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Tamme-like states in finite antidot lattices
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Transport properties of finite antidots arrays, with large lattice parameters and electron densities, may be
roughly understood from a semiclassical approach. For weak magnetic fields, commensurability effects be-
tween the antidot spacing and the cyclotron radius are present with interference patterns superimposed on the
magnetoresistivity. For higher magnetic fields, transport through edge states becomes relevant. In the present
work, we discuss a completely different behavior that should occur in the quantum limit, for short lattice
parameters and small electron densities. The key feature is the formation of surface Tamm-like states within
the gap of the lowest bulk bands of a finite antidot lattice. The surface of a finite antidot superlattice may act
as an isolated quantum ring, a coupler of the superlattice to the contacts, or a barrier between the bulk of the
antidot lattice and the contacts, as a function solely of the applied magnetic field.
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[. INTRODUCTION hancement of the modulation could lead to what is called a
dot lattice: a Fermi sea is broken into lak@gsiantum dots

The combination of high-mobility two-dimensional elec- and confined in the interantidot valleys, so that we have
tron systems(2DES’9 with the possibility of patterning weakly interacting artificial atoms such as core states in real
them down to the nanometer scale, has brought about arystals. This transition from an antidot lattice to a dot lattice
almost unlimited playground for research in condensedis also addressed in the present paper, concerning the robust-
matter physics. This statement is true from several points ofiess of the surface state effects. From the point of view of
view. For example, one just has to recall unexpected phetransport properties, we consider a nearly ballistic regime,
nomena such as the quantum Hall effect, or a driven seardte., a finite system where the distances between surfaces are
for the properties of artificial atoms and molecules made ofess than the electronic mean free path.
the above-mentioned low-dimensional structured semicon- What is usually called an infinite antidot lattice sustains a
ductor systems. close analogy to real crystals: a mean free path larger than

From another point of view, low-dimensional semicon-the crystal periodicity, but much smaller than the distance
ductor systems modulated in so-called lateral superlatticelsetween surfaces. Since the first experimental results on
may be considered artificial crystals, whose transport propmagnetotransport in infinite weakly modulated lateral
erties are tunable from a classic reginte the quantum superlattices®?’~*3and antidot lattice$;*~?°there has been
limit,?> through a parameter range where semiclassicah great effort from a theoretical point of view in order to shed
corrections can be verified. These systems settle the contexiight on the classical’?? semiclassicat®=2°or quanturi®=*!
of the present work: an example of the quantum confinemenrtmits of these transport properties, as well as their relations
effect in a mesoscopic finite crystal with unusual conse+to the electronic structure. On the other hand, finite square
quences on the electronic and transport properties of the lalateral superlatticé$ have received considerably less atten-
ter. The confinement effect we are talking about is a onetion. In the context of the present work, one should mention
dimensional analog to a Tamm state a finite antidot the study by Zozoulenket al3* and, very recently the work
lattice, and the unusual properties are related to a coupling dfy Gudmundsson and co-workéfs? the latter was related
this surface state to the bulk of the artificial crystal, that carto a weakly modulated mesoscopic system and its magneti-
be switched on and off by tuning a magnetic field perpenzation properties.
dicular to the system. The surface states of a finite square antidot lattice give

Here we refer to antidot lattices as strongly modulatedrise to a quantum ring>** which is completely decoupled
2DES'’s, in the sense that the Fermi energy is below thdrom the bulk of the system if these states are localized in a
potential modulation hills. Many of the transport propertiesgap of the bulk-related electronic bands in the absence of a
of artificial crystals in the classical regime referred to abovemagnetic field. Turning on the magnetic field, this quantum
have been measured in such antidot lattices. A further erring couples to the bulk and decouples again at higher mag-
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PN mental observation of the discussed effects are given.
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CO® O 6008300 The lower part of the energy spectrum of a two-

PP 0000000 dimensional(2D) array of antidots, that can be described in
dl® > 0000000 c¢ (3 the framework of the effective-mass approximation, will be

® P 00 00 00 I & emulated here by a tight-binding model for a square lattice of

OO0 & 0 0 e e & O C slike orbitals, considering only nearest-neighbor

000 3008 ® 000 interactions’>34The potential modulation is given simply by

OO0 00O ®OO0O0 a periodic modification of the atomic site orbital energy in

OCO0O00® & ® OO0 O order to mimic a given potential profile due to the antidots.

