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Magneto-optical properties of strain-induced In,Ga; _,As parabolic quantum dots
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We have investigated the Zeeman splitting in straing®#_,As quantum dots with different quantization
energies by means of magnetoluminescence. A multifold splittind ahd A states is observed due to lifted
degeneracy ofn>0 states. The experimental data were systematically compared to the diamagnetic and
Zeeman shift of the single-particle states, taking into account the details of the valence-band structure and the
spin splitting. Our data indicate that excitonic effects are negligible and that the magneto-optical properties of
these strongly confined dots can be described rather accurately within the single-particle model.
[S0163-182698)02116-X

l. INTRODUCTION and experimentally investigatéd! in some detail in recent
years.

In the last five years great attention has been devoted to Conversely, the successful realization of high-quality self-
the problem of artificial atoms in a magnetic field. Artificial organized dots has recently allowed the study of macroatoms
atoms can be obtained by confining the electron motiorvhere both electrons and holes are confined in the respective
along three directions in semiconductor nanostructures of lafD subbands, so that the electron-hole correlation is ex-
eral dimensions comparable to the de Broglie wavelength dpected to be quite relevatft.The extent to which the Cou-
the material. These systems are known as quantum dots §MP interaction affects the energy spectrum of the dots as
zero-dimensional nanostructur€@DNS). The energy spec- compared to the confinement energy and to the magnetic
trum of the ODNS is a sequence 6fike states centered at Nteraction is still a matter of debate: _ o
the eigenstate energies, resembling the discrete spectrum of [N order to contribute to the understanding of this impor-
atoms. Despite the important properties that differentiate th&nt point, we have studied the magnetic-field dependence of
artificial atoms from the natural atom@lectron effective '€ Z€eman splitting and of the diamagnetic shift observed in
mass, screening of the repulsive electron-electron interactioffl€ Magnetoluminescence spectra of different parabolic
via the effective dielectric constaht nonsingular character duantum dots of excellent structural quality. Our attention
of the confining potential, etg.the study of macroatoms in Nas been devoted to the competition between the magnetic
high magnetic fields elucidates several interesting effects th&"€r9y and the Coulomb energy in quantum dots with sub-
are very similar to those studied by classical atomic physicsstantially different confinement energiésw,, wherews, is
For instance, it has been demonstrated that the magnetic 1€ €igenfrequency of the circular oscillatorhe compari-
teraction in artificial atoms with axially symmetric potential SON Of the experimental spectra with the theory indicates that
causes the lifting of the degeneracy of states having differerfXCitonic effectdelectron-hole correlatiorare in most cases
values of the angular momentum quantum number, resultinf€9/igible, and that a single-particle picture accounts well for
in the formation of the so-called Darwin-Fock stat@sThis ~ ("€ measured Zeeman splitting and diamagnetic shift of the

effect is similar to the Zeeman splitting occurring in the elec-Ntérband transitions. The paper is organized as follows: In
Sec. Il we give some details on the growth conditions and on

tronic states of real atoms, thus reinforcing the analogy bes < ) ) X

tween quantum dots and atofhs. the structural characteristics qf the investigated samples; in
Although this finding is quite clear in itself, the actual Sec. I_II we present our experlmental and theoretical results

description of the magnetic interactions in mesoscopic sys2nd discuss the optical properties of theGa; _,As quan-

tems is still unclear. Unlike the case of real atoms, quantuniU™ dots under an external magnetic field. Our conclusions

dots can be realized by different methods, namely, direcg"® drawn in Sec. IV.

patterning of heterostructures, self-organization, and field-

effect confinement, so that only electrons or both electrons Il. EXPERIMENT

and holes can be confined in the structure. In the former case,

which is typical of field-effect quantum dots, the magnetic- The samples were grown by metal-organic vapor phase

field evolution of the quantized levels is dominated by theepitaxy at atmospheric pressure. The layers were deposited at

