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Magneto-optics in a square-well quantum dot
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We calculate the optical transition coefficient of two electrons confined in a square-well quantum dot under
a magnetic field. We determined that there are many different types of absorption, some induced when inter-
acting electrons are under a magnetic field. As the magnetic field becomes strong, a spin-singlet—spin-triplet
transition of the ground state occurs, resulting in a drastic change in optical transition spectra. In a strong
magnetic field, an optical transition with double the cyclotron frequency is induced by electron-electron
interaction and the confining potential.

A square-well quantum dot, in which electrons are con-
fined by a heterostructure of compound semiconductizs, H=
simple but typical zero-dimensional nanostructure, as is a
quantum dot with parabolic confinemént: This square-well
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guantum dot has many-body effects of electrons on optical +9*MBBi:212 Si,z» @
transitions, which are never observed in parabolically con-
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fined §ystem§. This is because spatial coordlnate_s_ of el_ec —V, if |[x|<L/2 and |y|<L/2

trons in a square-well quantum dot cannot be divided into V(X,y)= . 2)
center-of-mass coordinates and relative coordinates, in con- 0 otherwise.

trast with electrons in a parabolically confined quantum dotWe assume that an electron in a semiconductor material can

In a very small square-well quantum dot, electron correlatiory s qescribed by effective mass=0.067m, for GaAs, where

of a few electrons is weak, so the optical transition spectrzi)n0 is the free-electron mass. The shape of a quantum dot is
are similar to those of a single electron. Let us defof@s  getermined by the one-body potentidx,y), where a side
the least energy absorption, afig as the second-least en- of the square quantum dot is denotedlbyThe heterostruc-
ergy absorption. When a square-well quantum dot containingre is assumed to be fh<Ga, sAs/GaAs, sV, is taken to
two electrons becomes larger than 30 nm, electron-electrope 0.36 eV ande, is 10.9 for GaAs. The last term in the
interaction affects optical transitions—the intensityigfbe-  Hamiltonian is the Zeeman energy where the effective Lande
comes weaker, and two kinds of absorptidh, and I'3, factorg* is taken to be—0.44, andug is the Bohr magne-
appear betweei’; andI',. When the size of this quantum ton. We take a vector potential

dot is much larger than 50 nrit,, becomes very strong com-

pared tol'; andI",. This increase is due to the strong cor- (Aix Aiy)=B[—YieXi(l-a)] (©)

relation of electrons, which if the quantum dot is as large as order to introduce a maanetic fieBl where a is intro
1 mum, can result in a Wigner lattice. N order 1o Introduce a magnetic Tiets, wherea IS intro-

: . puced for a gauge transformatiom=3 provides a circular
If two electrons are confined in a square-well quantum do

with a sideL, the density of the electron isl?}. WhenL is gal\J/\gllﬁéMn) is thenth eigenstate of the Hamiltonid#, and
a_bout 20 nm, thi_s electron density is comparable to the qe;Fn is its eigenenergy, an optical transition matrix’element
lejir?tfi;é?dc}:(;ﬂsslanr:p?guibclee h:;i[;tggglzrfgieg\;\(l)r::nt)gplc rom the pth state|p) to the gth state|q) can be derived
magnetic field is applied to this quantum dot, magnetic

lengthlg= yh/eB is expected to be 26 nm whéd=1 T. . e

Thus we can expect correlated electrons affected by an inter-  {(Q|Hen] P) =i 7 (Eq=Ep)Aex(0)- <CI|< _212 rj) p) 4
play between the magnetic length and the size of quantum =

dots. In this paper, the effects of a magnetic field on thewithin the dipole approximation, wher.,(0) is the vector
optical transition of interacting electrons in a square-wellpotential of external radiation fields. The absorption coeffi-
guantum dot are investigated based on numerical diagonatient

izations of a Hamiltonian using the effective-mass approxi-

mation.

We consider a quantum dot in which electrons are con- Fp,q:‘<Q|§j: xj|p)
fined by a heterostructure of compound semiconductors. As

this quantum dot is assumed to be a well with finite depthjs proportional to the intensity of absorption frofp) to

we introduce a Hamiltonian for two electrons in a two- |q), thus the optical transition is allowed as a two-electron
dimensional space with an effective-mass approximation: phenomenon il", ;#0. To sum up, we determin@a), then
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calculatel.> By these dipole matrix elements, we calculate 1 ©(m?)
the quantity® (E) proportional to the absorption of photon
with energyE defined as

Pp~ Pq
p'q[E—(Eq—Ep)]2+ 7’