This modeling becomes clearer by referring to Figa)l
where a unit cell of the square lattice showing one antidot is
shown, and Fig. (b), where a finite array of 55 antidots is
represented. The lattice parameter of the antidot array is
=na, wherea is the host lattice constant, and the lateral
dimension of the array is=ma’. The colors of the sites in
Fig. 1 indicate the potential profile: black defines the antidots
(b) (barrier region, white defines the host 2D system, and gray
represents an interdot potential smoothing of the small inter-
barrier height. The surface of the antidot array is defined by
hard wall boundary conditions.
The magnetic field is introduced by means of a Peierls
substitution, choosing the Landau gaude=(0,|,aB,0),
leading to the following model Hamiltonian:

FIG. 1. (a) Antidot unit cell with a lattice parametea’ =na,

wherea is the host latticeconstant. The color of the circles indi-

cates the local potential profile: black for the antidot regions down H= >, {£|l|2|lllz)<lllz| +V|l|2[|I1I2)<I1+ 1),

to open circles for the host materigh) Finite square %5 antidot il

3;2?:;;:1“;3\,\',??;2),dlmensmh_ma build up by repeating the +||1+1,| 2><|1|2|]+V|1|2e|2m|1[||1|2><|1,|2+ 1|
+[11, 12+ 1)(1al 1}, )

netic fields. By properly choosing the electronic density and

the antidot spacing, the Fermi energy lies in the surface-state L _ .

band, and one expects dramatic consequences in transport4a€rel, andl, are site indexes in the andy directions,

a function of magnetic field, due to the one-particle elec-1,1,= Es IS the atomiclikes orbital energy which is varied
tronic structure characteristics mentioned above. along thehost lattice andV, |, is the nearest-neighbor hop-
The discussion of these surface state effects is the aim gfing parameter which is kept constant\te: —#.2/2m* a2 in

the present work. We should stress the fact that these bongth x andy directions.

fide surface states are of a completely different origin than The magnetic phase facter is defined bya=®/®,,

the edge states around antidots and at the edge of the coghere®.=h/e is the magnetic flux quantum, arbl=a’B

fining external square reported in one of the few experimenis the magnetic flux per unit cell of theost lattice There-

tal results on such systems obtained by Schuetted.*? fore, the magnetic flux through an antidot unit cell is given
The paper is organized as follows. First we briefly presenby &' =n2d, and the magnetic flux through the total array is

the model calculation, which will be followed by a discus- T=n2m2®.

sion of our results. We initially focus on the energy spectra The Schrdinger equation is solved by finding the eigen-

of a finite lattice in the presence of a magnetic field, showing,alues and eigenvectors via standard matrix diagonalization

the evolution of the surface states and bulk bands as well agethods. The eigenvectors are given |§y>:2(:|1|2||1|2>

the spectrum change caused by going from an antidot IatticgEF - th bability densitv is qi P d th
to a dotlike lattice. Next we further investigate the surface . 1z ' Propablity density’is given b¥|¥), and the

and bulklike states by means of the probability density ofProPability current by
selected eigenvectors, as well the local current density pat-

tern, which give further insight into the measurements of 2

; Vv .
these effects by means of magnetotransport. We also discuss J:z —[Ff (F 1. —F L _)i
the influence on the spectra and current density of including fp 1A - w2 1miz

wide contacts to the system in a two-terminal configuration.

* —i2mal _ al2mal H
Finally, our results are summarized, and estimates for experi- + Flllz(e Fi e 1':'11'2*1)1]' @
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Ill. RESULTS AND DISCUSSION
A. Parameter choice

We emulate a system witin* = 0.067m,, using a heuris-
tic lattice constana=2 nm, resulting in a hopping param-
eterV=—142 meV. We take the atomgorbital energy for
the host 2D system $1|2=4|v| =568 meV, so our energy

origin coincides with the bottom of the GaAs conduction

band, giving an appropriate energy scale for our results.
The atomic energies for the antidotlike sites, black in Fig.