electron-electron correlation and has been theoreticallf 650 °C in a single growth run on semi-insulatirf@00)
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TABLE I. Nominal values of the IgGa_,As quantum well T T T T T
thicknessL, in nm, of the GaAs space layer thicknessn nm, of SAMPLE F
the In contenx. AE is the transition energy spacin¢see text il SAMPLE B
x=20%
Sample L, (nm) d (nm) X AE (meV) d=20 o piE A
a x=8%
A 8 20 0.08 10.5 = d=20 nm
B 8 20 0.20 13.6 Nt
C 8 5 0.08 14 = d=5nm
D 8 5 0.20 11.7 ‘;:
E 8 5 0.25 14.25 =
Fa 8 5 0.25 20.35 3
=
]
8Reference 19. SQL%O%D S
d=5 nm d=5nm
+0.5° GaAs substrates without intentional doping. Sources
were trimethylgallium, trimethylindium, tertiarybutylarsine, | | | | |
and tertiarybutylphosphine. The gquantum dot consists of an 10 11 12 13 14 15 16
In,Ga, _,As quantum wel(QW) buried by a GaAs top bar- Energy (eV)

rier of thicknesdd. Self-organized InP islandstressorsare
grown on the GaAs surface in order to induce a suitable FIG. 1. Photoluminescence spectra of the investigated samples.
strain potential that laterally confines the carriers in theT=12 K, A¢,=488 nm, | ¢,=5 Wicnt.
In,Ga, _,As QW underneath the stressor. In Table | we re- ) _
port the widthl, of the InGa,_ As QW, the In contenk,  Width of the parabolic potentidf. On the other hand, the In
and the top barrier widtt of the samples investigated in this content influences both the depth of the parabolic potential
paper. The growth rate and V/II ratio for GaAs and and the mass of the confined patrticles. By increasing the In
In,Ga,_,As were about 1.5 ML/s and 40, respectively. Thecontent, the potential well gets d_eeper and the mass gets
V/IIl ratio in the growth of InP was 100. The InP islands for lighter, resulting in a stronger confinement for both electrons
the uniformity study were grown directly on the GaAs buffer and holes. This is clearly reflected in the increased intersub-
with various growth rates. Atomic force microscopy wasPand splitting observed in dots having smalivalues and
used to probe the surface of the samples, evidencing thi@rgex values, as shown in Fig. 1. _
good size uniformity of the self-organized InP stressors. De- The sharp interband recombination lines observed in the
tails on the samples can be found in Ref. 16. photoluminescence PL spectra allow us to deconvolute the
The photoluminescence and magnetoluminescence me&P€ctra and to follow the temperature and intensity depen-
surements were performed in a cryostat equipped with a siflences of _the |n_d|V|duaI transitions. _Thls is done by flttlng_
perconducting magnet providing fields up to 10 T at 2.2 K.6ach transition line by a Gaussian line shape and by mini-
The luminescence was excited by an argon-ion laser, dighizing thex of the overall spectruntFig. 2). In the inset of

persed by a single 1-m monochromator, and detected by &9- 2 we show how this procedure provides the temperature
cooled Ge detector. dependence and the peak energies up to almost room tem-

perature. Similarly, the line-shape fitting of the band filling
spectra obtained under increasing photopumping intensities

Ill. RESULTS AND DISCUSSION provides the intensity dependence of the strength of the vari-
ous transitions. These simple deconvolutions are found to be
quite accurate, thanks to the excellent signal-to-noise ratio of

In Fig. 1 we show the photoluminescence spectra of thehe spectra and to the smooth line shapes, and will be used
investigated samples under low-power cw excitation. Thebelow in order to extract the energy positions of the spectral
high quality of the samples is evidenced by several excitedeatures as a function of the magnetic-field flux.
states that contribute to the total emission spectra and by the In Fig. 3 we show the typical evolution of the PL spectra
sharpness of the transition lin€gypical full width at half  under a magnetic field perpendicular to the QW layer. The
maximum FWHM are of the order of 5-6 meV at 4.K power density was set at 10 W cfso as to have band
These spectra indicate that the number of filled subbands arfilling spectra with several well-resolved transitions. The
the strength of the recombination lines strongly depend omighest energy feature in these spectra is due to the recom-
the depth of the lateralparaboli¢ confining potentiat’”'®  bination from the quantum well QW between adjacent dots.
The lateral confinement energy primarily depends on the The lifting of level degeneracy induced by the external
width of the InP stressor, on the thickness of the space layanhagnetic field parallel to the axis results in a very complex
d, and on the In content. Actually, the width of the InP spectrum of eigenstates. With increasing the magnetic field
islands is kept almost constant by the Stransky-Krastanothe quantum dot lines corresponding to the excited states
growth parameters, so that a proper tuning of the confinebroaden and split into two or more lines of different ampli-
ment energies is obtained by changim@ndx.'® Since the tude and width depending on the value of the angular mo-
strain field is maximum at the interface between the InP ismentum quantum number.
lands and the GaAs surface and decays exponentially under From the line-shape analysis of the multitransition spectra
the surface, thel parameter acts on both the height and thewe are able to draw the fan plots of the energies as a function

