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We study the role of impurity scattering on the photoluminescéRtg emission of polarized magnetoex-
citons. We consider systems where both the electron and hole are confined on a ring stquetoitem rings
as well as on a type-ll quantum dot. Despite their neutral character, excitons exhibit strong modulation of
energy and oscillator strength in the presence of magnetic fields. Scattering impurities enhance the PL intensity
on otherwise “dark” magnetic field windows and nonzero PL emission appears for a wide magnetic field range
even at zero temperature. For higher temperatures, impurity-induced anticrossings on the excitonic spectrum
lead to unexpected peaks and valleys on the PL intensity as function of magnetic field. Such behavior is absent
on ideal systems and can account for prominent features in recent experimental results.
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I. INTRODUCTION net radial polarization of the exciton naturally exists
and the ABE could be strong enough to be detected by pho-
A charged particle moving in a magnetic field acquires atoluminescencgPL) experiments. The optical emission is
phase proportional to the applied magnetic flux due to theredicted to oscillate as the ground-state angular momentum
quantum interference between different closed paths, givinghanges, generating a series of “dark” and “bright” PL emis-
rise to the long-studied Aharonov-Bohm efféBE).! This  sion regions as function of the magnetic flux. The same un-
effect is specially important if the particle’s configuration derlying principle applies in the study of the PL response in

space has a ringlike topology, since the interference effectsemiconductor quantum dots with type-ll band
will create flux-dependent phasiéfferencesof characteristic  alignment!314.20
size, which can be clearly identified in experimehts. The ABE on charged and neutral excito® has

An interesting issue appears when one considers a systebeen reported in recent beautiful experiments and found to
of bound charged particles, formingcampositeneutral ob- be in general agreement with expectations. Although the
ject. An example of such system is a ring-confined excitonabove mentioned “dark windows” have not been experimen-
an optically active electron-hole bound state with experimentally reported for the case of neutral excitons confined
tally accessible characteristics. in self-assembled quantum rinysexperimental evidence

The optical manifestations of such excitonic Aharonov-of the ABE was found in photoluminescence experiments
Bohm effect in semiconductor quantum-ring structures hasising type-ll quantum dots sampEsSome of the findings,
received great attention from both theoreficl and  however, remain not completely understood and interesting
experimentaf-°groups. Whereas one could imagine that noquestions remain open. For example, the experimental
ABE should be expected for neutral particles, a small bufield-dependent PL intensity does not fully agree with the
nonvanishing ABE in neutral excitons confined in one-expected result in quantum rings?* Moreover, as the
dimensional rings was theoretically proposetl.in such  PL signal is collected from an ensemble of dots/rings over a
systems, the exciton’s finite size allows for an internallarge area, the role of impurities cannot be neglected.
polarization of the positive and negative charges in such a In this paper, we discuss the effect of impurity scattering
way that the magnetic flux phases acquired by the electroon the optical properties of quantum rings and study the
and hole do not cancel each other. The ABE amplitude ininfluence of perturbative defects in the optical Aharonov-
one-dimensional systems is shown to depend on the tunneBohm effect in these systems. Previous treatments of disor-
ing amplitude of either electron or hole to the “oppositeder effects in magnetoexcitons in quantum-rings have fo-
side” of the ring and is exponentially suppressed when thigused attention on the underlying dynamics of the electron-
tunneling amplitude decreas®$.An enhancement of the hole dipole momem? We choose a different approach,
ABE is also predicted when an in-plane electric field isconcentrating on the effects of symmetry-breaking in the op-
applied® tical emission intensity.

The ABE is further suppressed when a two-dimensional Our main results can be summarized as follows: even
(2D) “ring stripe” is considered and both electron and holethough impurity scattering leads to mixing of angular mo-
are confined by a finite width potential® However, if  mentum states, signatures of the Aharonov-Bohm effect on a
different confining potentials for the electron and hole areneutral exciton remain for significant impurity strengths. We
considered in the structure, a strong effect is expected ofurther find that finite temperatures not only produce the
the photoluminescence intensitPLl1).1*~2 In this case, a monotonic smoothing of spectral features, but also induce

1098-0121/2004/105)/1553187)/$22.50 70 155318-1 ©2004 The American Physical Society



DIAS da SILVA, ULLOA, AND GOVOROV PHYSICAL REVIEW B70, 155318(2004

-—-— .

