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Magnetoluminescence from strain-induced quantum dots
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We have calculated the effects of valence-band coupling on the magnetoluminescence spectra from an
In,Ga, _,As/GaAs quantum-well dot induced by an InP stressor island. The theory is based on the single-
particle Luttinger-Kohn Hamiltonian using a realistic confinement potential. The band coupling strongly in-
fluences the calculated spectra. The numerical results were compared with experiments and a good agreement
was obtained. Numerical results predict a reversal of the mesoscopic Zeeman splitting for the ground state and
an avoided crossing of excited statE80163-18207)12016-1

Recently an approach to fabricate quantum d@B) of  thep-type band orbital. The Luttinger-Kohn Hamiltonian in-
high optical quality has been introduced by Lipsam¢ml!  cluding the strain-induced confinement and the magnetic
The three-dimension&BD) confinement is obtained by self- field” is then given by
organized growth of InP islands with very homogeneous size

distribution on the surface of an JGa; _,As/GaAs quantum Hunt Vi b ¢ 0

well (QW). A local 3D energy minimum appears inside the b Hin+Viy 0 c

In,Ga; _,As layer under an InP island, forming an effective H= ct 0 Hin+Vin b

QD free of any damage caused by the processing. The re- s :

duced inhomogeneous broadening in these QD’s has made it 0 c —b Hint Vi

possible to resolve several excited energy levels as separate

spectral lines in the luminescence spectrum. A well resolved  + —«BJ,, (1a

magnetoluminescence spectrum displaying a diamagnetic Mo

shift of the ground-state line and a prominent splitting of the 42 P 2 P

first excited state line was measured in these structures Hun LH:—{(711272)—2+(71“—” 72)(—2+ 2

by Rinaldi etal? In similar measurements in etched ' 2mg 9z oxs - ay

In,Ga,_,As/GaAs QD structures reported by Bayaral,> R

the energy levels were not resolved. —Z%LZ—EQ(XZerZ) } (1b)
The magnetic interactions have been previously studied

mainly in field effect quantum dots, which confine only elec- 2

trons. Recently Darnhofeet al! have considered theoreti- b= — V3h 73i i_i i+ﬂx—iy)) (10

cally the far infrared absorptiofFIR) of QD’s confining Mg ““dz\dx dy '

holes only. Their analysis, assuming a parabolic lateral con-

finement, accounted for band coupling and predicted the ex- _ V372 Yotysf d . d )2

istence of an anticrossing of spectral lines in the absorption c= 2m, 2 ox ! @jLJX_ ). (d

spectrum. However, since the FIR spectrum involves dipole .
allowedintrabandtransitions, the results presented in Refs. 4vherem is the bare electron mass aad=eB/24. In Eq.

and 5 cannot be used as such to analyze magnetolumined:P) and below the uppeffower) sign corresponds to heavy
cence spectra involvingiterbandtransitions. hole (light hole) [HH (LH)]. The nondiagonal terms of the

In this work we will extend the calculations presented in PIKUS-BIir strain Hamiltonighwere found to be small, espe-

Refs. 2 and 6 by analyzing, within the coupled valence-banially for the few lowest states, and the HH and Ll-évc\;/onfme—
model, the magnetic interactions in QD’s confining bothme'Lt potentslals are - given, byVi,n(r,2) =Vi™(2)
electrons and holes. The confinement potential is assumeti Vi (f,2) = Vi(r,2), whereV@%(2) is the hole band edge
axially symmetric but not necessarily parabolic, nor mirrorconfinement potentialV(r,2) =a,(ex+ eyyt+€e,,) the hy-
symmetric vertically. Also the general conservation laws andirostatic ~deformation potential, andVy(r,z)=b,[e,,
symmetry effects governing the interband radiative recombi— (e..+ey,)/2] the shear deformation potential. The thick-
nation in strain induced QD’s are investigated. The resultsiess of the Ig 1Gay As/GaAs QW(7 nm) and the cladding
are compared with the experimental data of Rinaldal? layer (5 nm) as well as the dimensions of the cylindrically