OE)=92 T (6)
p.q

where#/ 7 is a characteristic relaxation tinldn our calcu-
lations 7 is taken to be 0.2 meV, resulting in
hln~3x10 12 s. This relaxation time is smaller than that
expected in quantum dot&!!so absorption spectra in actual
guantum dots may be more sharp than the absorption spectra
shown herep, is the Boltzmann factoe ™ #=P/.Z of thermal
distribution. We assume that a very low temperature
B~'=0.1 meV enables us to ignore the optical transition FIG. 1. Intensity of absorption as a function of magnetic field
between excited states with the same spin. Therefore, th® and absorption enerdg when a side of the quantum dbtis 40
partition functionZ is calculated by considering the least- nm. The effective Landéactor g* is —0.44.
energy state among spin-singlet states and the least-energy
state among spin-triplet states. state containing the single-electron first excited states. One
Let us briefly discuss our method of calculatiing. Be-  of these first excited states has odd parity inxhdirection,
fore we construct Hamiltonian matrix elements with theand the other has odd parity in tiedirection. When a mag-
eigenfunctions of a harmonic oscillator, we define the scalaetic field is applied to the quantum dot, the circular property
parameter§ as (;,y;) =(£X;,£Y;) so as to makeX; and  of the magnetic field causes an energy difference between
Y; dimensionless variables. We use functiofig X) ¢rn(Y) these two states, resulting in a split of the absorption energy
as the basis of a single electron: of I';. Let us denote these optical transitions By_ and
Un(X)=A H (X)exp(— X?/2), where theH (X)’s are Her- T';, .} When noninteracting electrons are under a strong
mite polynomials and thé\’s are the normalization con- magnetic field, the absorption energyldf_ goes to 0, and
stants. Matrix elements of the single-electron term in thethat of Iy, goes tofi w., wherew,=eB/m is the cyclotron
Hamiltonian can be easily obtained using the error functiorfrequency. Figure 1 shows the intensity of absorptions when
erf(z) = f&dtexp(—t?). The size of the quantum dat ap- L is taken to be 40 nm. The absorption induced by electron-
pears in the matrix elements of the potential term, so weelectron interaction, as denoted by, is also divided into
introduce the ratiag’=L/¢&, which will be treated as a varia- two kinds by an applied magnetic field. The kind with lower
tional parameter. Matrix elements of the Coulomb interactiorabsorption energy, which is the third-least energy absorption
term, i.e.,(iq,io;ig,i4€%/(4me €or)|jr.i2.i3.]4), can be under the magnetic field seen in Fig. 1, is enhanced by the
obtained analytically. magnetic field, and becomes comparable Itgs when
Though each matrix element depends/orexact energy B~6 T. On the other hand, the other kind originating from
eigenvalues of the Hamiltonian must be independent of I', becomes weaker as the magnetic field becomes strong, so
because of is not a physical variable. However, if we nu- this kind cannot be seen in Fig. 1. Therefore, an applied
merically diagonalize a Hamiltonian matrix made of a finite magnetic field encourages some kinds of absorption induced
set of base functions, the obtained eigenvalues will depenby electron-electron interaction, and discourages other kinds.
on {. Therefore, we treaf as a variational parameter in our This can be understood by considering the angular momen-
numerical calculations in order to minimize the ground-statgum of these states.
energy. We used six bases for each direction and pafficle. ~As the quantum dot becomes larger in a weak magnetic
Another check on the sufficiency of the number of base funcfield, electron-electron interaction causes a transition of the
tions can be made by a gauge transformation described kground state from the spin-singlet state to the spin-triplet
a. When a perturbation expansion on the order of the coustate. In Fig. 2, the energy spectra of two interacting elec-
pling constant of electron-electron interaction or & ¥x-  trons in a square-well quantum dot are shown as a function
pansion on the order of the number of components of mateof the magnetic field wheh is 60 nm. Note thag* is taken
rial fields is used for analysis, the gauge invariance of eacko be 0 in Fig. 2. WherB is smaller than about 3 T, the
order is guaranteed by the Ward-Takahashi idefifitgjow-  ground state is spin singlet, denoted by the broken line. On
ever, as in our case, a Hamiltonian matrix constructed by #e other hand, the ground state becomes a triplet state when
finite set of base functions is usually not invariant under theB is larger than about 3 T. This single-triplet transition has
gauge transformation, though we know that the exact soluthe same origin as in a quantum dot with parabolic
tion must be invariant under any gauge transformation. Thug;onfinement>*° Let us turn to the optical transition coeffi-
if our solutions of low-lying states are not affected by gaugecient. In Fig. 3, the intensity of the absorption is shown when
transformation, these solutions seem to be accurate. We hateis 60 nm. WhenB=0, I'; has an absorption energy of
checked our numerical results using a gauge transformatioabout 6 meVI',, which is induced by electron-electron in-
described byx. The results were calculated usiag=0.5, teraction, is also seen &~ 15 meV. When the strength of
and these results are invariant unde+ 0.5+ 0.2. the magnetic field is less than about 2IT, behaves simi-
The least-energy absorption of two electrons, denoted biarly to I'; in Fig. 1. In the region ofB~2 T, a drastic
I';, is due to a transition from the ground state to an excitechange in absorption spectra is brought about by a change of
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FIG. 2. Energy spectra of two electrons in a quantum dot with  F|G. 4. Energy spectra of two electrons in a quantum dot with
L=60 nm andg* =0 as functions of8. The spin-singlet-spin- | =80 nm andg* =0 as functions oB. Broken lines denote spin-
triplet transition is seen @&~ 3 T. Broken lines denote spin-singlet singlet states and solid lies denote spin-triplet states. Multiple
states, and solid lines denote spin-triplet states. singlet-triplet transitions are seen whBris changed from 0 to 6 T.

