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Zero- and one-dimensional magnetic traps for quasiparticles in diluted magnetic semiconductors
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We investigate the possibility of trapping quasiparticles in hybrid structures composed of a magnetic quan-
tum well placed a few nanometers below a ferromagnetic micromagnet. We are interested in two different
micromagnet shapes: cylindrical (microdisk) and rectangular geometry. We show that in the case of a micro-
disk, the quasiparticles are localized in all three directions and therefore zero-dimensional states are created. In
the case of an elongated rectangular micromagnet the quasiparticles can move freely in one direction, hence
one-dimensional states are formed. After calculating the magnetic field profiles produced by the micromagnets,
we analyze in detail the light absorption spectrum for different micromagnet thicknesses and different distances
between the micromagnet and the semimagnetic quantum well. We argue that the discrete spectrum of the
localized states can be detected via spatially resolved low-temperature optical measurement.
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I. INTRODUCTION

Currently, there is an increasing interest in using the spin
of particles, in addition to their charge, as the basis for new
types of “spin electronics.”!= In this work we show that the
spin degrees of freedom can be utilized for achieving spatial
localization of charged quasiparticles (electrons, holes, or
trions*), as well as of neutral complexes, such as
excitons.*6

In this paper we consider a hybrid structure consisting of
a CdMnTe/CdMgTe quantum well (QW) structure at a
small, but finite distance from a ferromagnetic micromagnet.
Due to the Zeeman interaction, the inhomogeneous magnetic
field produced by the micromagnet acts as an effective po-
tential that can “trap” spin polarized quasiparticles in the
QW. In this paper we explore two specific types of micro-
magnets: one with cylindrical’ and one with rectangular®-'°
symmetry. In both cases the thickness of the micromagnets is
of the order of a few hundreds of nanometers and their lateral
dimension is of the order of microns. We will show that in
both geometries the micromagnets are very effective in lo-
calizing quasiparticles. For the microdisk, the quasiparticles
are localized below the center of the disk in all three spatial
directions. For the rectangular micromagnet, the quasiparti-
cles are localized below the poles of the ferromagnet and the
localization occurs only in two spatial dimensions. Thus in
the latter case the quasiparticles can move quasifreely in one
direction.

The choice of the diluted magnetic semiconductor
(CdMnTe) QW instead of the classical one (i.e., CdTe) is
motivated by the desire to achieve more efficient spin traps,
leading to clear localization effects. Related phenomena and
spintronic applications have recently been explored in mag-
netic semiconductor/superconductor hybrid structures.!! In
diluted magnetic semiconductor (DMS) materials the ex-
change interaction between delocalized band electrons and
localized magnetic ions (Mn** ions in the case at hand) leads
to a splitting between band states for different spin compo-
nents (for a review of relevant properties of DMS see Ref.

1098-0121/2005/72(8)/085209(9)/$23.00

085209-1

PACS number(s): 75.50.Pp, 78.67.De, 78.40.Fy

12). The so-called giant Zeeman spin splitting has been ex-
tensively investigated in the 1980s in II-VI based DMSs.!3 A
consequence of this effect is the huge effective g factor for
most DMS materials. For example, Dietl'* et al. reported an
electron g factor of about 500 in a sub-Kelvin experiment in
a CdMnSe, which implies a value of about 2000 for the g
factor of a hole in this material. According to our previous
calculations'? such values for the effective g factors can in
fact result in the confinement of quasiparticles in a small
lateral region inside QW. The actual details of the optical
response will depend in a sensitive way on the values of the
electron and hole g factors. Our focus on QW structures
instead of normal films has both experimental and theoretical
motivations. From the experimental point of view, we would
like to avoid the complications caused by the metal-DMS
interface. To satisfy this criterion, the QW should be placed
at a finite distance from the micromagnet. However, the local
magnetic field inside the QW diminishes as the distance d
between the micromagnet and the QW increases. Thus, we
need to compromise in the value of d in order to have a high
magnetic field in the QW and, at the same time, to avoid
interface contamination effects. There are also two theoreti-
cal motivations that require the QW to be relatively narrow.
First, because of the quantum confinement, the heavy and
light hole states (degenerate in the bulk at the I' point) be-
come nondegenerate in the QW geometry. This means that
the low-energy absorption spectrum is simplified for the QW.
Second, in the narrow QW we can assume that the local
magnetic field is uniform throughout the width of the QW,
which again simplifies the calculation. On the other hand, for
practical reasons the QW cannot be too narrow, since the
linewidth of the optical resonances increases'> with decreas-
ing width of the QW (Lgy).