In the materials we are considering, the valence bands aymmetric InP island, bottom radius 40 nm, top radius 30
characterized by an atomic angular momentdns3/2, nm, and height 20 nm, correspond to the sample used in the
formed by coupling the spin and the angular momentum okxperiment of Rinaldet al?
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The z component of the total angular momentum, states from the experimental spectrum and we can label the

Jo=J,+L,, wherel, is the mesoscopic angular momen- valence-band states ByX, ,NII7,NAT,... inanalogy
tum, is a conserved quantity. The four-component envelopéo the electron states.

function in cylindrical coordinates is of the form  The mesoscopic angular momentum numineis defined
Y (1.2, ¢)=e‘(""‘mj)¢xmj(r,z), where iM is the eigen- as the nearest integer {&,)/% and used as a label for the

value of thez component of the total angular momentum. valence-band state. We can havél~m+3/2 or
M must be a positive or negative half-integéut not an M’~m—23/2 corresponding to the same both states exist
intege) andm; takes the values: 3/2,+1/2. and have different wave functions and energies. Whenever
When the width of the top barrier layer of the QW struc- the x - 3, component dominates, we hay8,)~ + 1/2%, re-
ture is increased, both the QW band edge potential and thepectively. We denote the dominant HH component by
strain-induced potential become approximately mirror sym-J(|) for m;=3/2(—3/2). The numerical calculations showed
metric relative to the center plane of the QW. In this limit thethat this leads tom=M—-3/2 for the T states and
eigenstates can be assigned a definite parity. The eigenvalugs= M + 3/2 for the| states.
of the inversion operatd? are+ 1, and in the corresponding For the valence band the calculated magnetic field behav-
energy eigenstate the 3/2 and¥ 1/2 components are even ior becomes rather complex when the band coupling is in-
in z and the¥ 3/2 and=*1/2 components are odd. cluded, as shown in Fig.(4). As for the conduction band
The numerical calculation of the eigenvalues and eigen¢with spin included, the HH-like states a@B=0 form groups
functions of Eq.(1a) consists of the following four stepsi) with approximate degeneracies, 2, 4,.6,, starting from the
Determining the strain from the theory of elasticitiy) con-  ground state. In Fig. (b) all off-diagonal terms in Eq(1a)
verting the strain into a deformation potential according tohave been set to zero and the result is similar to the
the theory of Pikus and Bf,(iii) adding the deformation conduction-band cas@ot shown. The coupling drastically
potential to the band edge confinement potential to producehanges the magnetic field dependence of the energy levels,
the total potentials appearing in the envelope Hamiltonianespecially for the excited states.
and (iv) solving the resulting eigenvalue problem numeri- The magnetic field dependence of the HH-like states is
cally using the finite element method. dominated by the linear Zeeman-like behavior, which is re-
By studying the magnitudes of the four componentslated to the mesoscopic angular momenitie contribution
m; =+ 3/2,+ 1/2 of the valence-band envelope functions, wefrom the atomic Zeeman term is smalThe numerical re-
found that either them;=3/2 or m;=—3/2 component is sults show that also the two lowest states have a weak linear
much larger(in absolute valuethan the other components. B dependence. Thg dependence and the removal of degen-
However, we use the expressions “HH- and like states”  eracy are due to the band coupling.
because the band coupling plays an important role. The com- Since the confinement in tfedirection is strong, for an
pressive strain in the §Ga;_,As well layer lifts the ener- analytic approximation it is reasonable to assume, for the
gies of the LH-like states clearly above the first few excitedfirst few QD states, that the well potential is infinite and that
HH-like states. The total effective potential for the LH’s is only the ground state of the QW is important. The radial
above the GaAs band edge and, therefore, it is questionabf@nfinement potential is not as strong, but can be approxi-
if the LH-like states are confined in the QD, or even in themated by a parabolic potential close to the minimum of the
QW. Because the coupling between the HH and LH states igotential. In this limit the momenturp, is large and of the
reduced, the mesoscopic angular momentum is approxprder of \/y—lﬁ/L%\/ZmOEZU, wherelL is the well width. In
mately a constant of motion. Therefore, a mesoscopic anguhe second-order perturbation theory the problem splits into
lar momentum numbem is a useful tool to identify eigen- two independent blocks for the states with angular momenta
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(3/2,1/2) and (3/2,—1/2), respectively. The expansion sF . . . —
gives the approximate spectrum for the HH states in the form