1, are shifted t09|1|2=8|v|, representing a barrier height of

568 meV. On the other hand, the atomic energies for the
intermediate sitek; (gray sites in Fig. Lare varied between
4|V|<E;<4.9V|, representing an interdot potential smooth-
ing around the antidots. In summary, the surface of the anti-
dot array is modeled by an infinite barrier, while the antidots
are potential barriers 6£0.5 eV. All results shown here are
for the structure represented in Figbl a 5X5 array of
antidots fm=5) and a unit cell of 1X 11 sites =11) of

the host lattice with a’ =22 nm andL=110 nm. The anti-
dots, showing approximately a cylindrical symmetry, have
an effective radius of approximately 7 nm. The lower bound
is achieved when the atomic energies of the intermediate | (b)
sites areE;=4|V/|, while the upper bound is fdg;=4.5V/,
characterizing, as will be seen in what follows, antidot
array and aot array, respectively.

The present results are robust regarding antidot shapes
and antidot lattice parameters up &=55 nm. This has
been checked for the same antidot unit cell described by an
n=11 array, as the results shown here, by increasingdlsé
lattice parameter froma=2 to 5 nm, using the same
effective-mass value and consequently reducing the host
band width. The choice of the finer mesh for our systematic [
study is a compromise between numerical costs and a good i
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resolution of probability and local current density structures, 50 st ]
as well as an adequate emulation of the effective-mass ap- | (c)
proximation limit. 5
At the end of the present work, we consider the effect of b0 b e L L

: ; 0 0.02 0.04
adding contacts to the closed structure of Figh)1These /D
contacts are modeled by long strips of finite width made of e
the samehost lattice connected at the center of the left and £ 2. Energy spectra of a55 antidot lattice for three differ-
right sides of the antidot array. ent modulation profiles as functions of magnetic fighj. Antidot-

like lattice. (b) Antidotlike-to-dotike lattice transition(c) Coupled-
_ dotlike lattice. The horizontal arrow ife) indicates the modulation
B. Energy spectra of closed antidot arrays period of the incipientordike band. The vertical arrows itb) are

The starting point for describing the properties of a short-described in the text.
period finite-antidot array is given by the electronic structure,
as a function of magnetic field, for different effective antidot E; models a saddle shape interantidot potential that could be
radii as shown in Fig. 2. Here we focus on the very bottom ofexpected, for instance, by reducing the electron density.
the energy spectrum, namely, the quantum limit. Recalling The lowest energy band, in all three cases, is a core bulk
Sec. lll A, all the spectra are for the structure depicted in Figband, which shrinks monotonically with increasing modula-
1(b) and we turn from an antidotlike systeffig. 2@] to a  tion strength. For states above this core band, more dramatic
coupled-dot arrayFig. 2(c)] by increasing the intermediate changes in the spectrum occur by increasing the modulation
sites atomic energy only fror; =4|V| to E;=4.5V|. Fig-  strength. For the smallest antidot rad[ig. 2(a)] almost a
ure 2b) shows a transition between both limits, an continuum of states can be seen above 50 meV. On the other
antidotlike-to-dot-like lattice transition, forE;=4.25V|.  hand, in Fig. 2c) we see that this continuum of states
Varying the energy of these intermediate sites is the onlyevolves to three narrow bands. The origin of the two higher
parameter change we address in the present work. Increasibgnds at zero magnetic field are the first doubly degenerate
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levels of a quantum dot. This degeneracy is broken by ap- S T T T T T
plying a magnetic field, as expected from various previous
results on isolated quantum ddfs*®>#®One of these bands
anticrosses at finite magnetic fields with a very narrow one,
which is a surface state band. It can be seen in Fif®, 2
2(b), and Zc) that this surface state band separates from
bulklike ones with increasing potential modulation, i.e., go-
ing from an antidotlike to a dotlike finite lattice. This behav-
ior characterizes a 1D Tamm-like state in analogy to the 2D
case in finite superlatticés.

