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Semiconductor nanocrystals in a magnetic field
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The influence of a magnetic field on the electron and hole energy spectra of spherical uniform and multilayer
semiconductor nanocrystals is investigated. The calculations are performed wittinptineethod and enve-
lope function approximation. The valence subband mixing is taken into account by considering a two-band
Hamiltonian for the hole states. It is shown that the magnetic-field dependence of the energy spectrum varies
strongly with the size and composition of the nanocrystals. Several interesting phenomena, like spatial polar
separation of the one-electron charge density in quantum dot—quantum well structures or crossover from
confinement in the external shell to the internal core in quantum dot—quantum barrier systems under the
influence of a magnetic field are reported.
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[. INTRODUCTION hole states the valence subband mixing is taken into account
by considering a two-band Hamiltoniaf® In multilayer
Semiconductor nanocrystals synthesized in colloidal solustructures, like quantum dot—quantum wells or quantum
tions are the smallest quantum dots with the strongest threglot—quantum barriers, the charge density of some electron
dimensional confinement® Their sizes can vary from 1 to and hole states can be localized inside thin spherical
10 nm, they have frequently spherical shapes and can H@yer_s.7'8 We show that application of a magnetic field can
fabricated as multishell structures, i.e., built of concentriclé@d in such structures to effects not observed for homoge-
layers (shell§ of different semiconductors with the shell Neous spherical or two-dimensional quantum dots.
thickness down to a single monolayer. The size of the nanoc-
rystals and the composition of layers can be easily manipu-
lated in the process of fabrication, which makes it possible to Il. THEORY AND COMPUTATIONAL DETAILS
tailor to a large extent their discrete energy spetfrahis ) _ .
makes them attractive for applications in novel optoelec- The one-band effective-mass equation for an electron in a
tronic devices. spherical quantum dot potenti®l(p,z) and magnetic field
The influence of a magnetic field on the energy structurd3=(0,0B) is (in cylindrical coordinateg,z)
of quantum dots has been studied so far almost exclusively

for quasi-two-dimensional semiconductor islands, disks, and 1 B2 M
rings®~1*In the majority of works only electron states have T T p?— o T Velp,2) ~Enum | Pan=0,
been investigated and the calculations performed within the 1)

one-band effective-mass approximation with parabolic con-
fining potentials. In such cases the resulting energy spectra .
are of the well-known Fock-Darwin type. However, when WhereM=0,£1,%2,.. . is the quantum number of the pro-
the effective-mass approach and the envelope function apgction of the angular momentuin onto the magnetic-field
proximation are used, the confining potentials are far fromB) @xis,m* is the effective mass, antiis the main quantum
being parabolic. They have a well defined steplike charactefumber. For comparison with the spherically symmetric
at interfaces separating two different media: the rectangulaft@tes of the8=0 case, we will label the consecutive states
steps are determined by the corresponding band offsets. Velly nLy , wheren labels the consecutive states of a given
recently, steplike potentials have been used to investigate argpherical symmetry case Bt=0.
successfully explait the energy spectra of InAs rings For the proper description of the valence-band states, the
grown on GaAs substrafé®Such potentials have been also valence-subband mixing has to be taken into account by con-
used in the study of resonance states of multilayer sphericslidering at least the four-barkd p Hamiltonian, that couples
nanocrystals, where an interesting phenomenon, the transfdihe heavy hole and light hole subbardsThe four-band
mation of resonant states into bound states under the inflidamiltonian represented in the conventional Luttinger-Kohn
ence of a magnetic field, has been repoffed. basis depends on two Luttinger parameterand y;, which

In this paper we study the influence of a magnetic field ondetermine the heavy-hole and light-hole effective masses
both the electron and hole energy levels of uniform and mulm,,=1/(y—2y,) and m;=1/(y+2y;). When zero-
tishell spherical nanocrystals. The one-band effective-masdimensional nanostructures are considered, in which the
approach is used in the calculations of electron states. For tredectrons and holes can be totally confined in three dimen-
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sions, the envelope function approximation is applied and the L L L L

elements of the Hamiltonian become the operators acting on 0.4} _,—“’-
the component$; of the envelope function. - 1D42 -~ { D4 3