- 3
Enm =Ei=Awpto kwp+(y1+ y2+20)

0

Wp
hw2n+|m|+1)+74—m

oml @

X

Redshift {meV)

where wg=eB/m0 is the bare cyclotron frequency and
we=EMo(y1+ ¥+ 2A) + (w3/2)?, ¢ being the strength
of the parabolic confinement. For an infinite rectangular po-
tential well in thez direction,

32 ( 47 1ebcol(wbi2) T
—__"’8 ,— K |, 3) o 2 4 & 8
27y,\1-b (1-b%) B (Tosla)
_ ~1/2 0 0 0
where b= (y;+27,) " "*/y1—2y,— (Ely—Eqn)/E;. The FIG. 2. The luminescence energies for the ground states and the

exact value oA depends on the actual form of the potential. jowest excited states. Calculation with coupled batstsid line),
These expressions, even if not numerically accurate, showingle band calculatiordashed ling and experimental dat@olid
[see Fig. 1c)] that the ground-state degeneracym=0)  dotg.j The arrows atB=77 correspond to the spin states of the
is broken and a splitting linear iB appears because of the single band calculation.

second term on the right-hand side of Eg). If the band

coupling is neglected by setting off-diagonal elements to The luminescence intensity is given by

zero, the ground state becomes degenef@teept for the

small splitting due to the atomic Zeeman terim analogy to

the conduction band. If the atomic Zeeman term dominated, | o
the splitting of the ground states would be in the reversed

order. This reversing was not observed in experiments by . o )
Bayer et al® for etched In,,Gag As/GaAs QD structures. wheree is thg pglar|zat|on vector of the emltjted photons and
However, in these materials the effective carrier potential® 'S the spin index. The envelope functiong(r) and

are very different from those in the strain-induced QD's¥m () correspond to conduction- and valence-band states
studied here. For excited states with nonzero mesoscopic awith specified quantum numbers. The dipole matrix element
gular momentum, the last terms in E@) dominate in the ugfmj is calculated using the atomic Bloch states at khe

linear splitting of the states, becauséy;~1/10 in our ap-  yoint To analyze the magnetoluminescence spectra of Ref. 2
proximation. we consider a special case in which the luminescence is

AroundB=2 T, where one of then=+1 levels meets an  emitted orthogonally to the QW plane=0) and the po-
m= —2 level from the next group, we see an avoided cross-

ing. Both levels correspond toM=—1/2(M+3/2=+1,

2

: (4)

€2 uh f YE(r) Y (r)dr
Smj

M —3/2=—2), which makes the avoided crossing possible. Frresa

In a mirror symmetric potential the levels would cross be- ‘M:ﬁ::ﬁa::z fg*

cause they would have different parities. In our case, how- = ,ggggggggigﬁggg—;; %iia’f.

