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Voltage control of the magnetic properties of charged semiconductor quantum dots containing
magnetic ions
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We describe a model device allowing voltage control of the magnetic properties of magnetic ions in IlI-V
self-assembled semiconductor quantum dots. The applied voltage, combined with Coulomb blockade, allows
the control of the number of holes in the quantum dot. The spins of the holes interact with the spins of the
magnetic ions viasp-d exchange interactions. The spectrum of a Mn ion ip-tgpe InAs quantum disk in a
magnetic field is calculated as a function of the number of holes described by the Luttinger-Kohn Hamiltonian.
For a neutral Mn acceptor, the spin of the hole leads to an effective magnetic field which strongly modifies the
magnetization of the ion. The magnetization can be modified further by charging the dot with an additional
hole. The interacting holes form a singlet parity ground state, suppress the effective field and modify the
magnetic moment of the charged complex.
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There is currently interest in developing voltage control ofmagnetic field applied along the growth axis is
magnetic  propertiés of diluted magnetic 1lI-V R
semiconductors® (DMS). The interaction of electrons and Hwino = 9ueBS, — J(r)aS+ Hy, (1)
holes with magnetic impurities in nanocrystals and quantum
dots has been investigated by several authors in the lagthereg is the Landé factor of the Mn ioryg is the Bohr

years>™2 Building on this work we describe here a model magnetonp is the external magnetic field arglis the spin

device allowing voltage control of the magnetic properties ofof the Mn ion (S=5/2). The first term describes the

Mn ions in -V self-assembled semiconductor quantumpamiltonian of an isolated Mn spin, the second term
3 i i iain -

dots'® by controlling the number of holes in the vicinity of He,=~J(r)&S corresponds to thep-d exchange interaction

the ion. The schematic device structure Is shpvv_n n I?Gg)..l between the spin of the hole;, and the Mn iond-shell
A layer of quantum dots containing magnetic ions is sand-

wiched between a metallic gate on the surface aipetype -
back contact. The potential applied to the gate, Vg, changes @) /—_
the position of the quantum dot level with respect to the Eg
Fermi level of the contact and, combined with Coulomb
blockade, allows precise control of the number of holes in hatd
each dot* The spin of the holes interacts with the spin of the 5
Mn ion via sp-d exchange interaction and modifies the mag- [ ’
netic properties of the complex. The exchange interaction
can be modified by changing the dot radft/dyy the number —  Holein
" . N Quantum
of additional carriers and by the magnetic field. To under- Dot level
stand such interactions we assume a very diluted Mn concen- ®)
tration and study a model of a dot containing one Mn impu-
rity. Figure 1b) shows the interacting spins in the quantum
dot as a function of the voltage. In dots based on IlI-V semi-
conductors, Mn ions act as acceptbrs Therefore, in the —
absence of external bias our model consists of a negatively
charged acceptor and a positively charged hole. By applying
positive bias the dot can be emptied and by applying nega-
tive bias an additional hole enters the quantum dot. The spin
of the second hole almost cancels the spin of the first hole
and strongly modifies the magnetic properties of the Mn cen-
ter. FIG. 1. (a) Schematic illustration of the device structure allow-
We start with our device at zero bias. The Substitutionahng V0|tage_contro| of the number of holes in a gquantum (ab):
Mn*2ion in a lll-V semiconductor quantum dot of radiis Interacting spins in a IlI-V semiconductor quantum disk with one
and thicknesaN corresponds to an electronic configuration Mn ion under positive biagleft), zero bias(centej, and negative
3d,° and with one weakly bound valence hole forms a neutrabias(right). Light-shaded arrow corresponds to the Mn ion spin and
Mn® acceptot>18The Hamiltonian of the Mhcomplexina  dark arrows to valence holes spins.
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electrons, and7(r) is a function rapidly decreasing as the
distance from the Mn center increaséghe third term stands
for the hole orbital Hamiltonian,

Hp=H - (2

5 +tVclp.2).
ENp*+2 ¢

Due to spin-orbit interaction, hole states are described no
by spin but by total angular momentum through the

Luttinger-Kohn HamiltoniarH, .>1°22The second term in
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To derive an effective Mn Hamiltonian for small quantum
dots, we only retain the two lowest hole states. Moreover,
due to short range of the exchange interaction on a quantum
dot length scale, we can approximaf&r) by &(r). These
two approximations, together with the circular symmetry of
the system, lead to matrix elements of thied exchange
ipteraction in the hole state®=|F,, v,k),

Hedid == 3 3 Ay Ay (T, 018 @)

nJ; n’.J;

Eq. (2) describes the Coulomb interaction between the posi-

tively charged hole and the negatively charged Mn acceptor,

for simplicity placed in the center of the dis¥(p,2) is the
confinement potentialg is the hole charge, and' is the

effective dielectric constant of the disk material. No centra
cell correction for the acceptor potential is considered in thi
qualitative study? The singly and doubly charged acceptor

states in SiGe quantum wells and dots have been studied
detail by Regoet all® InAs self-assembled quantum dots

X<‘]£| 5(r)UzSz‘Jz>|sz—Jz,n(Pv ¢)§5Z(Z)> (5

These matrix elements are diagonal in the basis of the

|Iowest lying parity up and parity down hole states, and result
gn an effective Ising MA Hamiltonian,

in Hyno(i,S) = E; + [gueB + BBY(i)]S,. ®

HereE; is the energy of the hole stalig, given by Eq.(2),

with shape resembling quantum disks can be fabricated usingnd the bracketed term is a sum of an external plus an effec-

In-flush techniqué? Following Ref. 19, we treat our quan-
tum dot as a flat disk with two lowest subbandg(z)
=\(2/W)coqwz/W) and &(2)=+/(2/W)sin(27z/ W), with z
as the growth direction.