P < tum dots, the outside carrier is kept on a ring trajectory due
(a) . N to the Coulomb attraction between the carriers. In both cases,
)/ —7/‘— the polarized nature of the neutral exciton gives rise to os-
' \ cillations on the ground state energy as the magnetic flux
X S BN through the ring changes, due to the accumulation of a net
LA W A i Aharonov-Bohm phase on the electron-hole pair wave
Y e function!-13
N ’ The parameters used in the remaining of the paper
S~ _- model the experimental system described in the work of
-7 |_1"\ Ribeiro and collaborator$. Namely, we set the effective
(b) , N masses m,=0.073n,, m.=0.255n, and ring radii
; . R.=16 nm andR,=19 nm in our calculations. Those values
0 for Ry,y come from direct imaging of the structures as
: well as from fitting the observed spectral features. We also
! consider the experimental value for the size dispersion in
\ \ ’ the dots:AR~0.8 nm, an important element in comparison
M 4 with experiments. Notice that we consider only the heavy
S _.-" hole exciton, as strong vertical quantization in the dots
(or ring9 break the light-heavy hole degeneracy found in
FIG. 1. Schematic representation of a polarized neutral excitotpy |k materials.
in & quantum ringtop) and in a type-Il quantum dabottom) In addition, we consider the effect of scattering impurities
on the ring trajectories. For such structural parameters,
additional characteristics in the PLI that can be attributed taypical single-particle confinement energy scales are
impurity effects. In fact, this suggests the use of disorder0.1-0.5 meV. It is clear from the outset that if charged im-
induced ABE features as a tool to probe into the impuritypurities with strong trapping potentials of ordér~5 meV
potentials and extract information on the confining strengthwere present, the corresponding wave function localization
and localization length of the hole and electron wave funcwould be so large that the Aharonov-Bohm oscillations
tions. Additionally, we will discuss how our results can ac-could not survive. We then consider perturbative impurity
count for recent experimental data on the PLI of type-lleffects, with weak potential strengths that may arise
QDs18 from local strain effects due to lattice mismatches,
The paper is organized as follows: a general description oflistant charge centers and other lattice defects near the
the studied systems and the theoretical models is given imP/InAs interface$! For concreteness, we use the impurity
Sec. Il. Results for the spectrum are given in Secs. Il A angotential strength asU;"®=+0.015 meV, and Ug"P=
[ B. The PL emission, the core result of the paper, is pre—0.023 meV for holes and electrons, respectively, unless oth-
sented in Sec. lll, while our overall conclusions are given inerwise stated.
Sec. IV. One should notice that even though our energy and
length scales are set for comparison with the experiment,
the validity of our results is not restricted to those param-
eters. In fact, as we will see, our predictions hold as long as
The systems to be modeled display a polarized neutrdU™P<#2/2m* R?,
exciton confined on a 2D ringlike geometry and subjected to
a perpendicular magnetic field. The confining radii can be A. Polarized quantum ring
different for electrons and holes due to sample strain and
different carrier masses, giving rise to a net radial polarizafOr
tion of the electron-hole pair. A natural assumption is that theand
radial confining widthw is small (R/w>1) for at least one

Il. THEORETICAL MODEL

We first consider the case where the confining width
both carriers is small compared to the ring radius
include single and multiples-scattering impurities

along the confining region. The impurities are located

of the carriers. on fixed angular positiong® (which can be different for

If both electrons and holes are strongly confined in theyacirons and holgs The Hamiltonian for the polarized
radial direction, the corresponding dynamics is essentlall)ﬁuamum fing reads

one dimensional and can be described by two concentric

rings as on the left panel in Fig(d) (henceforth referred to e 2 e 2

aspolarized quantum ring Pe~ EA(re) Pn* EA(rh)
On the other hand, if only the outer carrier is strongly H=

confined radially, then the inner carrier’s wave function has a

more extended character and the system will have a type-lI + > UM (6, — 6°) + UI™s( 6, — 0?) +Ver(Talh),

quantum dot characteristic distribution of carrigfFgy. 1(b)]. i

In this situation, the confining potential profile is such that 1)

one of the carriers is confined inside the dot while the other

is kept spatially separated on the outside. For disklike quarwherem;(h) are the electroithole) effective massed is the

* * +V
2me 2mh rng
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FIG. 3. (Color onling Hole probability ground-state distribution