A. Experimental results
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T T o] shweien T is therefore crucial to evaluate precisely the magnetic energy
6F T=4K raaf ¥y of electrons and holes in order to verify this qualitative indi-
S 1}:“‘:‘ cation.
S NN
5F %122 "'.:‘.:‘.
Gy ) Teta B. Electronic states of parabolic quantum dots
sl e in a magnetic field
.‘g 4 ”5; ettt The qualitative analysis of the experimental data dis-
3 Temperature (1) cussed in the previous section raises the question about the
€ 3t ' actual observability of Coulomb correlation effects in the
> magneto-optical spectra of our dots. In other words, the
2 | question is how Coulomb correlation can modify the single-
o 2r particle spectra. Generally speaking, Coulomb correlation ef-
= fects can be due to electron-electron or electron-hole inter-
action. Electron-electron correlation effects are not
1 observable in these magnetoluminescence experiments be-
Yy cause of the following.
ok i A (i) The temperature of the carriers in the cw experiments
is higher than the sample temperature in the liquid He

— P e (=4 K) resulting in a broadened Fermi distribution. Corre-
120 1.22 1.24 1.26 128 1.30 lation effects are indeed usually detected only for tempera-
Energy (eV) tures belev 1 K asreported in Ref. 8.

) ] ] (i) The photoexcited number of electron-hole pairs at the

FIG. 2. Line-shape analysis of a typical PL spectrum at zeroy nica| excitation densities of Fig. 1 is of the order of 8—10
magnetic field by Gaussian deconvolutigsampleD, T=4K,  airs ner dot, resulting in the filling of the first five energy
lexc=10 W em )- Inset shows temperature evolution of the ground states. Because of the approximate charge neutrality of the
and first three excited states of sample dots this leads to a rapid screening of the electron-electron
repulsion.

(iii) The broadening of quantum dot energy levels due to
inhomogeneities of the self-organized island siegtrinsic
or Gaussian broadenipgnd to the scattering processes due
to hot carriers(intrinsic or Lorentian broadeningprevents

of the magnetic field. All samples exhibit the lifting of de-
generacy of the excited statédeeman effegt whereas the

13, state m=0) does show only the usual diamagnetic shift.
In a previous work we have already shown that the ob-

seryed Zegman sphttlng and 'd|amagn(.at|c shift can be quit e observation of a fine structure due to intraband correla-
satisfactorily described by a single-particle model, in the WGio effects

band approximation. The Zeeman effect term is expected to Experimentally, the lack of electron-electron interaction is

increase linearly in the fiefd as confirmed by the intensity-dependent PL measurements
shown in Fig. 4. The excitation intensity was increased from

AEZ:i (ieJr _15> Bm, (1) @ few tens of mW/crhup to 30 W/crd in order to progres-
2mp \my - m, sively fill the quantized states. By increasing the excitation

intensity we observe neither shift of the transition lines nor
wheremy is the electron massnf™ is the electronhole)  splitting, indicating that electron-electron or hole-hole corre-
in-plane effective mass, ana is the value of the angular |ation effects do not influence our experimental observations.
momentum quantum numbem@0). The diamagnetic shift In the highest intensity PL spectra all five quantized levels of
coming from the quadrati® term in the Hamiltonian is the dots are filled, so that 30 electron-hotel{) pairs can be
evaluated starting from the magnetic-field dependence of thgssumed in each dot. Given the dot density of 2
states withm=0 (X stateg: x 10° cm™2, this corresponds to a photogeneration rate of
about 6x 10'° cm ™2 for the maximum excitation intensity at
(r&e (i)t a temperature of 0 K. Actually, if we take into account the
m? m" B" @ finite carrier temperature that is slightly higher than the crys-
tal temperaturgsome 20-30 Kwe can estimate that the
Here the expectation valuds?)® and (r?)" are calculated number ofe-h pairs in Fig. 4 ranges between 2 at the lowest
with wave functions corresponding to nonzero externalpower, about 20 at 10 W/cinand about 30 at the maximum
fields. In the case of free carriers we expect that the diamageower. Most of the experiments shown in this paper have
netic shift decreases with increasing the confinement poterbeen performed with typically &-h pairs at low density
tial, i.e., with reducing the spatial extent of the electron andthree subbands observed in the PL speairaabout 20e-h
hole wave functions. For almost equally confined samplegairs at the maximum powéfive subbands in the PL spec-
the contribution of the effective mass becomes relevant antia).
carriers confined in In-rich quantum dotighter masses On the other hand, electron-hole correlat{iexcitonic ef-
exhibit larger diamagnetic shifts. We have to mention thatfect) should not be observed because the exciton wave func-
the presence of excitons should result in a diamagnetic shifton in a strongly confined dot can be simply constructed by
substantially smaller than that of the single-patrticle states. Ithe product of the single-particle wave functions, which are

