature dependence of the width of the ballistic magnetoresistance peaks
indicates negligible thermal smearing for electrons in the InSb quantum well, a result of the small
electron effective mass. @004 The American Institute Physic8iDOI: 10.1063/1.1764945

The transport properties of two-dimensional electronxX50 um, and lattice period 0.m. The diameter of the
systemg(2DES9 on which a periodically modulated poten- dots is controlled predominantly by lateral etching, and
tial is imposed, reveal valuable information about electromramounts here to about 0/m. Samples were fabricated with
motion and scattering mechanisms, and have been previoudittice periods of either 0.8 or 1,6m. In order to compare
utilized to explore mesoscopic transport, predominantly inthe transport coefficients between antidot lattices and the un-
GaAs/AlGaAs heterostructures. If the 2DES is deeplypatterned 2DES, a separate Hall bar sample was also fabri-
modulated, such that the potential maxima exclude the elesated from the same InSb/InAISb material. The 2DES den-
trons from their vicinity, an antidot lattice resuft#ntidot  sity in the Hall bar could be adjusted by means of a metal
lattices in turn have proven valuable model systems to studgate on top of the heterostructure.
phenomena ranging from transport properties to chaotic dy- Four-contact measurements of the longitudinal resis-
namics and quantum interference phenomena, and have be@nce,Ryx, of the antidot lattice were performed at variable
used as demonstration platforms for new lithographic techT, ranging from 0.4 to 50 K using standard lock-in tech-
niques and materials systeé.In this work, we study the niques. The magnetic fiel(B) is applied perpendicularly to
transport properties of antidot lattices fabricated onthe 2DES. As shown in Fig. 1, strong Shubnikov-de Haas
InSb/InAISb heterostructures. InSb has attracted recent irescillations appear & above 1 T, while at low field two
terest due to the high mobility that can be achieved particu-
larly in heterostructures, and due to a strong spin—orbit inter-
action that can find applications in novel spin—electronic 2.0
devices’ Yet, until recentl)ﬁ no studies existed of the meso- I
scopic transport properties in InSb.

Our samples are fabricated fromtype InSh/InAlISb
heterostructures grown on GaAs substrates by molecula 1.5
beam epitaxf?. Electrons reside in a 20-nm-wide InSb well I
flanked by I q:AlggeSb barrier layers. The electrons are
provided by Sid-doped layers on both sides of the well, ¢ r
separated from the 2DES in the well by 30 nm spacers. A {1l
third Si doped layer closed to the heterostructure surface pro
vides electrons to the surface states. The material as grow
yields a mobilityx=159 000 crd/V s, and two-dimensional
densityN=2.3X 10! cm?, at a temperaturd=0.4 K, re-
sulting in a mobility mean-free-path 6f1.3 um. After pat- .
terning a Hall bar by photolithography and deep wet chemi- -5
cal etching, the antidot lattice was produced by standard B(T)
electron beam lithography and wet etching, using PMMA as
an etching mask. The lower inset in Fig. 1 shows an opticakIG. 1. Longitudinal magnetoresistanBg, at T=0.4 K. Low B: ballistic

micrograph of the antidot lattice, with dimensions ]'42@1 features due to antidots; high: Shubnikov—de Haas oscillations. Upper
inset: Hall resistanceRyy, of the antidot lattice. The dashed lines are the
linear extensions oRyy from the regions ofB>0.3 T andB<-0.3 T.
¥E|ectronic mail: heremans@helios.phy.ohiou.edu Lower inset: an optical micrograph of the antidot lattice.
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JZIG. 3. LinearT dependence of the ballistic scattering ratél/7;) as
defined in the text. Lower inset: mobility scattering rates,}/on the un-
patterned Hall bar at zero gate voltage;TvéJpper inset: carrier density and
mobility of the unpatterned Hall bar at gate voltages of 0, 3, and 5 V.vs

FIG. 2. Ballistic transport peaks, after subtracting a quadratic backgroun
at different temperatures—from top to bottom: 0.4, 2.0, 5.0, 10, 20, 32, 40
and 50 K. Inset: low fieldRyyx of the 0.8.um antidot lattice at 0.4 K and
50 K, with their background fits shown as dotted lines, as weRggof the

1.0 um lattice at 0.4 K.