In Fig. 1 we present a schematic sketch of the energy
states in a DMS QW that can be used for discussing the
presence of ferromagnetic micromagnet on the top of the
quantum structure. The QW is grown in the [001] direction,
chosen here as the 7 axis. Without the micromagnet, the main
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FIG. 1. (Color online) In the absence of a micromagnet we
expect the main absorption edge (MAE) between heavy hole (HH )
and electron (E;) energy states (full lines). Both energy states show
twofold spin degeneracy without external magnetic field. After the
deposition of the micromagnet, new states appear below the E; state
and above the HH,; state (dashed lines). The spin degeneracy is
lifted in each new energy state. In a QW structure the heavy hole
states and the light hole states (e.g., HH, and LH,) are split even
without external magnetic field.

absorption edge is observed between the states of the heavy
hole HH, (with a pseudospin of —=3/2 in units of %) and the
electron E, (with a spin of —1/2) with a o, circularly polar-
ized light. In the absence of magnetic field, £, and HH, are
twofold degenerate with respect to the spin, and the first
optical transition in the o_ polarization is at the same energy
as for the o, transition. After depositing the micromagnet,
we expect that new states will appear below E; and above
HH,. These new states are no longer spin degenerate, since
the presence of a local magnetic field lifts the Kramers de-
generacy. It is important to note that the spin of the states
below E| remains —1/2, and above HH| states the spin main-
tains a pseudospin of —3/2. Our main prediction is the fol-
lowing: the experimentally observable transitions between
these new states will appear in the absorption or photolumi-
nescence spectrum below the main absorption edge and will
be active for o, circularly polarized light.'® We will focus on
the optical absorption, because it provides a mapping of all
states. Our results, however, are equally well suited for pho-
toluminescence experiments.

This paper is organized as follows: In Sec. II we present
the general theoretical approach and analyze the g-factor an-
isotropy of the hole states. In Sec. III A we show the results
obtained for the absorption coefficient of the microdisk/
semiconductor QW structure as a function of a few key pa-
rameters, and in Sec. III B we present the analysis for the
rectangular micromagnet/semiconductor QW structure. Fi-
nally, we present a detailed discussion and explore the ex-
perimental consequences of our results.

II. THE THEORETICAL MODEL

The goal of this section is to derive effective Hamilto-
nians for both micromagnet geometries. We begin by consid-
ering separately the electron in the valence band and in the
conduction band. We then discuss the Zeeman interaction
between the local magnetic field produced by the micromag-
net and the quasiparticle spin. At the end of this section we
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discuss the experimentally observed anisotropy of the hole g
factor (gj,).

Our starting point is the Luttinger Hamiltonian!” H; of the
valence electron in the k representation (note that we are
working in the electron representation of the valence band),

within the base of the four-component spinor P
=V Vo1 Van),
H H
HL = Hb* THa 5 (1)
where the matrices H* and H” can be written schematically
as
Hh —-C
H= . (2)
=-C Hl
. (— b o) )
o »)

and where c=(-%%/2m,) \53[72(k§—k§)—2i yskk,] and
b=(-h?/ 2m0)2\"§73kz(kx—iky). The symbol “H* denotes the
H® matrix with interchanged diagonal elements. Note that b
is proportional to k,, a property that we will use later in the
discussion. The OX, OY, and OZ axis correspond to the
[1,0,0], [0,1,0], and [0,0,1] crystallographic directions and
the spin is quantized along [0,0,1]. Using the substitution

lg:>—iV, the Hamiltonian in the k representation is trans-
formed to the 7 representation.

Now we consider the QW structure. We choose our four-
component spinor wave function in the following form:

‘1’3/2(7) fh(z)¢+3/2(an)
W_n(r) fi@)h_10(x.y)
Y(r) = = R 4
® \111/2(;) fz(z)¢+1/2(X,y) @
‘I’—3/2(7) fh(Z)¢—3/2(x»)’)

where ¢(x,y)’s are not yet determined, and f),(z) and f(z)
are ground-state functions of the following set of
Schrodinger eigenequations,
By =2y) &
(1—2— + Vowl@) |f1(2) = (), ()

2m0 de

(ﬁz(% +27,) d_2
2m0 dZ2

+ V’éW(z)>fz(z) =eafi2), (6)

where €, and ¢ are the ground-state energies. In Egs. (5) and
(6) mo/(y,=2v,) and my/(y,+27,) are the z components of
heavy hole and light hole effective masses and V’éw(z) is a
potential energy of the QW coming from discontinuity of the
edge of the valence band. We assume this potential to be
rectangular (see Fig. 1),