ever, the potential is slightly asymmetric in tledirection T o5fianitittine. iR IR LI

and the crossing is avoided because the parity is not con- > 5, :ffff{{i:i‘fffffiﬁ::z;‘:ﬁ‘;: Qﬁfgii;ﬁ,\

served exactly and mixing of states with different parities is £ | g frerziiiierriinaaeas Yol NegEertisicksad

possible. § jofiinig TR
By following the lower of theM = —1/2 levels[solid dia- % 05 %f’“;' el qi;:i;ii’;;

monds in Fig. 1a)], which at B=0 corresponds to 5 00 5 ~3§§§§g§:

m=+1, we can observe how the dominant component E "5 :fig;:

changes fromys, to x 30, When the level goes through the 45 S

avoided crossing and changesno=—2. An experimental 35 4

observation of the avoided crossing in luminescence spectra ® o5 105

would be a direct proof of the existence of the band coupling & 5 -100

in QD’s. The analog of this phenomenon in the far-infrared ’ 0.5 -95 0

response of parabolic QD’s has been predicted by Darnhofer ' 85 %0 P\eds‘(\'\’\\ (e

et al* Excluding these anticrossing levels, the component
structure of valence-band states, governed by weight factors

<ij|ij>’ changes only slightly as a function of field FIG. 3. The luminescence spectrum corresponding to the excited
strength. Typically the weight of thgs, component in the  states 11, and 1A . A Lorentzian line shape with a half-width of
13, state decreased gradually from 0.98Bat0 to 0.92 at 1 meV was assumed. The transition energy0) is defined as the
B=6T. difference between the QD and QW luminescence energies.
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larizations are summed over. In the magnetic field each contransitions. The luminescence spectrum is dominated by
bination of initial and final quantum numbers corresponds tdransitions that take place between states having the same
different transition energy. principal quantum number, mesoscopic angular momentum,
In Fig. 2 we show the transition energiEg;+E,; of the  and spin.The transitions that do not satisfy the approximate
QD luminescence lines for the ground state and the few lowconservation laws are very weak, i.), transitions between
est excited states. The transitionsII—1I1{; and states having the same symmetry but different principal
1Hf—>lA{ were selected because the corresponding lumiguantum number, such a&2—13, and(ii) transitions be-
nescence lines are well resolved in the experiment of Rinaldiween states with different symmetry, such as
et al? Figure 2 shows that the inclusion of the band couplin91HT+_>1H;_ The former are weak because of the almost
(solid line) leads to a much better agreement with experiyerfect orthogonality of the lowest electron and valence-band
ment. The single valence-band calculation in Ref. 2 makegates having the same mesoscopic angular momentum. At
use of a semiempirical lateral ma@/m9=0.143, whereas p_q  the relative intensity of the indirect transition
the noncoupling result&ashed lingin Fig. 2 are based on I(2%,—1%,) is 0.008, whereas for a typical direct transi-

h _ _ . ..
m;/mo=1/(y,+v,)=0.094. The use of a semiempirical i, 1(13,—13,)=0.432. Transitions which would corre-
mass in the single HH band calculation reduces the Zeem ond to an approximate spin flip are strictly forbidden be-

;ff?ctzqnd the CaLCUIat.edtﬁp“tt'.g%lOf t?e Iummeslczntc):e Ildne I%ause of the vanishing of the dipole moments. In contrast,
€l. = 15 somewnere In the middie of our coupled band anG,q e is 4 finite probability for the change of the mesoscopic

single HH band results. ngular momentum in the luminescence emission, e
The relative intensities of the corresponding luminescenc&n9 €.

v - o "
lines are given in Fig. 3 as a function of field strength. Sincel (111 —111,1)=0.003. Th? relat_lve Intensities are small be-
the anticrossing of the Ievelsl‘Jlf and 1A7 takes place cause the envelope functions in the overlap integral have
aroundB=2 T, we present the relative intensities of both approximately different parities in thedirection. Except for
1Hf_’1H¢+ and ]Hr_&ATf luminescence lines. The the anticrossing states, the changes in the line intensities are
simple structure of the intensity distribution in the coupledf@irly small forB<6 T. Since the indirect transitions are not
band calculations is due to the approximate conservation citrfictly forbidden, they may be visible in spectral regions
mesoscopic angular momentum and spin in the interban#/here there are no direct transitions.
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