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Aharonov-Bohm effect for an exciton
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We theoretically study exciton absorption on a ring threaded by a magnetic flux. For the case when the
attraction between an electron and a hole is short ranged, we obtain an exact solution of the problem. We
demonstrate that, despite the electrical neutrality of the exciton, both the spectral position of the exciton peak
in the absorption and the corresponding oscillator strength oscillate with magnetic flux with a Ppgrietthe
universal flux quantum. The origin of the effect is the finite probability for electron and hole, created by a
photon at the same point, to tunnel in the opposite directions and meet each other on the opposite side of the
ring.

One of the manifestations of the Aharonov-BoliAB)  body problem(an electron, a hole, and a ringxactly. From
effect in ring geometrg® is the periodic dependence of the this exact solution, we trace the behavior of the AB oscilla-
transmission coefficient for an electron traversing the ring orfions when increasing the radius of the ring or the strength of
the magnetic fluxb through the rind':® The period of oscil-  the electron-hole attraction.
lations is equal tab,=hc/e—the universal flux quantum. We denote by, and ¢y, the azimuthal coordinates of the

For one-dimensiondfLD) continuum interacting quantum €lectron and hole, respectively. In the absence of interaction,
systems with translational invariance, there is also a periodthe wave functions of electrons and holes are given by
icity of many-particle states as a functions of fRiX.In 1D
lattice systems, the lifting of Galilean invariance allows for 1 1
various periodicities of the staté$.For the ground state, VO (pg)= ——eNve, W(g)=——eN'en (1)
this behavior can be interpreted, according to the above 2 2
definition of ®,, as a signature of the existence of
elementary excitations with multiple—sometimes evenynereN andN’ are integers. The corresponding energies are
fractional—charge81°~1% In the case of strong electron-
electron interaction, an adequate description of the many-

body states is based on excitations of the Wigner cry&tal. © 72 ®\? . , 2
Furthermore, the absence of sensitivity to the flux in such En S om? N-— B, En= o o? N+ Dy
systems is an indication of the onset of the Mott ef hP )

transition”*®1’ Similarly, the sensitivity of single-particle
energies to the fl can be used as a criterion of an ) ) ,
Anderson-type metal-insulator transition in disorderederep is the radius of the ring, aneh, andm, stand for the

system® The combined effects of interactions and disorderffective masses qf the el_ectron and hole, respectively. In the
in 1D have received much attention in the last dec4d&;22  presence of an interactioV[R(¢e—¢n)], where R(¢e
Numerical studies of pairing effects for two particles with —¢n) =2p sin(ee—¢n)/2] is the distance between electron
repulsive interaction in a disordered environment were car@"d hole, we search for the wave function of the exciton in
ried out using the AB setting: Other physical manifesta- he form
tions of the AB effect in the ring geometry considered in the
literature include the evolution of electron states for a time- N
dependent flux® and a flux-dependent equilibrium distortion V(ge,0n)= 2 AN,N"I’F\Je)(fPe)‘I’f\,r)UPh)- (3
of the lattice caused by electron-phonon interactféns. NN

The physical origin of the flux sensitivity of an electron
on the ring is its charge, which couples to the vector potenThe coefficientsAy v, are found from the equation
tial. Correspondingly, the coupling to the flux has opposite
signs for an electron and a hole. For this reasoraziton
being a bound state of an electron and a hole and thus a > Aun[EQ+ E(Nh)_A]qf(Ne)(gDe)qf(Nh)((ph)
neutral entity, should not be sensitive to the flux. However, NN’
due to the finite size of the exciton, such a sensitivity will
emerge. This effect is demonstrated in the present paper.
Below we study AB oscillations both in the binding energy
and in the oscillator strength of the exciton absorption. As avhereA is the energy of the exciton. The formal expression
model we choose a short-range attraction potential betwedier Ay s follows from Eq. (4) after multiplying it by
an electron and a hole, which allows us to solve the three[—\If(,\,e)(cpe)\lfﬂ‘,)(<ph)]Jr and integrating ovep, and ¢y,

+V[R(@e— ¢n) IV (e, ¢n) =0, (4)
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N i zwd de VIR(¢e— @)W (00, @n) Epo&)swstggigg Eq(10) into Eqg.(12) and making use of
NN/ = 27, Pe o ®h E&e)JrEfqh,)—A g. )
1
. , 1
X @ 1(Nee+N'ep), (5) Fn=|V2>, (13)

N (EQ+ET-AD)?
At this point we make use of the assumption that the poten- _ .
tial V[R(¢e— ¢;)] is short ranged. This implies that the in- The Iatter expression can be presented in a more compact
tegral overgy, is determined by a narrow interval gf, close form by introducing the rate of change of the exciton energy
to ¢.. Then we can replace;, by ¢, in the rest of the with the interaction parametaf,. Indeed, taking the differ-

e- e

integrand. As a result, E45) simplifies to ential of Eq.(9) yields

\ 2 F ) (14)
0 & i ' ===
A== g my |, deet(pepe I " Ve
(6) We note that the summation in E@) can be carried out

where the constant,<0 is defined as In & closed form by using the identity

]