FIG. 2. (Color onling Electron(red thick ling and hole(black  for attractive(red line and insejsand repulsivgblack line) impu-
thin line) energy levels as function of magnetic field for the unper-rities at §,==/2 (top panel and two impurities atdy=7/2 and
turbed(top) and impurity-distortedbottom) cases. 6o=3m/2 (bottom panel Dashed line shows the unifor2m7)™*

probability density for the unperturbed case.

vector potential, anng}f) are the electrorthole) impurity

strengths. The last term is the Coulomb electron-hole inter®n/ Po is @ half-integer. In a unperturbed system, momentum

action. changes of the ground state result in sharp dabkight
Following the preceding discussion, the effective Bohrtransitions in the PL of the QR. S o

Therefore, even thoughR/ag~2, we have w/ag<1 of Hamiltonian(1) in this {|Wexcp} basis. The single-particle
if the radial confining widthw is small(R>w). An estimate  matrix elements(l’|U"™?|l) can be calculated analytically,
for the confining and Coulomb energies givk¥2m*w?  giving

~60 meV and eZ/sra*B~ 10 meV, respectively, for _

w~ 3 nm andag~ 10 nm. Since our main interest resides on 1|umly = (ﬂ’)z gAleP
the impurity effects in strongly confined noncharged excitons '
(w/ a;< 1), the attractive interactioV,, has a perturbative
effect in the level structure and its main effect is to provideywhereAl=1-1’, and 6, is the angular position of the impu-

weak correlation effects and a constant binding energy shiffity, as shown in Fig. ). From Eq.(4), one can readily see
Eexce Which we can safely ignoré.We should mention that, ~ that the impurity potential breaks the rotational symmetry of
for strong interactions, an interesting coherent drag effecihe system since it couples &ll)} states. Thus, the excitonic

may reveal itself in the flux dependence of the photolumi-giates will no longer have definite angular momentum but

nescence, akin to the case of electronic systéms. rather be a linear combination of the form
The unperturbedUgh=0) Hamiltonian is separable and

can be solved analytically. The angular energies and eigen- pexel =SV ch e 1 ohy o] e 5
functions are given by Wy ) IEh Ik |e,k|<P|h> |<P|e>- (5)

(4)

J

2 o 2 The effect of such symmetry breaking on the energy
(0) h — Teh
E”(len) = | ,
(h)

—— ey ¥ ——— (2) levels is seen in Fig. 2 in the case of a single impurity.
2Mgn)RG o All the level crossings at magnetic field values where
D)/ Po=n/2, present in the unperturbed systeftop
1. pane), become anticrossingswith width proportional to
¢fM(6) = —==e'e? = (rl o), 3 wh, as shown in the bottom panel. It is worth mentioning
V2 that the spectrum remains unchanged under angular displace-
. . ments of the single impurity, sina® — 6°+A6 only gives a
whereRgy,) andlgp are the electroghole) confining radius phase to the matrix elements).
and angular momentum value, respectivaby, =R B As a consequence of impurity scattering and of the attrac-
are the individual fluxes andy=h/e is the unit quantum tive Coulomb interaction, both the hole and electron wave
flux. The energy levels of electron and hole on the ring ardunctions tend to be localized arouﬂﬁl This effect is shown
shown on the top panel of Fig. 2. in Fig. 3 for the hole probability densitj,(6)|> for one
In this model, the excitonic states are given by a superpoimpurity, as well as for the case of two impurities separated
sition of electron and hole stat§¥ )=l ®|l,). These by a distance\§ atB=0. In the latter case, the wave function
states have well-defined angular momentum values given big pinned até, and 6,+A6 when U™P<0Q and is repelled
L=I,+l, and energies given tﬁeXC‘:Ego)+EL°). The ground  from these angles fod'™P>0. We find this pinning to be
state angular momentum changes whenever eithé®, or  only weakly dependent on magnetic field.
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case, the coupling given by E@l) vanishes whenevexl,, is

an odd number. In terms of symmetry, such arrangement is
equivalent to having arlongatedring instead of a circular
one. As a consequence, the anticrossings,#@tbo=n/2 with

odd n disappear while the ones at evememain, as seen in
the right-hand panel of Fig. 4.