For spherical nanostructures, such as the ones investigated S ’,__—_:_::,.-—a—”” 100 ]
in this paper, the Hamiltonian is usually written in spherical !'t‘f:%.“_h m
coordinates and results in two coupled differential equations 04l o= ST N
in the radial variablé? When the external magnetic field is ) 1D ~-LDP-1

~ -
-
-

applied the spherical symmetry is broken and the Hamil-
tonian commutes only with the operatey of the projection

of the total angular momentuii=L +J onto the field axis

(J is the Bloch angular momentund € 3/2) andL is the
envelope angular momentymn such a case cylindrical co-
ordinates f,z,¢) are more convenieit. When the Hamil-
tonian is written down in cylindrical coordinates and integra-
tion over the¢ angle is performed, it results in four coupled 2L i
differential equations for the envelope function components
(i) fi (p,2) M

The diagonal elements of the Hamiltonian include dl$o
the potential energy/(p,z), that depends on the actual ge- 28 18
ometry and structure of the studied system, @ndhe inter- T4
action with an external uniform magnetic fieR (0,0B)

(linear Zeeman and quadratic tepmk is worthwhile to note 0 40 30 120

that the cylindrical representation is also useful in the study B (T)

of nonspherical nanocrystalshemispherical, lens-shape,

quantum rings*? two or more aligned and interacting FIG. 1. Electron energy levelslM, for a uniform InAs nano-
nanocrystals) or when additionally an external electric field crystal of diameted=6 nm vs magnetic field.

is applied.

In looking for the bound states of the investigated systemsgrystals. We have performed the calculations for two nano-
all the envelope function components are required to vanisbrystals of very different size, namely 6 and 23 nm in diam-
for large p and z. For multishell structuresy,, andV, are  eter, both surrounded by a 4-eV rectangular barrier modeling
formed by the valence-band and conduction-band offsets, rehe vacuum, water solution, or polymer medium. The elec-
spectively. Since the electron and hole effective masses ateon energy levels of the smaller nanocrystal versus magnetic
different in different layers, appropriate matching conditions
should in general be applied at the corresponding interfaces.
In this paper, for simplicity, uniform electron effective
masses and Luttinger parameters are considered for all the
investigated systems.

The electron[Eq. (1)] and holé* equations have been
solved numerically using the finite-difference method on the
two-dimensional grid £,z) in cylindrical coordinates. The
discretization of the differential equations yields eigenvalue
problems of asymmetric huge and sparse matrices that have
been solved by employing the iterative Arnoldi
factorizationé? implemented in theRPACK package’

ENERGY (eV)
L
o

ENERGY (eV)

IIl. RESULTS AND DISCUSSION

A. Uniform nanocrystals

1. Electron states

Chemically synthesized InAs nanocrystals are known of Ll

having almost spherical shape¥. Their typical sizes are 0 50 100 150

2—-10 nm(in diametey. The particularly small electron effec- B (T)

tive mass of InAsm* =0.024, opens a possibility to study

the magnetic-field effects iartificial atoms that cannot be FIG. 2. Several lowest electron energy levels for a uniform InAs

investigated in real atoms for the fields attainable in the labonanocrystal of diametat=23 nm vs magnetic field. Degenerate
ratory. In this section we study the influence of a magnetidevels forB=0 T are markedM =0 solid lines,M=+1 dotted
field on the electron energy structure of uniform InAs nano-lines, M=+ 2 short dashed line$ = =3 dashed lines.
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field are presented in Fig. 1. Figure 2 shows the lower part of
the energy spectrum of the wider quantum dot. The zero of
energy scale is at the top of the external barrier.

For small nanocrystals the field dependence of the energy
levels is, like in atoms, almost exclusively linear even for
fields as strong as 100 T. In quantum dots of diameter
~10 nm the quadratic dependence of the energy levels on
the field starts to be seen at fields7rO T. In large nanoc-
rystals, i.e., fod>20 nm, the quadratic dependence is seen
already for laboratory field¢Fig. 2). The beginning of the
formation of the first few Landau levels for fields greater
than 100 T is also seen. For a very strong magnetic field the
energy levels contributing to each Landau level form the
spectrum of a one-dimensional rectangular potential urll
the z direction of sized and depth 4 eV.