0  for |z| < Lyyl/2
Vi) = = Lo (7
=V, for|z] > Lyy/2.
The functions f;,(z) and f)(z) that satisfy Eqgs. (5) and (6) are

real-valued even functions fulfilling the relation
[1(@)p.fi(z)dz=0. These properties of £, and f; can be used
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as follows: In the subspace of Hilbert space spanned by our
trial wave function H;, Eq. (1) is written as a new 4 X4

matrix I-NIL,
H H 8
L~ ﬁb Tﬁu s ( )
where
~ H —cl
HY= ( h* hl ) ’ (9)
—cly  H
and
~ 00
H’ = . (10)
00

I, in Eq. (9) is the overlap integral, defined by I,
=/ f;;(z)f,(z)dz. We can write the matrix H’ in the form
given by Eq. (10), as the term b in (3) reduces to zero be-

cause of the relation [f,(z)p.f)(z)dz=0. Furthermore, in the 7

representation the two quantities H;, and H; in the matrix H¢
take the following form:

h? & &
Hh=2_mO('yl+72)<E+d_y2>+€h’ (11)
zzzﬁ_njo(71—72)<dd_;+j_;>+€z, (12)
and
c= ﬁ_2 g{ Yz(d_zg - d_2> 2i ’)’311} (13)
2my dx*>  dy? dxd

After making these approximations the wave function ¥ sat-
isfying H; W =E,¥ has only two nonvanishing components,

¢+3/2(x,)’)

"i}(?_')) _ ¢—1/%(st) (14)

0
and

0

o= ° (15)
"= ¢+1,2(x,y) ’

d_3p(x,y)

The Zeeman interaction due to the local magnetic field pro-
duced by the micromagnet mixes both states and lifts their
degeneracy.

Now we consider the conduction band. We assume that
the dispersion relation of the conduction electron is parabolic

& &

h2 ( & ) l
H,=E —+— |+ V , (16
e G™ 7el di dyz dz QW(Z) (16)
where E is the energy gap of a QW, my/y,; is the electron

effective mass, and VfQIW is the potential energy coming from
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the discontinuity of the conduction band (see Fig. 1)

0 for |z| < Loyl/2
VteW(Z) = § ¢ )
V, for [z| > Lyy/2

[4

(17)

For the electron we assume the following factorized trial
wave function:

Wel (fel(z)¢+(-x’y) >’ (18)

@ é(x,y)

where the function f,(z) is the solution of the one-
dimensional Schrodinger equation

( ﬁz‘yel
2m 0d2

Vtew(Z) )fgl(Z) - elfel(z) (19)

Both functions ¢, fulfill the following eigenequation:

. ﬁ%( & & ) ]
H +\As =l-7\73 e +
b.(x,y) { 2y \ 22 +— e + €, | P.(x,y)

=E,p.(x,y). (20)

The Zeeman Hamiltonian used for both the conduction
and the valence electrons can be written as

H(F) = 53y B(F), (1)

where g,/ is a tensor, up is the Bohr magneton, é(?) is the
local magnetic field produced by the micromagnet, and s is

the spin—% operator. For the conduction band g,.= gef

= diag(g..8..8.)
=diag(g;,.24.85), where 1 is the 3% 3 identity matrix. For
the conduction electron, the spin—% operator in the basis of
the Bloch states is a 2 X 2-matrix proportional to the Pauli
matrices. For the valence electron the spin operator is a 4
X 4-matrix, as shown in Ref. 18. In addition to the previous
approximations we assume that the QW is narrow, and we
rewrite Eq. (21) as

and for valence electron g,=g,l

H(x,y) = upsé yB(x,y,z=d), (22)

where d is the distance between the QW and the micromag-
net.

Summarizing, the original Hamiltonians were transformed
into the two-dimensional effective Hamiltonians of the va-
lence (H;,) and of the conduction electron (7,)

Hh(x’y) =I'~1L(X,Y) +FIZ(X,)’), (23)

He(x,y) =I§e(x7y) +HZ(X,Y)~ (24)

The procedure for diagonalizing these Hamiltonians is as
follows: first, the magnetic field produced by the micromag-
net is calculated by solving the magnetostatic Maxwell
equations,'? either by using a magnetization distribution de-
termined from micromagnetic simulations’ (in the case of the
disk) or by assuming that the micromagnet can be repre-
sented by a uniformly magnetized domain (in the case of
rectangular micromagnet). Then, the electronic spectrums of
the conduction band and the valence band are calculated by
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approximating the Schrodinger eigenequations with finite
difference algebraic equations. In the case of the microdisk,
the algebraic equations are generated on a two-dimensional
grid and Egs. (23) and (24) are solved directly. In the case of
the rectangular micromagnet—because of its large elonga-
tion in the y direction (Dy=2 wm)—we can make the ansatz
that the quasiparticle is free to move in this direction so the
plane wave form of the wave function is assumed in y direc-
tion. Thus, in the case of a rectangular micromagnet the finite
difference equations are generated only on a one-
dimensional grid.