Signatures of an anticrossing between bulk and surface
states are already seen for an antidot lattieig. 2(a)] but a
clearer identification of both kinds of states in the energy
spectrum is obtained at a transition from an antidotlike lattice —— T
to a dotlike latticd Fig. 2(b)]. In what follows, we will con-
centrate on the system described by the spectra of Hij. 2

A finite array of antidots can be equivalently described as
a dot lattice. The terminology is just a matter of modulation
strength, as shown by the examples in Fig. 2. Therefore, the
finite array of 5<5 antidots shown in Fig.(b) is equivalent
to a 4x 4 array of bulklike dots with 16 dots at the surface
walls together with four “corner dots.” From this point of
view, one can identify the bulk or surface character of the
states in Fig. 2 by state counting: the first bulk core band
count is 16 states, due to the ground levels of the bulk dots; | (b)
while the first surface band will also have 16 states for the ) I Ly
present case, but these will be higher in energy since the 0 0.002 0.004
surface wall dots are smaller, splitting into groups of four o/D
states due to the presence of the corners. This can be verified
by looking closer at the spectrum of Fig(b? at low mag- FIG. 3. Amplified energy spectra of the lowest bands in Fig.
netic fields: Fig. 8) shows the surface state spectra in detail,2(b) for lower magnetic fieldsa) Surface states band&) Corelike
and Fig. 3b) the corelike band at low magnetic fluxes. In bulk band.

Fig. 3(a) we count four subbands with four states each, an

E (meV)

28

E (meV)

26

I 1 I 1 n
0.006 0.008

e

.o : cE)eriodicity in the magnetic flux, with the period given by a
in Fig. 3b) _only one band with 16 stait1es.. .auantum flux. The present quantum ring, a quasi-one-
Two main aspects should be emphasized as regards Figimengjonal ring of boundary quantum dots, has a finite

3. The first one refers to the bulk_ band, which shows, for al!vvidth and shows an internal structure in the spectrum by
cases shown in the spectra of Fig. 2, an envelope that osCignstruction(the presence of “corner dots,” as discussed
lates periodically with the magnetic flux. This period, indi- ahove. Deviations from a perfect periodicity are also ex-
cated by an arrow in Fig. (3), is approximately®/®.  pected, due to a small coupling to the second bulk band
=8x10" 2, which corresponds to a flux quantum through an(already at very low magnetic fluxeswhich is magnetic
antidot unit cell @'=n®,n=11) in our case. This is a field dependent.

further signature of the bulk character of this state, and evi- Having these results in mind, and considering an elec-
dence that for such a small system fingerprints of bona fidéronic density corresponding to a Fermi energy within the
bands of an infinite system are already present. Indeed, thisurface state band at zero magnetic field, a short-period finite
band is a precursor of a Hofstadter spectriifi-*"*8the  antidot lattice shows an unusual behavior in this quantum
internal self-similar structure is not yet resolved, but a bandimit. For very low magnetic fields the structure acts as a
envelope modulation scaling with an integer number of fluxquantum ring. Increasing the magnetic field, the quantum
guantum per unit cell is clearly seen. Second, referring to theing couples to the bulk states, while a further increase of the
surface state bar{dFig. 3@)], the subbands also oscillate in a field would make the Fermi energy lie within the second
nearly periodic fashion. The oscillation period has an averbulk band. From the point of view of transport properties,
age value aroundb/®,~7.5x10 4, equivalent to a flux these results lead to the following inference: for low mag-
guantum through an area corresponding to the nine internaletic fields the structure would show persistent current ef-
antidot unit cells, as expected if the surface state behaves &scts, while, for high ones, the surface acts as a barrier be-
in a quantum rind>** This quantum ring behavior can be tween the interior of the array and eventual contacts that
inferred from a comparison with the spectrum of an idealcould be connected at the walls. These consequences on
one. The simplest model for a quantum ring is a onetransport properties can be further characterized in what fol-
dimensional tight-binding ring of sites, enclosing a magnetidows, where we analyze the probability densities and local
flux, which can be treated analyticafly.In such a simple current patterns related to selected states of the spectrum
model, the spectrum shows a particle-hole symmetry and given in Fig. Zb).
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FIG. 4. Probability density and local current pattern of a surface FIG. 5. Same as Fig. 4 for a coupled surface-bulk state at
state ath/d,=3x 104, O/P,=1.4x10"2

C. Probability and local current densities of closed arrays mensurability between the magnetic flux and the antidot

i ill determine th dulati f th babilit
A better understanding of the behavior of a finite antidotSpacmg wil cetermine Hie moduiation o fhe probabiity

in th limi f . f th _density for the interantidot regions at the surface.