It is the ratio betweerpy andr 4, Wherep,=[(2|M|
+1)(%/eB)]*?is the radius of the maximum charge density
in the lowest Landau level, ang,, is the maximum of the
radial charge density in a given quantum dot state that de-
cides whether only the linear Zeeman term or also the qua-
dratic term in the Hamiltoniar(1l) are significant. ForB
=100 T, po,=2.4 nm. In nanocrystals of diameted
=6 nm, r,.~15 nm and compressionof the radial
charge density in the plane perpendicular to the field axis

does not occurf,>rmay). In this case only the linear term  _
z

is significant. However, in large dots, e.g., foe=23 nm,
rmax~10 nm and is much larger thap, even for B
=10 T. In this case the field confinement in they() plane

and the quadratic term becomes important.

The states, which foB=0 have at least one radial node g_gg T the ener

and thus significant charge density in the outer part of theg
nanocrystal, are more affected by the field than the nodeless
states. This causes several anticrossings of the energy levels
of a given symmetryM that can be observed for a larger
nanocrystal aB>70 T.

2. Hole states

1P(3/2)
In this section we study the influence of a magnetic field
on the valence-band energy structure of uniform InAs nanoc- ~ 1P(5/2) ‘
rystals. Luttinger parameters;;=19.7 andy=8.4, corre- ) 1D(5/2) P .
sponding to heavy hole and light hole effective massgg 2 %13385% —0.1 RIS
=0.345,m;,=0.027, are usetP When there is no magnetic 5 1D(7/2)
field, the calculations are usually performed in spherical co- Lﬁ 1E(7/2)

ordinates and the valence-band states are abelle@hy
where Q denotes the spectroscopic notation for the lowest
value ofL in the wave functiort® When the magnetic field is
on and the calculations are performed in cylindrical coordi-
nates, the states are labeledFy. To identify these states by
their spherical notation @8=0 we have performed, foB
=0, two sets of calculations in both coordinates. This allows

us to label the states in cylindrical coordinatesn&: ,F,,

wheren is the main quantum number corresponding to a
given spherical symmetr@)r .

reater thanA
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FIG. 3. Hole energy levels for a uniform InAs nanocrystal of

diameterd=6 nm vs magnetic field. DegeneréﬁQ(F) levels at
B=0 T are marked.

3 the radiusp, of the maximum charge density in the
corresponding Landau level is, f8=100 T, greater than 3
nm, the field dependence of the hole energy levels is for
i X small nanocrystals again exclusively linear. One can see that
is, forB>10 T, stronger than the quantum dot confinementy, o nehavior of different pairs F, of states of a givefiF
is different versus increasing magnetic field. For example, at
gy differenced (1S2,+3,1S2,—3) is
(1P%,+3,1P5,—3); the energy difference

100

B (T)

FIG. 4. Hole energy levels for a uniform InAs nanocrystal

The valence-band energy levels for a InAs nanocrystal 0bf diameterd=16 nm vs magnetic fieldf,= + 3 solid lines,F,
diameterd=6 nm are shown in Fig. 3. The height of the =+ 2 dotted linesF,= + 2 dashed lines. Degenerat®(F) levels
external barrier is, like for electrons, 4 eV. Since even foratB=0 T are marked.
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FIG. 5. The investigated multishell nanocrystals and the corre- 20 60 100 140
sponding schematic layouts of conduction-band and valence-band B (T
edges.(a) quantum dot—quantum wel{p) quantum dot—quantum (T

barrier.
FIG. 7. The same as in Fig. 3, but for In®snm)/GaAg1 nm)/

A(1S3,+3,1S2,—%) is smaller thanA(1P$,+3,1Ps,  INAS(3.5 nm.