Given the calculated eigenvalues and eigenfunctions, we
use Fermi’s golden rule to obtain the absorption coefficient!¢

1
ai(w) = ;2 |<ej|px + lpv|hz>|25[hw - (Eel- - Ehi)]7
ij

(25)

where {le;),E,} and {|h;),E, } are the eigensolutions of the
conduction band and valence band Hamiltonians, 7, and H,,
respectively. The Coulomb interaction between the electrons
and the holes leads to the creation of long-lived excitons,
which in turn generate sharp individual optical lines. We as-
sumed that the exciton states are formed and that the MAE

+%8hl/~BB 0
0 lg B
o S 8nks
0 0
0 0

where the energy splitting Aj,=|E,—E,| is caused by the
quantum well confinement. This splitting is also present in
structures under strain and it can be either positive or nega-
tive as shown in Ref. 18. Looking at the Hamiltonian H, Eq.
(26), we can see that the energy of the heavy hole (+%,—%)
splits by |g,upB|, whereas the energy of the light hole
(+%,—%) splits by |%gh,uBB
of 3.

In order to analyze the second geometry (é:BEx), we
write the Hamiltonian for the valence band edge in a QW as
follows:

, an amount smaller by a factor
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corresponds to the 1S exciton transition in the QW without
the micromagnet. In the following figures we have taken the
zero energy at the 1S exciton main absorption peak. To cre-
ate the final spectrum, each optical line we calculate is
broadened by a Gaussian function with a linewidth of
1 meV. This is a reasonable approximation for a typical ex-
perimental resolution.

Anisotropy of the hole g factor

The Zeeman splitting of the valence band edge depends
on the direction of the magnetic field with respect to the
growth direction of the quantum well.° In order to demon-
strate this we consider two configurations: a constant mag-

netic field parallel to the plane of the quantum well, B=Be,;

and a constant magnetic field perpendicular to this plane, B
=Be.,.

Starting with B=BEZ, we find it convenient to use a dif-
ferent basis than that used in the previous part of the paper:
the new basis vectors are Wi=(W,,, W', W, ,, V" ). In
this new basis, the Luttinger Hamiltonian, Eq. (1) or Eq. (8),
for the edge of the valence band in the QW is a diagonal
matrix

0 0
0 0
1 , (26)
- A+ gghMBB 0
1
0 A ggh/uBB
I
0 0 L B 0
5 \Eg hMB
0 0 0
) \Eg hMB
H-= |
—=gnupB 0 -A - B
2V,381 MB 1h 3ghMB
T S S
> \Eg hMB 3 ShiB 1h
(27)
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FIG. 2. (Color online) Top panel: splitting of the heavy hole
(HH,) and light hole (LH,) edges at the I" point in a QW vs B, (we
use the electron representation). B, and B, are set to zero. Bottom
panel: splitting of the heavy hole and light hole edges in a QW vs
B, (B,=0 and B,=0). Solid and dashed lines represent states with
opposite spin. Heavy hole states +3/2 do not split when the mag-
netic field is applied in the plane of the QW as seen on the upper
panel.

If we omit the mixing between the heavy and light holes
[i.e., if we retain only the bold elements in Eq. (27)] then the
heavy holes do not split, and the light holes split by
|2g,15B|. We note that the light hole splitting is now two
times larger than in the case of the perpendicular magnetic

field, EzBEz, where it was |5g,uzB| Solving the eigenvalue
problem with Hamiltonian H in Eq. (27), we obtain four
solutions as a function of the external magnetic field (see
Fig. 2)

- Ay gumsB 1
E, =- % * h 6B + g\r’gAIZh + 6A 8,58 + 4(811:““33)2’
(28)
- Ay gwmsB 1
E =- f e 6B - g\r’9A12h + 68 pB +4(g15B)°

(29)

When the QW splitting A;,> |g,uzB| then up to terms qua-
dratic in the external field B, Eqgs. (28) and (29) can be fur-
ther simplified to

= _ 1 gnsB
B12A,

gnitgB, (30)

gnkgB 1 guupB

Ef =~-Ap =+ 8nipB. (31)
Because the heavy hole does not split, we are left with three
solutions out of the four. In this approximation the energy
level of the heavy hole E; is twofold degenerate and the
light hole splits by an amount proportional to the magnetic
field (§|,U,thB|), as seen in Eq. (31). These different behav-
iors can be compared in Fig. 2 where we plotted exact values
of E; and E;* using Egs. (28) and (29).