the magnetic-field strength, because of the spin-singlet—spin-

triplet transition of the ground state discussed above. Thatates and that among triplet states is so small that a mixture

least and the next-least energy absorptions in this region bé)_f optical transitions of singlet and triplet states is seen at a

have similarly to absorptions between singlet states observ (a)n5|derable temperature, "%’1 K. In a strong magnetic
when the applied magnetic field is weak; however, the en-'eld much greater Fhan 1T, hlghgr-energy absorpt|o_n IS very
ergy split induced by the magnetic field is smaller than thatc_c;_mpleﬁ andt(_:or}stlsts QI. manytﬁlfferenlt :ype? of optical tr_:;m-
of singlet states. This is because triplet states are apt to hav |ons.t_ N optical transition wi ta|cy$ (; r;]n requency—its
a higher angular momentum because of Pauli's principlea sorption energy is approximately 1.7( e\/_)—|s_ com-
even without a magnetic field. Let us turn to optical transi-bOSGd of several types. Note that the absorption lines in Fig.

tions with higher energy, which have remarkable properties.5 exhibit an anticrossing behavior as the magnetic field

With absorption energies of about 10 meV or more, ver changes. This behavior is also caused by electron-electron
' interaction, as is seen in a Coulomb-coupled pair of para-

strong optical transitions are seen, as in Fig. 3. These opticﬂ i Y .
transitions are due to electron-electron interaction, becau plic quantum do_ a_ndaén a square-well quantum dot under
they do not appear when there is no electron-electron inte" e>_<terna| electric field. . .

action. Triplet states are influenced more than singlet statesI Itis :cemarkable that optical transitions at double t.heflcl)g
because the strong repulsion between electrons causes a dr. tron frequency are very strong in a strong magnetic field.

tic change in orbital wave functions having a higher angular ese transitions, Wh'Ch al_so exhibit anticrossing _beha\_/lor,
are induced when interacting electrons are confined in a

momentum. e
When a quantum dot becomes larger, spin-singlet—spin§quare'we” guantum dot under a magnetic field. When elec-

triplet oscillations can be observed even in a small range ofons are gnder a strong magnetic field, gach electron has an
magnetic fields. In Fig. 4, energy spectra of interacting eIec-eﬁeCt'Ve size detgrmlned by the magnetic length. Therefore,
trons are shown wheh=’80 nm andg* =0, where spin- 2" electron confined by the magnetic field behaves as an
singlet—spin-triplet transitions are seenBa%i.? T,B~4.1 gtom with an excitation energy dipr. .When j[he atom is in

T, andB~5.6 T. In Fig. 5, the intensity of the ab’sorption i its ground state, the bare electron is in the first Landau level.

shown whenL is 80 nm. In this quantum dot, the energy g;ﬂeif ti?]mﬂ;Se esxgéfr?dt?_g;ed;Ilrjsﬁeevxeﬁlt?g Ztafi’eths%:?ée tehlgg-e
difference between the least-energy state among singl attoms can move and interact with each other by the Coulomb
1 6(m?3)

300

FIG. 3. Intensity of absorption as a function of magnetic field
B and absorption enerdy when two interacting electrons are con- FIG. 5. Intensity of absorption as a function of magnetic field
fined in a square-well quantum dot with=60 nm. The effective B and absorption energ§ whenL =80 nm. The effective Lande
Landefactor g* is —0.44. factorg* is —0.44.
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interaction of bare electrons because each Landau level hasTais effect occurs in a weaker magnetic field if electrons are
large degree of degeneracy. When two atoms are confined gonfined in a larger quantum dot. Absorption at double the
a square-well quantum dot, interaction between atoms cagyclotron frequency is due to interaction between two atoms
affect optical transition spectra of each atom. Optical transiwhich consist of an electron in a magnetic field. Therefore,
tions at double the cyclotron frequency may be due to thisye can expect a structure of interacting electrons confined by
kind of effect. a heterostructure of compound semiconductors under a mag-

We have calculated the absorption coefficient of two elecnetic field in far-infrared absorption spectroscopy that is well
trons confined in a square-well quantum dot under a magy,qrth studying.

netic field. There are several types of absorption induced by

the Coulomb interaction in a magnetic field. In a stronger The author is grateful to H. Noguchi and K. Nomoto for
magnetic field, the spin-singlet—spin-triplet transition of thefruitful discussions. Numerical calculations were performed
ground state has a considerable effect on absorption spectizsing a CRAY J916.
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