_3 . i 3
f)' Anotlher example: the energ%/ d|fferesna§(2_82, states ofF,= + 3 the quadratic term in the Hamiltonian now
2,253, ~3) is the same ad (253, 35,253, ~3). This is 00 Ganificant even at laboratory fields, while For
because different pairs F, of states correspond to two va- ~ 5 > SI9 . ) y >
= > the linear term is still dominant, even at fields as strong

) ; , =3
lri?xceed ‘Té?}?il%shcga?/gfiggtsifgi?rﬁsmasses resulting frongls 50 T. The states of a givep,, that for B=0 have a

Figure 4 shows the energy levels versus magnetic field °§'ﬁheéﬁ2;| nsunr;brr?;tr?;snoedveoslvzl?r?ea tgﬁfyerzﬁlto\r/ﬁ t?/ec:gfuesreim
a larger InAs nanocrystal of diametd=16 nm. For the pherl y S ) Y VE .
creasing magnetic field. This causes several anticrossings

By sy iy well seen in Fig. 4. However, no anticrossingsFof states
26l /’,' belonging to the same spherical symme@ry are seen, as is
A L observed for semiconductor quantum rifgs.
P d
1 G S ",' ’,- =
_\“;/\' 7 7" . ] B. Quantum dot—quantum barrier
5\ 2P -3 4 \"."~- Al A Let us consider a three-layer nanocrystal built of an inter-
L 1F Y e nal InAs core of radius 7 nm, middle GaAs shell of thickness
o R A = 1 nm, and external InAs clad. Since the forbidden energy gap
o} - }?\ . — of GaAs is wider than the gap of InAs, the middle shell acts
% 28 i NNy for the conduction-band electrons as a 1-eV barrier separat-
Z 1D S > ] ing two spherical InAs well€® The surrounding medium is
H -34} “‘ T A modeled by a 4-eV external potential barrier. The system and
i the corresponding band structure are shown schematically in
"""" Fig. 5(b).
1P "//' The electron energy levelsersus magnetic fiejdof two
nanostructures with an external InAs clad of thicknes<2
1S 38 T nm and(b) 3.5 nm are shown in Figs. 6 and 7. Only the
30 70 110 150 states, which foB=0 have energies below the GaAs barrier,
B (T) are shownexcept for the G states of the smaller nanocrys-

tal that have also been included in Fig. ince the total
FIG. 6. Several lowest electron energy levels of a Iffasm)/  diameters of these nanocrystals are 20 and 23 nm, respec-
GaAg1 nm)/InAs(2 nm) quantum dot—quantum barrier vs magnetic tively, the energy spectrum is similar to the spectrum of the
field. DegeneratelL levels forB=0 T are markedM=0 solid  uniform quantum dot studied in the previous section.
lines, M=*+1 dotted linesM=+2 short dashed linesyi=+3 For B=0 a rearrangement of some energy level® (1
dashed lines. 2S) and (IF, 2P) with the increasing thickness of the ex-
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FIG. 8. InA47 nm)/GaAd1l nm)/InAs(2 nm) quantum dot—
quantum barrier. Charge-density contours of electron stafgs 2
(top) and 1D, (bottom for B=0 T (left) andB=40 T (right). z
andp in nm.

ternal shell, reported previously for CdS/ZnS/CdS
nanocrystald,is also observed here. Since the radial part of
the 2S (2P) state has a node, this state is favorable for
building a significant charge density in the external clad in
comparison to the nodelesD{1F) state. It causes faster
decrease of the energy of th&s@2P) state when the clad
thickness increases.

On the other hand, sinceD} and 1F states contribute to
the lowest Landau level when the field is on, whilg,2and
2P, states contribute to second Landau level, more anti
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crossing points are observed for the wider-clad nanocrystal

(Fig. 7). This is also illustrated in Figs. 8 and 9, where the
contours of the charge densities of th§,2and 1D, states

L
8 8
2 =) ()
-8 -8
p p
0 7 13.5 0 7 135
8 8
-8 -8
p p
0 7 1356 0 7 135

FIG. 9. The same as in Fig. 5, but for 3.5-nm external InAs clad.

B=0 T (left) before 25, and 1D, levels anticrossingB=40 T
(right) after anticrossing.

FIG. 10. Charge-density contours of3 state of the larger
quantum dot—quantum barrier system in a magnetic s, B
=50, andB=100 T (from top to bottom. z and p in nm. 1-nm
wide GaAs barrier begins at=7 nm.

for B=0 andB=40 T are shown for the cases with a thin-
ner and thicker clad, respectively.