In other words, we can say that in a QW, the g, factor of
the first heavy hole states HH| is highly anisotropic. Conse-
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quently, in the Zeeman term given by Egs. (21) and (22), the
tensor g,=diag(g;,,g,,g,) can be approximated by g,
~diag(0,0,g,). Indeed, only the component of the field par-
allel to the growth direction of the QW splits the HH| states.
The anisotropy that appears naturally using the Luttinger
Hamiltonian in the QW is observed experimentally.?’ We
compared the results of the optical response for both isotro-
pic and anisotropic g factors and found that absorption spec-
tra are similar, especially in the low-energy region of the
spectrum. This result is presented in Sec. III.

III. RESULTS AND DISCUSSION

For the calculations involving both cylindrical and rectan-
gular micromagnets, the following set of Luttinger param-
eters and electron mass was chosen for both the QW and the
barriers: y;=4.14, 9,=1.09, y;=1.62, m,=my/ y,=0.096m.
From Eq. (11), the heavy hole effective mass in the plane is
my/ (y;+v,)=0.19m,, and the light hole effective mass in the
plane is equal to my/(y,—v,)=0.33m,. A total discontinuity
of bands V;=500 meV, and valence band offset vho=0.4 is
assumed, which corresponds to a discontinuity in the valence
band of V,=V; vbo=200 meV, and a discontinuity in the
conduction band of V,;=V; (1-vbo)=300 meV (see Fig. 1).
We also choose a quantum well width of Lgyy=20 A, for
which the splitting between the heavy hole HH, and the light
hole LH, energy states is A;,=~50 meV. Note that there is
only one bound heavy hole state and only one bound light
hole state for these parameters.

A. Cylindrical micromagnet: A zero-dimensional trap

We investigate a Fe microdisk (with a diameter of R
=1 pum, a thickness D_=50 nm, and uyM,=2.2 T) in the
vortex state.”?! In this state, due to the competition between
the exchange energy and the demagnetization energy, the
magnetization lies in the plane of the microdisk except near
the center, where the local magnetization points out of the
plane (to reduce the exchange energy), and forms a magnetic
vortex. The diameter of the core (R,), to which the nonzero
perpendicular magnetization is confined, extends over only
about 60 nm, as previously calculated.” It is important to
mention that only the z component M, of the total magneti-

zation M produces the “spike” in the magnetic field E, which
traps the quasiparticles.

The magnetic field B can be calculated using the magne-
tization profile of the vortex”?! and the magnetostatic Max-
well equations. In Fig. 3 we show the distribution of the

magnetic field B(x,y,d) in the XY plane at a distance d
above the micromagnet, where d is the separation between
the micromagnet and the QW. In the magnetostatic picture,

the magnetic field B is produced by two magnetic charges (of
diameter R.) on two surfaces of the micromagnet. These
magnetic charges are separated by a thickness of the micro-
magnet, D_. At a distance d=10 nm above the micromagnet,
the maximum value of the magnetic field is |B|,,,=0.46 T.
The field is nonzero over a distance of 60 to 80 nm from the
center of the disk, as shown in Fig. 3. Such a strongly local-
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B(x,y,z=d)
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FIG. 3. (Color online) Three-dimensional image of the magnetic
field B(x,y,z=d) on the XY surface at a distance d above Fe mi-
crodisk. It is assumed that the micromagnet is in the vortex state.
The diameter of the region where the z component of the magneti-
zation M, is nonzero (the core region) is of the order of R,
=60 nm, whereas the diameter of the microdisk R is 1 um, and the
thickness of the disk D, is 50 nm. M, depicted by vertical arrows in
the core region, is very well approximated by a parabolic profile.

ized magnetic field in both x and y directions, together with
the QW confinement results in a quasiparticle localization in
all three directions. The particle is localized below the center
of the microdisk. We will refer to this system as a zero-
dimensional trap.

In Fig. 4 we show the absorption coefficient for three
distances d between the microdisk and the QW: d=5 nm,
10 nm, and 15 nm. The energy of the photon is measured
relative to the energy of the main absorption peak in the QW
in the absence of a micromagnet (see Fig. 1). Vertical bars
represent the optical oscillator strengths of the transitions,
and the numbers (n.n,) show that the corresponding line is a
transition between the n.) " hole state and the n " electron state.
The eigenenergies of the conduction electron fulfill E,<E,
< <E, < where E; is the ground state of the conduc-
tion band electron. Eigenenergies of the valence electron
obey E,>E,>--->E, >---where E; is the ground state of
the valence band electron.