1 E 1 B 1 1 1
V0=2—j deV[R(e)]. (7) NS (mN—a;)(7"N—a,) (a;—a,) \tana, tana;/’
" (19
Finally we derive a closed equation, which determines thq: th tint ti -0 th tera d
exciton energies. This equation follows from E¢®.and(6) aorareeer;fasl t': eresting cadé,=0, the parametera, an
as a self-consistency condition. Indeed, by setting in(Bg. 2
®e= ¢, Mmultiplying both sides by exp(iNg¢e), and inte- & Al 12
grating overe,, we obtain ajo=—1 —i<—) } (16)
@, €0
2
_i where
fo dee¥ (e, pe)€ INO%:% AN,NO—N- (8

b (6) (8 he desired "L b " (17)
Substituting Eq.(6) into Eg. (8), we arrive at the desire e - Slm T ™ 2
condition 2p=\Me M/ 2pp

and u=mem, /(mg+my) denotes the reduced mass of elec-
1 tron and hole. Then Eq9) for the exciton energies takes the
L4+Vo2 —rg=m =0. ©  form “ ’
N EN +EN0—N_ANO

For each integeN, the solutions of Eq(9) form a discrete (A_[‘f) 1/2: B ( 7TVo> sin2m(Ag/e0) "]
set,AﬁO. The correspondingnon-normalizef wave func- €g &0 | co§2m(AVeo) Y% — co§ 2m(D/dg)]
tions have the form (19

This equation is our main result. It is seen from ELg) that
(10) the structure of the excitonic spectrum is determined by a
dimensionless ratiVy|/eo. From definition(7), it follows
that, with increasing the radiys of the ring,V,, falls off as
The exponential factor in front of the sum insures that in thel/p. Thus|V,|/eg is proportional tge. In the limit of largep,
dipole approximation only the excitons witi,=0 can be when|Vy|> ¢, the spectrum can be found analytically. The
created by light. The frequency dependence of the excitoground state corresponds to negative energy, and is given by

absorption,«(w), can be presented as
p( 2772|V0|”
exp — .
€o
(19

where E, is the band gap of the material of the ring; the We note that the prefacter®Vg/s, is independent of. It is
coefficientsF,, stand for the oscillator strengths of the cor- equal to the binding energy of an exciton on a straight line. It
responding transitions. A general expressionfigrthrough  is easy to see that in the limit under consideration we have
the eigenfunction?' of the excitonic state reads |A8|>|Vo|>80-
The second term in the brackets of Efj9) describes the
27 27 . 2 AB effect for the exciton. In the limit of large its magni-
fo d#’efo depVo(@e, @n) 8(@e—¢n) tude is exponentially small. The physical meaning of the
= . (12 exponential prefactor can be understood after rewriting it in

J o o f 7 ot ¥ ge . on)2 the form exp(-2mpy), where y=7|Vo|(2u/fi2e) 2 is the
0 ¢Jo ohver inverse decay length of the wave function of the internal

eiN(¢e—en)

»\I,m o(eiNO‘Ph .
e B D Al

w23 27®

Do

A=
a(w)x Y, Fnd(hio—Es—Af), (12) €0

1+4 COE(
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FIG. 3. The Aharonov-Bohm oscillations of the exciton energy

is shown for three values of the dimensionless ring perimeter

27yp=1 (solid lineg, 2 (dashed lines and 3(dot-dashed lings

As in Fig. 1, the thick and thin lines are drawn from E¢E3) and

(19), respectively.

FIG. 1. The dimensionless binding energyn units of
m2|Vo|?/e) at fluxes® =0 (solid lineg, ®y/4 (dashed ling and
® /2 (dot-dashed linethrough the ring, plotted vs the dimension-
less perimeter of the ring2yp. The thick and thin lines represent
the exact solution of Eq18) and the asymptotic result of E(1L9),

respectively. ] ] )
energyeg. The asymptotic expression of EQL9) is good

motion of the electron and hole in the limit—. Thus, down toyp~m"'. In Fig. 3, we show the variation of the
the magnitude of the AB effect in the limit of largerepre-  exciton energy with® within one period. As expected, the
sents the amplitude for a bound electron and hole to tunné\B oscillations are close to sinusoidal for large values of
in the opposite directions and meet each other “on the27yp, whereas for Z-yp=1 unharmonicity is already quite
opposite side of the ring(opposite with respect to the point pronounced. The increase of the exciton energy as the flux is
where they were created by a photoThis qualitative Switched on has a simple physical interpretation. If the
consideration allows us to specify the condition that the in-single-electron energyEq. (2)] grows with ®, then the
teraction potential is short ranged. That is, for FtP), we  single-hole energy iseducedwith &, and vice versa. This
apply the radius of potential should be much smaller tharsuppresses the electron-hole binding. Figure 3 illustrates how
v~ L Itis also clear from the above consideration that, withinthe amplitudes of the AB oscillations decrease with increas-
a prefactor, the magnitude of the AB effect is given bying ring perimeter 2ryp, as described by Eq19). The AB
exp(—2mpy) for an arbitrary attractive potential, as long as oscillations in the oscillator strength are plotted in Fig. 4. As
the decay lengthy ! is smaller than the perimeter of the expected, the shift is most pronounced dor=®,/2, and the
ring. In Figs. 1 and 2 we plot the numerical solution of Eq.relative magnitude is nearly 80% for the smallest value of
(18 for various values ofP, together with the asymptotic 27 yp. For larger values of 2 yp, the oscillations irF(®)
solution[Eq. (19)] valid in the limit of largeyp. We see that become increasingly sinusoidal, as can be seen by differen-