more complex chaotic trajectorié€.in our samples more-
ballistic transport peaks ne@=+0.2 T are observed. De- over, whereas the mean free path-et um is sufficient to
tailed low-field magnetoresistance traces are contained iaupport ballistic orbits around a single antidot, the 88
Fig. 2. The inset in Fig. 2 showByy at the temperature circumference implied by the 2,8m cyclotron diameter in-
extremes of our measurement, 0.4 and 50 K, for a lattice oflicates thaP2 requires more complete theoretical treatments
0.8 um period, as well aRyx at 0.4 K for a lattice of invoking chaotic trajectories for the higher order pediks-
1.0 um period. Besides two strong peaks n&w+0.2 T, terestingly, P1 and P2 also feature qualitatively different
two weak shoulders near +0.06 T are observed on top of gmperature dependencies. WHEincreases from 0.4 K to
negative magnetoresistance background. To extract the sigo K, the amplitude ofP1 drops ~33%, while P2 stays
nals due to the features at +0.06 and +0.2 T, second-ordefimost unchangedARyy also presents a small sharp peak
polynomials(dotted lines in the inset of Fig.)2vere em-  aroundB=0, which disappears at highd@ This maximum
ployed to fit the negative magnetoresistance on both positivgppears in various mesoscopic geometries presently under
and negative sides d for the lattice of 0.8um period. The  stydy on InSb 2DESs, and is due to localization.

values ofRy after background subtractioARyy, are plotted The upper inset of Fig. 1 contains the Hall resistance,
in Fig. 2 for T ranging from 0.4 to 50 K. The figure shows g . of the antidot lattice sample, versBs Deviations from
strong maximaP1, at £0.20 T, and secondary maxini,  jinear behavior are observed between 0.3 T, in the region

near £0.056 T. The features represent the well-known comat the pallistic maxima ifRyy. The modified Drude picture,

mensurability maxima due to the correlation between the &nown as the pinball model, that has emerged for transport in

Layl/l_p?raf[neters aiﬂgl _trhhe e'ec”.O” cy<t:_ll(|)tr(|)n Olrb't' a halln;tirk Ozfintidot lattices, predicts a reduction in the density of carriers
alistic transport. € maxima stll clearly appear articipating in transport, and hence an increase in the slope

=50 K, demonstrating the presence of ballistic transport a f Ryy, at the commensurate magnetic fields and explains our

least up to this temperature. The maxima at £0.20 T Origi- pservationd:2

nate from ballistic electron trajectories encircling one The value ofB where the maximunPL 0ccurs is pro-
antidot? Indeed, using the carrier density of the InSb/InAlSb : 12 0 P
material at 0.4 KNg=2.3x 10" cm2, a classical calculation portional toNs®. Ns drops by ~6% from 0.4 to 50 K, as

S ' shown in the upper inset of Fig. 3. The drop in turn leads to

ield bit di ter of 0.7, tB=0.2 T, matchi . o
YIS1os an orul diameser o Am a maiching a change of-3%, or~6 mT in peak position—an undetect-

the period of the antidot lattice, 08m. For the comparative . . .
sample with 1.0um lattice period, equivalent ballistic peaks _able amou_r_lt. Hence, Fig. 2 does not Sh(.)W a not|cea_ble shift
appear at +0.16 TFig. 2 inse} corresponding to an orbit 1" the position ofP1 as the temperature increases. Figure 2

diameter of 0.99.m, again matching the period. In the semi- also revea!s that the Width. cﬁl'remains pearly unchanged
classical pinball modet? the magnetoresistance peak corre-Versusr. Sl'nce the pea_lk width is detegmmed by the thermal
sponding to this orbit can be explained by the assumption ofPreadike in the Fermi wave vectok,” such constancy of

a classical cyclotron orbit pinned around one antidot. Thehe width ofP1 indicates a small thermal spreaég. Analy-
same calculation yields a diameter of 8 for the second-  Sis reveals that for a fixebls, Akg/ke ~m (kgT), wherem