The absorption line was obtained after broadening the &
distribution of each transition, Eq. (25), with a Gaussian
function (the linewidth of each resonance is w=1 meV). As

1d=15nm (11) i
E o
= ]
o
% 1d=10 nm
5 4
5 ]
g T T
2 1d=5nmyt1 33 ]
= ) (22)(33)
o ] 1)l (14) ]
2 | | ]
© / | !I NAMIN Sy NS

-40 -30 -20 -10 0
E [meV]

FIG. 4. (Color online) Absorption coefficient for three distances
d between the microdisk and the QW with D, 50 nm. The number
(n.n,) corresponds to transitions between the n " electron state and
the n’h hole state.
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FIG. 5. (Color online) Absorption coefficient for two thick-
nesses D, of the ferromagnetic microdisk. In magnetostatic lan-
guage, D, is the distance between magnetic charges. The separation
between the microdisk and the QW was set to d=10 nm.

expected, the peaks shift to lower energies with decreasing d,
as the maximum value of B, and thus the effective “poten-
tial,” are larger for smaller d. At d=10 nm, the shift between
the (11) transition and the main absorption peak is around
25 meV (we will call this quantity the binding energy). As is
seen in Fig. 4, the first transition (11) is the most intense, but
we can see that nondiagonal transitions, such as (14), also
have a relatively large spectral weight. We also see that for
the set of parameters we used in our calculation the two
closely lying lines (22) and (33) merge into a single large
peak in the absorption spectrum.

In Fig. 5 we show the absorption coefficient for two dif-
ferent thicknesses D, of the microdisk and a value of d fixed
at 10 nm. When the thickness D, increases from
50 nm to 150 nm, the binding energy increases from
25 meV to 28 meV. The transition (51), not seen for d
=10 nm in Fig. 4, now becomes visible at D, =150 nm. On
the other hand, increasing D, to larger values does not
change the absorption substantially, because the separation
between magnetic charges (D) begins to exceed the dimen-
sion of the magnetic charge (R,).

To get further insight into the optical transitions we follow
the prescription defined in Ref. 7 and write the conduction
electron two-component spinor as

e gIn,k(p) ) (32)

- ime¢
‘//m,k fel(z)e ( gﬁﬁk(p)

where m=0, +1, +2,... is the angular momentum quantum
number, k=0,1,2... is the radial quantum number and we
used cylindrical coordinates (p, ¢,z). This form of the angu-
lar dependence of the wave function is exact for electrons
described by spherically symmetric bands with quadratic dis-
persion. Assuming that the valence band can also be approxi-
mated by a quadratic dispersion, the hole four-component
spinor has the following form:
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TABLE 1. Mapping of the quantum number n that was used in
Fig. 4 and Fig. 5 to described hole states on the (m,k) pairs. Only
four states, n=1, ...,4, which fulfill E,>E,> E;> E,, are mapped,
and E; is the ground state of the electron in the valence band.

n, m k
1 0 0
2 -1 0
3 +1 0
4 0 1

fi(2)e™ g1 (p)

_ | SO g5 (p)

fi2)e g, (p)
F1@Dgme(p)

The dominant part of the electron and the hole wave function
calculated in our approach is of the form given in Egs. (32)
and (33).

In Ref. 7 the intraband optical transitions of the conduc-
tion band were studied. Selection rules for this type of the
transitions imply that the angular momentum quantum num-
ber of the envelope wave function m must be changed by *1
in o, polarizations (Am==1). On the other hand for inter-
band transitions Am=0 because the initial and the final
Bloch states are of different symmetry: the initial state is of P
symmetry and the final state is of S symmetry. In order to
calculate the o, absorption coefficient using Eq. (25) we
have to calculate two integrals: (W_3,»| W) and (W_,,| ¥ ).
Using Egs. (32) and (33) as an approximation for the true
wave function we have

Uik (33)

(W_y| W) ~ f Mg )] fal2)e™ gt

X(p)dprdrdz ~ 5, 1,

(U_y W) = f M f(D) g ()] Ful2)e™ %), 1,

X(p)dprdrdz ~ &, 1,

from where the conservation of the m number is immediately
obtained: m=m’.

In Table I we show the mapping between the notation of
the hole states used previously n, and the (m,k) notation. A
similar table can be drawn for the electron states. As an
example, the nondiagonal optical transition (14) shown both
in Fig. 4 or Fig. 5 is relatively strong because both the first
electron state (1) and the fourth hole state (4) have the same
m quantum number, i.e., m=0.