Energy (meV)

[ll. PL EMISSION INTENSITY

Once the spectral characteristics of the system are ob-
tained, the photoluminescence emission intensity can be cal-
culated. We consider optical interband transitions neatthe
point of the solid. Since the photon angular momentum is
taken up by the conduction-valence band transition matrix

FIG. 4. (Color onling Excitonic energy levels as function of €lément, the emission intensity is proportional to the prob-
magnetic field on a type-Il quantum dot for one impuiitsft-hand  ability of finding the exciton on the =0 state and also to the
side) and two symmetrical impuritiegight-hand side Some level ~ overlap between the electron and hole wave functions. The
crossings are restored in the symmetrical configuration, as indicate@ptical emission occurs then only lif=—Iy. This represents

502468100246810
B(T) B(T)

by arrows. the selection rulen the electron emissiod-22If the exci-
ton is on statgW ), the emission intensity; is then given
B. Type-ll quantum dots by
The Hamiltonian for the type-Il ring-confinement model I o |Ai|2Pi"=0, (8)
reads .
with
H=H +i(ph+9A(rh))2+v- + 2 U6, - 6°) 2
ot omy c fing * £ =h ' pH0= f WO, rydr |, 9)
+ Ve—h(r(-:ﬂrh)i (6)

and where‘lfiL:0 is the projection of the excitonic state in the
where Hp; describes the electron confined in a parabolicL=0 state, given by
dot with a characteristic frequency, and under the
influence of a magnetic field. In the absence of spin-orbit j,L=0 - h ~e h e L=0
interactions, the electron energies are given by the Fock-\P' (6,0) Izhc'h" Ie"qDIh(a)(’D(le:_lh)(a) - jq,' (6,0)do
Darwin levels, o
I By = IE CiLiCr=t.i- (10
nioe = 2N+ 1|+ DAQ + Shoe + gus— -, (7 "
2 2 In Eq.(8), |A|? is the electron-hole overlap radial integral.
whereN is a positive integer| is the angular momentum, As discussed in Sec. Il A, the wave functions tend to be
. is the cyclotron frequency arﬂzvr'w3+w(2:/4 is the ef- Iocah_zed near the impurities (_Jlue to t_he electrostatic impurity
fective electron frequency. The Zeeman splitting term doedrapping and to the Coulomb interaction between the carriers.
not alter our results qualitatively and is disregarded in thesuch localization modifies the overlap integrid?, and
following calculations. there'fore the emission intensity. However, once the wave
We focus on impurity effects on the hole outside thefunctions are localized on the angular \_/arla_lble, the radial
QD. Notice that(i) the effects of impurity scattering are Overlap has only a weak dependence with field, as long as
stronger on the 1D hole confinement as compared to thihe radla_l conflnement is strong. Since we are interested on
electronic 2D confinement andi) the ABE reflects the how the intensity changes with magnetic field, we takg
phase acquired by the hole wave function and would not b&onstant for simplicity since it does not alter our field-
significatively affected by scattering processes inside th&leépendent results qualitatively. _
guantum dot. The total emission intensity at a temperatdrewill be
The excitonic energy levels obtained fro) in the given py the thermal population average over the emission
strong confinement regime are shown in Fig. 4, for theffom different states,
cases with one and two impurities. The low-lying states cor- D _ geeret
respond to the combination of the first electronic stdtgs lof = lie™™
=0) with low-lying hole states. As in the polarized QR case, PL > e BE
the impurity potential induces anticrossings on the whole
spectrum. where = (kgT)™* andEP**is the energy of théth excitonic
When two impurities in a symmetrical configuration are state.
present, some of the crossings are recovered as the When impurities are considered, the total angular momen-
mr-rotational symmetry is recovered in the system. In thistum L is no longer a good quantum number since the

(11
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FIG. 5. Photoluminescence intensity as function of magnetic
field for unperturbedtop) and single impurity-distortedbottom)
cases at different temperatureb=0 K (dashed ling T=0.5 K
(circley, T=1 K (triangleg, T=2 K (diamond$, andT=4 K (thick
line). The vertical lines in the bottom panel are guides to the eye
displaying the magnetic field values fd¥,q/Po=n/2.