array in the quantum limit, as a function of the magnetic Figure 5 shows the probability density and local current
field, can be obtained by inspecting the probability density, e for a state at an anticrossing between surface and
and local current pattern associated with individual eigen}Julk states in Fig. @). The magnetic flux now isb/d

. @). e
states of the system. For the parameters chdserbe, cor-  _q 4. 10972 (vertical arrow, equivalent to a high magnetic
responds to a magnetic fieR=10®> T. Therefore, the anti- field B~14 T and a small magnetic lengtg~7 nm. The
crossing :f |(|j:|g~' ) at ;]I_)/dbewo.o_l :olr(;esp)lond; to q coupling between bulk and surface can be clearly seen in the
magnetic fie B~10 T This magnetic field value depen 1S robability density distribution at both surface and bulk re-
on the antidot spacings as well as on the modulatlorg

h- in th il din Fi h ) ; ions. The current patterns in the bulk exhibit, due to the
strength: in the case illustrated in Figap, the anticrossing g\ magnetic length, a character of edge states around the
starts atB~5 T. These are still relatively high magnetic

. . ) central antidots of the array, as well as hopping from one
fields, since the coupling between the bulk and the quanturgyge (6 the other, since the antidot effective diameter is quite
ring occurring aB=10 T corresponds to a magnetic length large compared to the spacing between th&m.
ls=256/A/B~8 nm, which is less than the interdot spacing  These probability density and local current mappings are
(a’=22 nm). Itis important to note that the potential modu-rg|ative to the antidot lattice whose energy spectrum is de-
lation effects are still important in the limig<a’, as can be picted in Fig. Zb). For a weaker interdot potential modula-
seen in the periodic modulation of the bulk bands of Fig. 2tion, as in Fig. 2a), an edge-bulk anticrossing occurs at
as discussed above. One has to be careful to respect the linjifyer magnetic fields, for which the magnetic length is com-
|g=2a, below which the present approach ceases to emulatgaraple to the dimension of the array itself. On the other
the effective-mass approximation, and tiwst latticeeffects  hand, the quantum ring is less well defined, since the Tamm-
become important. like states are already merging with the bulk states at very
In this context, an interesting behavior related to the surjgyy magnetic fields. It is important to note, however, that, in
face states can be observed at low magnetic fields. Figure yhe case of Fig. (), the quantum ring is well defined at low
shows the probability density and local current pattern of thenagnetic fields and the bulk band structure effects are im-
highest state in energy of the surface state band of K. 2 portant up to magnetic fluxes beyond the anticrossing region,

at the magnetic flud/®.=3x 10 * (vertical arrow, which a5 indicated by the periodic modulation of the bulk band
corresponds t~0.3 T andlg~=47 nm. One can see that \idth.

the probability density and the current loops are spatially

squeezed at the surface at dimensions a few times smaller

than the length scale given by . This picture confirms the D. Contact effects

guantum ring behavior inferred from the energy spectra in The closed systems analyzed so far fit into the context of
Fig. 2. Due to the antidotlike potential modulation, the com-searching fingerprints of the spectral features of Tamm-like
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FIG. 6. Same as Fig. 4 for a Tamm state connected to contadigdag=3Xx 10 *.