eZ
AED: 8m0
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FIG. 3. (a)—(d) Magnetic-field-dependent luminescence spectra of san#pl€3, D, andE, respectively, at 4 K. The magnetic-field
direction is parallel to the growth axis.

strongly localized in the dot. Theslorbital wave function dispersion is still governed by excitonic behavior and the
(envelope function of the excitprusually written for one- first excited state luminescence peak does not exhibit any
and two-dimensional systems, does not appear in this casgeeman splitting.

due to the lack of degrees of freedom for the center-of-mass In order to test this hypothesis we have performed a full
motion of the exciton particle in the dét.Under this as- calculation of the diamagnetic shift and Zeeman splitting of
sumption, the magnetic interaction on the quantum dot excithe 13* and I1* states in our samples, which includes the
tons reduces to the magnetic interaction on the singleaccurate valence-band description and the spin splitting of
particle states, i.e., the electron and hole diamagnetic shithe single-particle states. The valence band was calculated by
plus the Zeeman splitting. While this argument is clearlythe four band Luttinger-Kohn methd&22In short, the com-
valid for quantum dots with very strong confinement, theputational analysis includes the following stages: First, the
calculation of Bockelmari shows that for a parabolic quan- strain distribution is calculated from the theory of elasticity
tum dot having a level spacing of 10.7 meV the magnetidoy minimizing the total strain energy; a dislocation-free
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' ' ‘ finement potentials are given bW, (r,z)=VR™(2)
SAMPLE C +VH(r,2) = Vi(r,2), whereVR"(2) is the hole band-edge
aw confinement potentialVy(r,z) =a,(e,x+€,y+€,,) the hy-
T drostatic deformation potential, andf(r,z)zby[ezz—(exx
+eyy)/2] the shear deformation potential.

Thez component of the total angular momentum is given
: by J,t=J,+L,, whereL, is the mesoscopic angular momen-
tum. The four component envelope function in cylindrical
coordinates has the formlrmj(r,z,da)=ei(’\"*mj)¢xmj(r,z),
_ where#iM is the eigenvalue of the component of the total
angular momentum and in the present case it is a good quan-
tum number.M must be a positive or negative half-integer
(but not an integgrand m; takes the values 3/2, +1/2.
emyrém? T2mpiom? | As discussed by Brasken, Lindberg, and Tufidhe me-
130 135 140 145 150 soscopic angular momentum defined by the expectation
ENERGY (eV) value

20W/em?

PL INTENSITY (arb. units)

2.5Wiem?

FIG. 4. Intensity-dependent PL spectra of samplat 10 K. ~
(Ly=12 (M=m) (x| Xm,) M
]

structure is assumed. Second, the strain distribution is coriS @pproximately a constant of motion interband transi-
verted into deformation potentials using the theory of Pikuglions. Therefore, a mesoscopic angular momentum number
and Bir? Finally, the confinement energies and envelope™ is & useful tool in identifying eigenstates from the experi-
wave functions are calculated by the four band Luttinger/mental spectrum and we can label the valence-band states by
Kohn theory, including both the strain-induced confinementN2 | ,NII; ,NAT, ... inanalogy to the electron states. The
and the QW band-edge confinement. mesoscopic angular momentum numbeis defined as the

Using minimal substitution, the Hamiltonian including the nearest integer t0L,)/% and used as a label for the valence-
strain-induced confinement and the magnetic flelésults  band state.