ary maximaP2, atB=0.056 T, attributable to a circular orbit denotes the electron effective mass dadthe Boltzmann
covering approximately nine antidot§0.8 um period constant. The negligible thermal spread: and hence the
samplg. Similar results concerning higher order maximareduced dependence dnof the peak width result from the
have been reported in InAs/GaSb antidot latticétsis well ~ small electron effective mass in In§m"=0.014m, where
known, however, that the maxima can only be clearly idening represents the free electron masbhe small effective
tified with circular cyclotron orbits in the case of orbits en- mass in InSb hence aids the observation of ballistic transport
circling on antidot, whereas higher-order maxima result fromat high temperatures.
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Figure 3 containsT-dependent data extracted for both impurity and defect-relatéd scattering as the most likely
the antidot sample and an unpatterned Hall bar with a togcattering mechanisms determiningt low T. In contrast to
gate(used to change the carrier dengitxbove ~70 K, the 1/7,, the ballistic scattering rate 1/ follows a linear tem-
top gate utilized on a separate Hall bar lost its ability toperature dependence for 0.4<KT' <51 K (Fig. 3). The lin-
modify Ng, and substantial gate leakage currents appeare@ar dependence may result from acoustic phonon scattering.
indicating a lack of confinement of the 2DES, and the apindeed, at lowT, acoustic phonons produce small-angle scat-
pearance of parallel conductance channels. We have thergsring, to which 1k, is not sensitive® 2 The ballistic trans-
fore limited part of the data displayed ovEiin Fig. 3 to the port measurement, however, is expected to display an en-
range 0.4 kK<T<51 K. The mean-free-path, calculated hanced sensitivity to small angle scattering, and may indeed
from 1 andNs on the gated Hall bar, ranged from 1.280 g jimited by acoustic phonon scattering at Iéwin particu-
at 0.4 K to 1.14um at 51 K at zero gate voltage, a drop of |5 small-angle scattering has been invoked to explain re-

only 10%. The maximé1 are reduced by-33% over this 4,064 peak amplitudes in periodically modulated 2DESs.

temperature range. It is well kn(l)wn from ballistic transverse In summary, we fabricated and measured transport prop-
magnetic focusing experiments™and from ballistic antidot erties of antidot lattices on an InSb/InAISb heterostructure.

expenment% that the amplitudes of ballistic magnetotrans- Strong characteristic features of ballistic transport were ob-

port signa!s .depe’?d exponentially on the ratio Qf the Ie.ngthserved at temperatures up to 50 K, beyond which the strictly
of the ballistic orbit(e.g., for transverse magnetic focusing, two-dimensional character of the electron system was lost.

the distance traveled between the injector and collector CONe,  temperature dependence of the maanetotransport data
tactg, to a characteristic decay length. This decay length is P P Y P

experimentally not identical to the mobility mean—free—path,“?\./eals that dlﬁerent_ s_catter_mg me_chamsms determine mo-
since ballistic experiments may experience an increased seR'—“ty values and ballistic antidot lattice transport features.

sitivity to small-angle scatteringo which » as an average The authors acknowledge support from the National Sci-
property is not sensitiye*? Hence the scattering time deT ence Foundation under Grant No. DMR-0094055.

rived from the decay length addresses different scattering

phenomena than the mobility scattering time, and it is of i gnssiin and P. M. Petroff, Phys. Rev. £ 12307(1990; D. Weiss, M.
interest to compare the temperature dependence of both in.. Roukes, A. Menschig, P. Grambow, K. von Klitzing, and G. Weimann,
the unexplored Isb/InAISb system. The maxima corre- Phys. Rev. Lett.66, 2790(1991).

spond to a cyclotron orbit pinned around one antidot. Hencez?l-g\évziss, K. Richter, E. Vasiliadou, and G. Litjering, Surf. 5305 408
l(é()nlg()t\évlpogcﬁae:éc?éri\ls\lt?c rdeep(g(;/elJggethré:;(;?angbawﬁgﬁeLOUI’bIt 3J. Heremans, B. K. Fuller, C. M. Thrush, and V. Bayot, Phys. Re%48

! ' cTps We 2685(1996.

is the cyclotron frequency @®1 and g is the characteristic  “a porn, M. Sigrist, A. Fuhrer, T. Ihn, T. Heinzel, K. Ensslin, W. Wegsc-
scattering time for ballistic transport in the antidot lattice. heider, and M. Bichler, Appl. Phys. LetB0, 252 (2002).