states on the magnetization, as discussed for weakly modunodel is also suitable for this further step, namely incorpo-
lated structures by Gudmundssenal *> However, an analy- rating infinite contacts in a similar way as in previous
sis of the modifications introduced by contacts is of paraworks3*
mount importance regarding transport properties Figure 6 illustrates modifications due to the contacts on
measurements. the behavior of the closed structure discussed so far: the
For this purpose we proceed with the fundamental step gprobability density and local current pattern for a Tamm-like
analyzing the robustness of the quantum-ring and antidatate coupled to contacts fab/®,=3x10 % are nearly
spectra fingerprints, when a continuum of states is introducedquivalent to the closed structure counterpart shown in Fig.
to the problem by adding contacts. We consider two4. It can be seen that the quantum ring character is preserved,
contactd* centered at the left and right sides of the structuren spite of the wideness of the contacts. Since the magnetic
shown in Fig. 1b). These contacts are finite strips, of host-lengthlg~47 nm is of the order of the strip length, strong
material-like sites, which are quite widthree antidot cells  interference effects appear in the lateral strips. It should be
and long(each contact considered is at least as long as theoted that such effects are partly present even for infinitely
lateral dimension of the square array itgelfhese dimen- long strips, iflg is of the order of the contact width. The
sions are sufficient for probing the coupling between a finitemain point here, however, is the robustness of the quantum-
array with outer regions. The mean level separation in theing probability density and local current pattern in the pres-
surface and bulk bands of the closed structure is of the samence of such contact strips. For higher magnetic fluxes these
order as in the contact regions considered; therefore, the cointerference effects disappear, and a well-defined quantum
pling can be adequately followed as a function of either enting now couples to edge states of the contdnts shown
ergy or magnetic flux. Furthermore, with such wide contactshere. With a further increase of the magnetic fluxes, one
we are minimizing point-contact effects that could hinder thecould see that these contact edge states first couple to the
Tamm-like state effects. The contact regions, however, dbulklike states of the array. In Fig. 7, an example of a
not guarantee a bona fide continuum for calculating conduceontact-edge state coupled to the array for an energy near the
tivities, for instance, a situation where infinite contacts areanticrossing between the bulk and surface states bands of
more appropriate. It should be mentioned that the preserfiig. 2(b), at ®/d®,=1.4x10 2, is shown. In the unmodu-

30
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FIG. 7. Same as Fig. 4 for a coupled surface-bulk state connected to contdoi® at 1.4x 102,
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lated contacts the edge states are defined, since the magndiihography technology. From what has been shown, the ef-
lengthlg~7 nm is much smaller than the contact widé® fects would be resolved by available temperaturesTof
nm). Within the array, the probability density and local cur- ~100 mK. On the other hand, typical 2DES’s with mobility
rent pattern show fingerprints of a state with both bulk andu~100 nf/Vs, and densitn~2x 10'®* m~2, patterned in
surface character, like the case depicted in Fig. 5. The cuffinite antidot arrays with a spacing @ =40 nm (corre-
rent pattern presents a character of internal edge states, wigponding to an effective antidot radius of approximately 14
the edges defined by the antidots of the array, as well asm, if we consider the same structure geometry of Fig. 1
interedge hopping, since, as mentioned above, the antidetould satisfy the requirements of long enough mean free
effective diameter is quite large compared to the spacingaths and partially filled surface states band to warrant the
between them. observation of the above-discussed effects. On the other
hand, such an electronic density in the finite array region
IV. FINAL REMARKS represents a Fermi wavelength~56 nm which is of the
) o order of the typical dimensions of the system. Therefore,
In summary, the 1D Tamm-like states of a finite squaregcreening effects could be worth considering, but should not

antidot lattice give rise to a quantum ring, which is cOm-pe gtrong enough in order to qualitatively change the phe-
pletely decoupled from the bulk of the system if these state§,mena pointed out hefd.

are localized in a gap of bulk-related electronic bands in the Finally, the surface of a finite antidot array shows some
absence of a magnetic field. Turning on the magnetic fieldyecyliarities compared to the surface of a 2D superlattice.
this quantum ring couples to the bulk and decouples again giesides the difference between the surface barrier and anti-
higher magnetic fields. By properly choosing the electronicyat modulation heights, it is unavoidable that the dot size at
density and the antidot spacing, the Fermi energy lies in thgye poundary is different than in the bulk of the array. This
surface state band, and one expects dramatic consequencgsyact is as important as the relation between barrier heights
on transport as a function of magnetic field, due to the oney, getermining the energy of the surface state band. The an-
particle electronic structure characteristics mentioned. Th%crossing between these states and the bulk state. is rather
surface of a finite antidot superlattice may act as an isolateg, st against the changing surface posifiom surface
quantum ring, a coupler of the superlattice to the contactSyiate (Tamm-like band is nevertheless always present. For
and a barrier between the bulk of the antidot lattice and the, faces farther apart thara? from the boundary antidot
contact, by solely increasing the magnetic field. These be(':enters, the quantum-ring spectrum merges into the first

haviors are the opposite of what is expected in the semiclagy,|yjike band?® which would lead to effects to be discussed
sical limit, where the edge states at high magnetic fields only,, 5 further work.

partially mimic the present surface state effects at low mag-
netic fields. These effects could be observable as oscillations

in magnetoresistance measurements. The oscillation period ACKNOWLEDGMENTS
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