B. Rectangular micromagnet: A one-dimensional trap

In this section we consider a rectangular, flat Fe micro-
magnet in the single-domain state,!” with magnetization
pointing in the x direction.”!%?? The single-domain state of
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d=60 nm
D,=500 nm

N

X[Mm]

FIG. 6. Z component of the magnetic field B produced by a
rectangular micromagnet at a distance d below its narrow edge. We
show results for two distances, d=10 nm and d=60 nm, and for
two micromagnet thicknesses, D,=150 nm and D,=500 nm. Con-
tour plots on the xy planes indicate localization and “strength” of
the z component of the magnetic field.

the micromagnet with the mentioned size was investigated
by micromagnetic simulations using the OOMMF package.”
Without an external magnetic field the sample does not re-
main as an ordered single domain, but goes into a multido-
main structure instead. The simulations show, however, that
after magnetizing the sample with a field of 1 T and reducing
the field close to O T, a value of 0.2 T is sufficient to restore
a state that—for our purposes—is sufficiently close to a
single domain. Because of the magnetic anisotropy of the g,
this additional field is unimportant for electrons in the va-
lence band, but it does have a slight effect on the conduction
electron spectrum.

In Fig. 6 we present the z component of the magnetic field
below one of the two poles of the micromagnet (D,=6 um
X Dy=2 um X D,, see inset in Fig. 7). The thickness D is a
parameter in our simulations, and we vary this value in the
range from 150 to 500 nm. For large D,, the local magnetic

field é(?) can be thought to be a sum of two fields (one of
them is shown in Fig. 6) produced by the magnetic charges
localized at the two magnetic poles of the micromagnet. The
magnetic field B, on the second pole has an opposite direc-
tion to this field, and thus “attracts” quasiparticles with the
opposite spin. The top two plots (« and B) in Fig. 6 are for
two different distances, d=10 nm and d=60 nm, keeping a
constant thickness of D,=150 nm. The two bottom plots (7y
and ) are for the same distances, using D_=500 nm. When
the distance d is increased while keeping the thickness D,
constant (as we go from « to B8 or from vy to &), the magnetic
field B, is seen to decrease, as expected. In contrast, when
the thickness D, increases for a constant d (¢— y or S— 6),
the magnetic field B, is seen to increase. This suggests that,
by depositing thicker micromagnets, larger magnetic fields
can be produced for the same separation between the micro-
magnet and the QW. In Fig. 6, we also show contour plots of
B, on the XY plane, which indicate the spatial extent of the
magnetic field and its gradient. In all cases (a, B, v, and §),
we see that B, is confined to a narrow region in the x direc-
tion and is delocalized in the y direction over the distance of
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FIG. 7. (Color online) Absorption coefficient for distances d
=10, 20, and 30 nm (from top to bottom) between the rectangular
micromagnet (D,=150 nm, D,=6 wum, and D,=2 um) and the
QW. The binding energy as well as the sepafation between the
peaks decreases almost linearly with increasing d. In the inset we
show the arrangement of the rectangular micromagnet in a single
domain state. Magnetization is pointing in the x direction.

two microns. With increasing thickness D, (¢— vy or B— )
the “spread” of B, in the x direction is seen to increase.
Our calculations show that at =10 nm (D.=150 nm), the

maximum value of the magnetic field is |B),,,=0.6 T. This
value is larger than for a microdisk because in the present
case the thickness of the rectangular micromagnet is larger.
We must emphasize that the gradient of the magnetic field**
is as large as 2 mT/A for d=10 nm, so that a precise deter-

mination of |B|,,,, or of the magnetic field profile is challeng-
ing even in the simple case of a single-domain phase.

In Fig. 7 we present the absorption spectrum at three dis-
tances d between the QW and the micromagnet: d=10, 20,
and 30 nm. In all three cases the thickness of the micromag-
net was kept at a constant value of D,=150 nm. As before,
we chose the zero of the energy axis at the main absorption
peak. At d=10 nm, the binding energy is 66 meV, while at
d=60 nm it is smaller by a factor of 2. This follows from the
fact that the further the micromagnet is from the QW, the
smaller is the magnetic field at the QW position (see also
Fig. 6). Nondiagonal transitions are relatively strong both in
the case of the microdisk and of the rectangular
micromagnet.'” The separation between the peaks decreases
as d increases, because the gradient of the magnetic field
(and equivalently, the gradient of the potential) also de-
creases with increasing d.