Some of the excited states can have,Bet 0, the maxi-
mum of charge density localized in the external InAs clad.
The 1F; state(of the thicker nanocrystais one of the ex-
amples, in which the charge-density maximum is localized
on aring (ext,2~0), wherep,,. is the radius of the external
clad. A strong enough magnetic field can push the electron
charge density from the external clad to the internal core.
This is shown in Fig. 10. For nanocrystals with a larger core
this can happen even for laboratory fields. This crossover
from confinement in the external shell to confinement in the
internal core can be used to modify the transition rates in the
magneto-optical absorption spectra or binding strength of
quantum dot molecules and quantum dot soffds.

C. Quantum dot—quantum well

Let us consider now a three-layer nanocrystal built of a
internal barrier acting GaAs core, a middle well acting InAs
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LI L L I‘:,[I,,/Illli,llf
21 A, = =
[y —
zZ0 zZ0
=", =,
; 0 6 12 0 6 12
L
e
2 8 8
z
= zZ0 z0
-8 -8
p P
0 6 12 0 6 12
15 -33
e . FIG. 12. Quantum dot—quantum well. Charge-density contours
10 50 90 130 of electron state B, (top) and 1S, (botton) for B=0 T (left) and
B (1) B=100 T (right). zandp in nm.

energy levels contributing to the lowest Landau level group
into a single level bound below the GaAs barrier. To explain
~ _ _ . . these effects the contours of charge densities for the pair of
e e s 23 o 1% tats (B 1P0) atB=0 andé =100 T are pltied n g
The 1P, state has, foB=0, a symmetry similar to @,

shell, and an external barrier acting GaAs clad. The radius odtomic orbital. The increasing magnetic field triestpeeze
the core is 8 nm, the thickness of the InAs and GaAs shells ithe charge into the small Landau orbit, but since it bounces
2 nm, and the height of the surrounding barrier is 4&9m  the wide internal GaAs barrier, the charge concentrates fi-
the bottom of the InAs well The system is schematically nally in two spots, at which theaxis crosses the well acting
shown in Fig. %a). The electron energy levels versus mag-InAs sphere. The same happens to tiSg dtate with the only
netic field are shown in Fig. 11. difference that the wave function of theS{ state has the

Although the energy spectrum looks, at first sight, similarsame sign in all the space, while th@d state has a nodal
to the ones of the uniform and quantum dot—quantum barrieplane atz=0.
structures, it differs in the change of the ground state sym- |n a very strong magnetic field the Landau states are
metry with the increase of the magnetic field. Thus Br  squeezedso much that only confinement in tizedirection
<20 T the ground state isSp, for 20<B<40 T itis a survives from the initial three-dimension@D) confinement
1P_, state, for 46<B<<60 T it is 1D _,, next IF 3, etc.  in the quantum dot. The resulting confining potential be-
This behavior is similar to the one observed in two-comes almost one-dimensional with two narr(@nm wide
dimensional quantum ring$:* In both cases, the wave wells (1 eV deep separated by a wide 16-nm barrier and
function of the first state of each symmetfy (or M) has (1S, 1P,) states being thevenandoddsolutions of such a
most of the electron charge density localized in the @il  double 1D well. Since the 1D well is very narrow, only a
ring). Therefore all such states have similar expectatiorsingle bound state exists below the GaAs barrier egge
value of(p®) and thus similar quadratic behavior in a mag- Fig. 11). This transformation of one-electron states from uni-
netic field. Since aB=0 the corresponding energy levels are form charge distribution to a distribution of one-electron
close, the linear term in the Hamiltonian causes the progressharge on two spatially separated regions may appear inter-
sive change of the ground state versus increasing magnetisting for quantum computing applications.
field.

Another interesting feature of this spectrum is that the ACKNOWLEDGMENTS
first two energy levels of each symmetry approach each other
as the magnetic field increases, so that they become almost Financial support from MSC Fund Il, KBN-8T11B06218,
degenerate at high fields. One can see it foBy(11Py), DGESIC-MEC P1B97-0397, and UJI-Bancaixa-P1B97-23 is
(1P_,, 1D_,), (1D_,, 1F_y), (1P,;, 1D,;) and acknowledged. J.G.D. thanks Generalitat Valenciana and J.C.
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FIG. 11. Several electron energy levels for a G@Asm)/
InAs(2 nm/GaAq2 nm) quantum dot—quantum well. Degenerate
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