in The second quantity that has to be accounted for is spin
splitting, which modifies the single-particle energy in a mag-
Hunt Vi b C 0 netic field depending on the spin orientation. We define the
bt Hit Vi 0 c expectation value of spin for the valence band as
H= t
c 0 Hpp+V -b A h
0 o IEbT " Herh Vi <Sz>:5[_<X—3/2|X—3/2>—%(X—1/2|X—1/2>+%(X1/2|X1/2>
e +(xz2d x32)]- ®)
+ — «kBJ,, 3 ~
Mo Whenever they.. 3, component dominates we hayg,)
where ~+1/2#, respectively. We denote the dominant hh compo-
nent by T () for m;=3/2 (—3/2). The numerical calcula-
Y 72 tions showed that this leads tb=M — 3/2 for the | states
Hip h==— [(,,1: 2v,) — andm= M + 3/2 for the| states. With this definition the spin
T 2mg 9z is also approximately conserved in the dipole-allowed tran-
2 5 o sitions. The strongest luminescence lines always correspond
+(y* 72)(—2+—2—2— L,— o2(x2+ yz))}, (excluding anticrossing regimesto transitions between
ox= 9y h states having the same mesoscopic quantum number and
(4)  spin®®
In Figs. 5a)—5(d) we compare the magnetic shifts calcu-
V352 919 P lated by Egs.(3)—(8) for the ground state 3 and the II
=— V3 — (——i —+5(x—iy)>, (5)  excited stateglines) with the experimental datésymbols.
Mo gz \ox  dy The agreement between the single-particle theory and the
experiment is good for all the investigated samples. The on-
V3P yptys (9 0 |2 5 set of the experimental observation of thél1l Zeeman
B 2_rn0 2 ax W+w(x—|y) ' ©) splitting is shifted to higher fields with respect to the theo-

retical one because the Gaussian broadening of the transition
wheremy is the bare electron mass aad=eB/2%. In Eq.  lines prevents the detection of energy splitting smaller than
(4) and below, the uppsditower) sign corresponds to heavy- 2.5 meV (approximately half-width of the emission line
hole (hh) band[light-hole (Ih) band. The nondiagonal terms Furthermore, the spin-up and spin-down splitting is found to
of the Pikus-Bir strain Hamiltoni&r were found to be small, be much less important than the Zeeman effect and is not
especially for the few lowest states, and the hh and Ih conresolved in the spectrd.
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gies where the experimentally observed diamagnetic and
Zeeman shifts are slightly smaller than the calculated ones.
In this case some additional excitonic effect should be taken
into account to improve the agreement between theory and
experiment. We should note that in the case of weakly con-
fined dots the electron-hole interaction is presumably re-
duced by the screening effect. Typically ten electron-hole
pairs in a single quantum dot correspond to a carrier density
of 10*® cm™3, which is by far larger than the typical density
for which screening of the Coulomb interaction becomes im-
portant. However, we have to mention that thegnetolumi-
nescence spectra collected under excitation intensities of the
order of a few tens ofiW/cn? (i.e., our detection limit show

the same diamagnetic shift and Zeeman splitting as the spec-
tra recorded under much higher intensitiééhe lack of any
density dependence of the diamagnetic shift and Zeeman
splitting somehow rules out the important role of screening.
Our findings thus suggest that the single-particle picture de-
scribes quite well the magneto-optical properties of strongly
confined quantum dots.

IV. CONCLUSIONS

In conclusion, we have studied the magneto-optical prop-
erties of strongly confined J&a _,As parabolic quantum
dots with intersubband spacing in the range between 10 and
27 meV. From the comparison between the experimentally
observed and calculated diamagnetic shift and Zeeman split-

FIG. 5. Comparison between the calculated magnetic shifts ofing of confined states we can state that excitonic effects play
the & and 11 tran5|t|ons(llnes) and the experlmental data ex- a minor role in the magneto_opticaj properties of Strong|y

tracted from the magnetoluminescence spectra of sampl&s C,

confined dots and that a single-particle model describes quite

andD (symbolg. The error bars represent the best-fit error on theyye|| the emission properties of these strain-induced quantum
energy parameter obtained from the line-shape fitting. The errofots.

values are similar for all samples.

These data indicate the accuracy of the single-particle
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