The scattering timeq-ﬁ was then calculated usin@l °K. J. Goldammer, S. J. Chung, W. K. Liu, M. B. Santos, J. L. Hicks, S.
Nexq_zﬂ./ wcTﬁ)s- Since the proportionality factor is not Raymond, and.S. Q. Murphy, J. Cryst. GrOV\mlIZOZ 753(1999; S. J.
known, the relation allows us to calculate the temperature g:‘olwr?” v’\\l/: E.a'l’_ilf‘Fﬁ' EKth:g:rr:aSt SJ : g: ,\'jl'jfsr‘]y}’('aia C,;\A?Id;msr?ﬁ’o:'
dependence of the scattering raterd 6nly to within a con- Physica E(Amsterdany 7, 809 (2000).

stant, namely its value dt=0.4 K. Yet, it is the temperature  °H. Chen, J. J. Heremans, J. A. Peters, J. P. Dulka, A. O. Govorov, N. Goel,
dependence of I that is of interest, and thus Fig. 3 con- S.J. Chung, and M. B. Santesnpublishegt N. Goel, S. J. Chung, M. B.
tains this quantity compared to its value a@t=0.4 K, Sz?)ntzossi goiuzugiiehﬁiéasgita, and Y. Hirayama, PhysicArBsterdan
A(]'/TB)_.llTﬁ(T)_1/7-'8(1—_0'4 K) versusT. Flgur.e 3 re- . iErom;, M?iitzlsperg(er, l;‘) Weiss, J. H. Smet, C. Albrecht, R. Fleis-
yeals a Ilnear dependence ofrg/on T. For comparison, the chmann, M. Behet, J. De Boeck, and G. Borghs, Phys. ReS9ER7829
inset in Fig. 3 contains the temperature dependence of theggg.

mobility scattering rate 14, calculated fromu measured on  °R. Fleischmann, T. Geisel, and R. Ketzmerick, Phys. Rev. 1681367
the plain sample at zero top gate voltage from 0.4 to 152 K. (1992. o ' _

Above 60 K the behavior of ]7{# approximateSsz while (;AY:X;U(S;(])%B@' G. Lutjering, D. Weiss, and K. Richter, Phys. Rev. Lett.
flattening _rapldly below_ 60 K. We interpret ¥ behavior % C. van Son, H. van Kempen, and P. Wyder, Phys. Rev. [5&t1567

at such hlghT as resultlng from polar optlcal phonon scat- (1987; J. Spector, H. L. Stormer, K. W. Baldwin, L. N. Pfeiffer, and K.
tering, dominant at the higher temperatujf%AI lower tem- W. West, Surf. Sci.228 283(1990; F. Nihey, K. Nakamura, M. Kuzu-
peratures(T< ~40 K), temperature independent scattering hara, N. Samoto, and T. ltoh, Appl. Phys. Le57, 1218(1990.
mechanisms, such as ionized impurity scattering, and inter-J- J. Heremans, M. B. Santos, and M. Shayegan, Appl. Phys. 6it.

face roughness scattering, limit, and result in a constant 1652(1992. . .
9 g, limt, 2p Ramvall, N. Carlsson, P. Omling, L. Samuelson, W. Seifert, and Q.

é(/) :\‘/Ln ?gti;a:o%‘gr”?”t ﬁ;ﬁtﬁiriggéﬁsvggggg rr?g:gg:tirrl?g?;rrteasm Wang, Appl. Phys. Lett70, 243(1997; R. G. Mani and J. R. Anderson,

- » Phys. Rev. B37, 4299(1988); S. Das Sarma and Frank Sterbid. 32,
since the longitudinal optical phonon energy in InSb is 844)1/2(1983. (o ‘
24 meV, compared to 36 meV in GaAs. Whé\y is in- in. Hirakawa and H. Sakaki, Phys. Rev. 83, 8291(1986.
creased by means of a positive front gate volt(:ﬂgand 5V; H. Sakaki, T. Noda, K. Hirakawa, M. Tanaka, and T. Matsusue, Appl.
upper inset in Fig. B u increases and maintains a similar 15?'“"33‘ b?;;%élislglig N, Gool M. A Ball S. 1. Chuna. M. B
dependence om. From the increase ip with Ng at low T, Jéhn'son’ and M. B. 'Samoi" J..Cryst.’Gré)vﬁ.ﬁ:L 55’1@063' g M- 5
we can conclude that is not limited by interface roughness p ggggild, A. Boisen, K. Birkelund, C. B. Sgrensen, R. Taboryski, and P.

scattering at the lowest temperatu?éé?his leaves ionized  E. Lindelof, Phys. Rev. B51, 7333(1995.

Downloaded 20 Sep 2004 to 163.118.202.149. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