FIG. 6. PL intensity as function of magnetic field for the
impurity-distorted case fof =2 K. Diamonds denote the intensity
for fixed R,=19 nm andR,=16 nm. Thick and dashed lines denote
size-averaged intensities, with Gaussian dispersidRs-0.8 nm
and AR=2 nm, respectively.

excitons in InP/GaAs type-Il quantum ddfs?*Modulations
impurity scattering mixes the angular momentum stateson the PLI are found at magnetic values which are delayed
Therefore, a finite emission intensity is expected for allwith respect tod®,/®,=n/2. These magnetic field values
magnetic field values, unlike the situation in the unperturbedvould correspond well to changesdn./®, had the electron
system which exhibits sharp transitions to bright excitonbeen on a ring structure with a radius equal to the estimated
states. QD radiusRp,;. Our results show that the presence of impu-
rities and the effective QR structure would give rise to fluc-
tuations at these magnetic field values.

A similar modulation of the PL intensity could be ob-
When both the hole and the electron are confined on &ained if the electron wave function in the dot is more local-
ring structure, the overall picture differs from the type-ll ized near the dot’s edges than on its center. Such localization
quantum dot case. For the unperturbed case and at zero temay occur if the bottom of the conduction band is not uni-
perature, the PLI displays sudden drops whenever the exciorm but deeper at the edges, an effect which could be attrib-

tonic ground state angular momentum goed t60 states, uted to built-in strain in the sampf&26Along with the Cou-
i.e., wheneverb, /®, is a half-integer. This leads to a se- Jomb attraction between the electron and the hole, this would
ries of dark and bright exciton windows in magnetic fi€ld, give rise to an effective ringlike configuration for the elec-
shown as a dashed line in the top panel in Fig. 5. For highetronic wave function, similar to the one treated in this sec-
temperatures, the thermal occupation of higher excitonigion.
states smoothes out the transitions. Such features on the PL intensity could also be used

Impurity scattering changes this picture qualitatively into have an experimental access into the characteristics of
this spectrum as well, and introduces new field-dependerthe disorder potential. The size of the energy gaps in
features on the PL intensity. As one impurity is added to thehe spectrum(Fig. 2) are directly related to the impurity
system, the PLI is nonzero for all magnetic field valegen  strength U™, The results presented in this section use
at zero-temperaturewith a mean-value larger than in the U{"™~0.02 meV andJ;"®~0.04 meV, which yields gaps of
unperturbed cas@ashed line in the bottom panel in Fig. 5 aboutAE.~0.08 meV for electrons andiE,~0.06 meV for
This is a direct consequence of angular momentum mixindnoles. Although fine tuning of those parameters is clearly
since the ground state will always have|ar0) component possible, it is interesting that such relatively small values
for all values of magnetic field. lead to strong modifications of the exciton spectra.

For higher temperatures, a pronounced peak appears at There is an additional important consideration. The results
o /Py=1/2(B~2.6 T) due to a ground state anticrossing so far consider a single polarized QR and a pertinent inquiry
(see Fig. 2 Additional peaks and valleys can be seen foris what would be the effect of the size distribution of the
higher temperatures due to anticrossings in the excited statestyuctures used in experiments. We can consider these effects
in a similar fashion as to the type-Il guantum dot case. How-assuming a ring ensemble with Gaussian distributed radii
ever, an important difference is that peaks are seen for magFig. 6). As a general trend, a broad size distribution tends to
netic field values whereither ®./d, or ®,/d, is a half-  blur the impurity effects, specially at higher magnetic fields.
integer. The features for electrons are sharper due to theiowever, if the size distribution is as found in experiments
smaller mass and steeper level dispersions. (AR/Ry=4%), these impurity-related effects are still seen

These findings could contribute to the understanding ofor magnetic field values of ordeb/®y~1 (B=4 T). We
recent experimental results on photoluminescence of neutrghould especially mention that peaks in the PLI at certain

A. Quantum rings
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1.0

changes in character for the first excited states give rise to

08 small peaks or dips on the overall PLI at higher tempera-
08 tures. Atn=1, for instance, as the ground state changes from
— 04 “L=0 character” to L=1 character,” the opposite happens to
02 the first excited state. Thit=1— L =0" character transition

0.0
10

on the excited state will give a positive second-order contri-
bution to the intensity. Most importantly, at=2, even
though there is no ground state crossing, the second excited
state has al!'=2—L=0" change in character, which also
manifests itself as a peak on the PLI fbr2 K (see spec-
trum in bottom panel of Fig. ¥ On the other hand, this
state’s character changek*0—L=3" at n=3, which in
turn gives a negative contribution, seen as a sharp dip on the
PLI at &,/ ®y=3/2.These variations in PLI versus magnetic
FIG. 7. Photoluminescence intensity as function of magneticf'el_d at well-defined multiples of the AB flux prowd_e the_n
field for a electron-hole pair on a type-1l QD with ottep) and two ~ Unique features that one can relate to the role of impurity/
symmetric impurities (bottom). Curves for T=0.5 K (solid), ~ defect potentials affecting the exciton.