In Fig. 8 we show the behavior of the absorption coeffi-
cient for three thicknesses D,=100, 200, and 300 nm, for the
same micromagnet-QW distance d. With increasing D_, the
binding energy increases almost linearly. This is seen in Fig.
8 as a linear shift of the (11) transition. An interesting obser-
vation is that the separation between the peaks does not de-
pend on D, in the range 100—300 nm and for the parameters
that we have used. As in the previous paragraphs the pair
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1 D.=100 nm (11)

| M‘/\

E i O vl
1

RO v o P Y
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( )'(22) D,=300 nm
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E [meV]

absorption [arbitrary units]

FIG. 8. (Color online) Absorption coefficient for different thick-
nesses D, of a rectangular micromagnet. In this case the distance
between the micromagnet and the QW is constant, d=10 nm. Sepa-
ration between peaks is barely distinguishable for all three D, val-
ues. Note that the absorption peak (11) shifts almost linearly with
D,.

z

(n.n,) denotes transition between the nf)h hole state and the
n’Ch electron state. Contrary to the disk case, for the rectangu-
lar micromagnet only (odd, odd) or (even, even) transitions
are allowed, see Fig. 9.

Let us now return to the anisotropy of the g factor of the
holes that was described in Sec. II. In Fig. 9 we compare the
absorption spectrum calculated for the two approximations:
the isotropic and the anisotropic cases of the g, factor. As an
example we have chosen the rectangular micromagnet for
discussing the magnetic anisotropy of the QW. The electron
g factor is isotropic in both cases. We see that, at least in the
low energy region, the two spectra are the same: the position
of the transition energies as well as the oscillator strengths
are nearly the same for both g factor models. Thus, for the
arrangement discussed in this work (see inset in Fig. 7) and
for the geometrical parameters we have used (such as the
size and the shape of the magnets), only the z component
of the magnetic field produced by the micromagnet is
important.

11 isotropic g , -factor

B 22 24

1 31 33 ]

anisotropic g , -factor i

absorption [arbitrary units]

1 22 24
] 31
; A ! | e i Bl
-65 -60 -55 -50 -45
E [meV]

FIG. 9. (Color online) Comparison of the absorption spectrum
in two models: the isotropic and the anisotropic g factor of the hole.
The electron g factor is isotropic. The top and bottom spectra are
very similar. Calculations done for rectangular Fe micromagnet
with dimensions of D,=6 um, D,=2 pum, D,=0.15 um on the top
of a QW structure at a distance d=10 nm apart.
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IV. CONCLUSIONS

We analyzed theoretically the optical response of a hybrid
structure composed of a micromagnet deposited on top of a
diluted magnetic semiconductor quantum well structure.
While we focused on calculating the absorption coefficient,
directly measurable in an optical absorption experiment, the
results of this paper are equally well suited for predicting the
outcome of a photoluminescence experiment.

The calculations were performed for two types of ferro-
magnetic micromagnets: a cylindrical microdisk and a rect-
angular micromagnet. We analyzed the local magnetic field
produced by the micromagnets. In the case of a microdisk,
the magnetic field, together with the QW confinement poten-
tial, traps the quasiparticle (e.g., an exciton) in all three spa-
tial directions. However, a rectangular micromagnet traps
quasiparticles only in two spatial directions, allowing them
to behave as one-dimensional quasiparticles. We described
the approximations we used in our approach, including a
discussion of the anisotropy of the g factor of the hole states.
Then we calculated the absorption coefficients for both
shapes of the micromagnets for various micromagnet-QW
separations and micromagnet thicknesses.

In order to observe zero-dimensional and one-dimensional
states inside the DMS QW it is necessary to produce as
strong a local magnetic field as possible. This can be
achieved, for example, by utilizing materials with high satu-
ration magnetization. Our analysis shows that it is better to
deposit a thicker ferromagnetic layer, since thicker micro-
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magnets produce a stronger local magnetic field. As ex-
pected, the growth of a high quality QW relatively close to
the interface between the micromagnetic and the semicon-
ductor is of major importance for optimal quasiparticle local-
ization. Since high values of g factors are of critical impor-
tance for fabricating efficient spin traps, optical localization
is most likely expected to be observed in DMS-based quan-
tum structures at low temperature.

Finally, since quasi-one-dimensional states emerge only
below the poles of the rectangular micromagnet and zero-
dimensional states emerge only below the center of the disk,
spatially resolved techniques such as microphotolumines-
cence, microreflectance, or near-field scanning optical mi-
croscopy are preferred for observing the effects presented in
this paper. Since both zero-dimensional and one-dimensional
states are spin polarized, unambiguous identification of the
confined states requires the use of polarization sensitive tech-
niques. Specifically, in the case of a rectangular micromagnet
the states created underneath the opposite poles should have
opposite spin-polarization, which can serve as a convincing
test of the appearance of these new states.
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