the maximum possible change in exciton energy by threadtiating Eq.(19) with respect tovo,. _
ing the ring with a flux®,/2 is 25% of the size-quantization In the consideration above we assumed the width of the
ring to be zero. In fact, if the width is finite but smaller than
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FIG. 2. The exciton energfy/g at fluxes® =0 (solid linesg,
® /4 (dashed ling and®,/2 (dot-dashed lingthrough the ring are
plotted vs the dimensionless perimeter of the ringy. The thick FIG. 4. The Aharonov-Bohm oscillations of the oscillator
and thin lines represent the exact and the asymptotic result as itrength for the three values of the dimensionless ring perimeter
Fig. 1, respectively. 27yp=1 (solid line), 2 (dashed ling and 3(dot-dashed ling
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the radius of the excitony™ 2, it can be taken into account in and 36, and had a circumferences-e6000 and 3000 nm,
a similar fashion as in Ref. 27 by addifigm*/2m,W? and  respectively. For such rings the magnitude of the excitonic
h2m?12m,W? to the single-electron and single-hole energiesaB oscillations will be very small. However, quite recently
[Eq. (2)], respectively. Her&V stands for the width of the much more compact ring-shaped dots of InAs in GaAs with
ring, and a hard-wall confinement in the radial direction isa circumference of-250 nm were demonstrated to exi6t®
assumed. This would leave the AB oscillations unchangedThis was achieved by a madification of a standard growth
In the opposite case/s> y~ 1, the oscillations are suppressed. proceduré® used for the fabrication of arrays of self-
The precise form of the suppression factor as a function ofissembled InAs quantum dots in GaAs. Recent light absorp-
(Wy) 1 is unknown, and depends on the details of the contion experiments on nanorings revealed an excitonic struc-
finement. ture® However, it is much more advantageous to search for
Let us briefly address the excited states of the excitorthe AB oscillations proposed in the present paper not in ab-
corresponding ton>0. In the limit|Vo|> ¢, for the energies ~ sorption, but in luminescence studies. This is because near-
with numbersm<|V,|/e,, from Eq.(18) we obtain field techniques developed in the last decade allow one to
“see” a single quantum dot, and thus avoid the inhomoge-
1\ &g 27D neous broadening. This technique was applied to many
m+>/— COS{ ) . structures containing ensembles of quantum dasy.,
2] w2V, ®o 41-51 :
(20) GaAs/ALGa, _,As, ZnSe(Ref._ 52]. In particular, ex-
tremely narrow and temperature-insensit{up to 50 K) lu-
In contrast to the ground state as in E9), the AB contri-  minescence lines from a single InAs quantum dot in GaAs
bution to the energA (' is not exponentially small. Still the were recorded in Refs. 53-55.
AB term is small(in parametee/|V,|<1) compared to the In conclusion, we have demonstrated AB oscillations for
level spacing atb=0. a neutral object. This constitutes the main qualitative differ-
An alternative way to derive Eq18) is to follow the ence between our paper and previous considerafidos
Bethe ansatz approaéfiThe intimate relation between Eq. two interactingelectronson a ring. Finally, we note that the
(18) and a Bethe ansatz equation becomes most apparent possibility of the related effect of Aharonov-Casher oscilla-
the absence of magnetic flusb=0, when Eq.(18) can be tions for an exciton was considered previously in Ref. 57.
rewritten as The underlying physics in Ref. 57 is that everzero-size
exciton having zero charge can still have a fintagnetic
moment
Upon completion of this work, we have been informed of
Ref. 58, in which the underlying physics of the AB oscilla-
- 21y 2 _ . tions of excitonic levels was uncovered. Although the ana-
¢=2muVop®/h" parametrizes the strength of the attractionyica| approach employed in Ref. 58 is different from ours,

; 9-31 e
analogously to the well-knowa-function gas” ** At finite 6 result obtained for the ground-state energy is similar to
flux, the structure of the Bethe ansatz equations will be Ventq. (19).

similar to the equations for a 1D Hubbard mddeh the

presence of a spin flux coupling to the spin-up and down
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0= | M+ (="

PKm
2m7pky,=2mm+2 arcta = | (21

where kn=(2A0w)Y4#% is the wave vector and
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