B(T)

T=2 K (diamonds, T=4 K (filled circles are shown. Vertical lines ~ For the special case of two symmetrical impurities
are guides to the eye, representifig/®o=n/2. Inset, intensity in the ring, an additional symmetry is introduced in
curves for the no-impurity case. the system and the coupling between adjacent angular

momentum states vanishes. The effect on the intensity is

flux values are quite robust to ensemble average, even as At @ Platéau near zero intensity is seen for low temperatures

dark/bright exciton transitions are made smoother. between B=~2 T (&y/Po~1/2;1=0—1 transition and
We summarize this discussion by saying that the systemB =2 T (Pn/®o~3/2;1=1—2 transition), before the PLI

atics of this behavior, robustness to ensemble average a/fioWs again foB=5.5T.

temperature effects, and even qualitative agreement with ex-

periment, definitively point out for an effective QR geometry

of the system. IV. CONCLUDING REMARKS

We have considered the effects of disorder on the

B. Type Il quantum dots Aharonov-Bohm effect in the optical emission of type-Il
- . . .. quantum dots and quantum rings. As a general trend, the
The plots in Fig. 7 ShO\.N the photoluminescence Ir‘tens"tyscattering potential breaks the rotational symmetry, thus cou-
as function qf the magnetic field for the type-Ii quantum OIOtpling the angular momentum states. The effect of weak im-
magnetoexciton. F_or the unperturbe(i Césteown in the in- purities does not preclude the Aharonov-Bohm oscillations in
se, a clear drop is seen afteby/Do=1/2 (B~1.8 T for the optical spectrum, but rather induces additional features

Ry=19 nm, when the hole ground-state angular momenturry, , o photoluminescence intensity at certain magnetic field

Ih Chaf‘ges from O to 1. This is a consequence Of. th_e eMISSIQfLyes. Experimental systems have routinely high mobilities,
selection rules. For low temperatures, the emission compg
r

v f i d stat d therefore the drop i et some disorder is present and these PLI features could
mainly from the ground state and therefore the drop 1S Morg,,jqe additional information on the structure of the impu-

?pbruft't':ct):] h'gh?r t_empergttl;]resa tlhe_o ¢><t0|teqt states Co:}; rity potential. They can also be used to probe the symmetries
ribute fo the emission and the drop in INtEnSIly 1S SMOOET, ¢y, quantum rings, allowing, for example, one to discern
The presence of impurities changes this behavior qualit

dpetween a circular structure and an elongated one.
tively. The cases of both single and double symmetric defects Furthermore, our results could give ?nsights on unex-

are shown in the top and bottom panels of Fig. 7, respec

tivelv. Th itonic stat i binati f stat %')Iained experimental results seen on the Aharonov-Bohm ef-
Ively. 'he excitonic states are inear combinalions of Staleg, .t i peytral InP type-ll quantum dot excito¥Our analy-
with differentL, so that a nonzerb=0 component is present

=~ sis suggests that the unexpected magnetic field behavior of
on the ground state even abo@q/(bo'—l(z.Therefore, the the intensity seen in the experiment could be explained if

than in th rurbed red bisorder and specific confinement of electrons and holes are
an in the unperturbed case, as expected. taken into account.

It is interesting, moreover, that at higher temperatures new
PLI features arise whe#,/®y,=n/2 (n=1,2,3,..). In the
single impurity case, anticrossings occunatl,3,5,...(in-
volving the ground state and first excited sjand also at
n=2,4,... (between the first excited state and the second The authors would like to thank Evaldo Ribeiro, Gilberto
excited stateas shown in the left-hand panel of Fig. 4. At Medeiros-Ribeiro, and Mikhail Raikh for valuable conversa-
these anticrossings, tHe=0) components of the crossing tions and suggestions. This work was supported by FAPESP
states switch. If one of the crossing states had IicgeD) (Grants Nos. 01/14276-0 and 03/03987-¢the US DOE
componenti.e., “L=0 charactery before the crossing, it will (Grant No. DE-FG02-91ER45334 and the Volkswagen
likely have a smaller component after the crossing. Thes&oundation.
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