The hole wave function corresponding to eigenvéiie
“parity up” (down), and total angular momentum

z-projectionF, can be written as a four-component Luttinger

spinor?!
IFov=1(1).k

P52 e ar2n(p, 0D (D)

A?j;ﬁ,éﬁ);kf F+12n(p, 0)£0(2)(£1(2)

>

" | A e f12n(p, 060D (6(2)

A5 e iz, 0)£1(2) (£(2))

z

)

Here |J,) is the periodic part of the Bloch functions and
fFZ_JZ’n(p, 0) is the in-plane envelope part width component
of the envelope angular momentum=F,-J,,

dm\2 I (K7p)
V2 R 3 a(KR)|

fFZ—JZ,n(p! 6) = (4)

sz(kanp) is the Bessel function of orden, and radial

quantum numben. ki represents the hole wave vector, de-

fined in terms of the Bessel function roots?) as
kan:aan/R.

The parity v quantum number has two possible configu-

rations, v=17 and v=|. States of opposite parities are or-

tive internal magnetic field3=(J,&(r)|J, is the hole ex-
change parameter, arBiﬁ(i) is the effective magnetic field,

. 1
B ==5( 8, 2 Fo0+8, 2 Fi0),
WR2 .31 _1 3
7272 7272

()

with 7; ; (0) being a form factor related to the charge density
of the neutral hole stat) at the center of the disk,
Fi3(0) = 5mzo—<2

2
|‘]z| n |Jl(ag)|) .

The spectrum of the interacting hole and Mn complex
calculated byﬂa'r\]"o is limited toT=0 K. At finite temperature
one often tries to replace the full quantum mechanical prob-
lem by an effective mean field problem of either the Mn ion
in the effective field of a hole or a hole in the effective field
of the Mn ion. In this mean-field approach, we use the ther-
modynamical average of the hole spin to derive an effective
(mean-field Mn® Hamiltonian which accounts for the influ-
ence of finite temperature,

Huro(S) = 0ueBS + 2 0(E)[E; + BBL()S],  (9)

J,n

J;

8

where o(E;)=zeEFes/keT s the density matrix, withZ

standing for its normalization constaiigg for the energy of
the hole ground statéks for the Boltzmann constant and
for the temperature.

It is inferred from .0 in EQ. (8), that only oneJ, com-
ponent of each hole stat® may yield a nonzero contribu-
tion to the effective field3%,. Moreover, Eq(7) reveals ex-
plicit dependence of the effective magnetic field on the
quantum disk size, in agreement with previous work of Efros
et al®’

thogonal and the two parity configurations are degenerate in To illustrate the effect of the hole on the Mn ion energy
the absence of magnetic field. Under a suitable definition ofevels, we calculate the Zeeman spectrum of a neutrdl Mn
parity operators, the parity quantum number is isomorphic tampurity in a model quantum disk of thickne¥¢=2 nm and

the electronic spin quantum numigég!

radiusR=5 nm with an external magnetic field applied along

125321-2



VOLTAGE CONTROL OF THE MAGNETIC PROPERTIES PHYSICAL REVIEW B 71, 125321(2005

10 T =

\
N
\

z at a special value of the magnetic fi@dB=16.2 T in Fig.
2), and finally reverse the order. This degeneracy follows
from the cancellation of the atomic Zeeman splitting and the
effective internal magnetic fiek$,due to the positive Landé
factor of Mn and the antiferromagnetic hole exchange
parameter of InAs (8<0). At low magnetic fields,
|-3/2,|,1)|S,=+5/2) is the Mr? center ground state due to
the sp-d exchange interaction. However, B=16.2 T the
atomic Zeeman effect already compensates the effective
magnetic field and for larger external magnetic fields
|-3/2,|,1)|S,=-5/2 replaces|-3/2,],1)|S,=+5/2) as
the Mrf center ground state.
0 5 10 15 20 The results of the mean field treatment of the hole are
B (T) shown as solid lines in Fig. 2. A=0, there is no net effec-
tive magnetic field acting on the Mn ion. This is because the
FIG. 2. Energy spectrum vs magnetic field of a Mn ion bound tohole levels|-3/2,|,1) and |3/2,1,1) are degenerate and
one valence hole in an InAs quantum disk, calculated wiff, at ~ cancel each other in E(9). When an external magnetic field
T=4 K (solid lineg and withH3s (dashed lines For dashed lines, iS applied, the hole becomes increasingly polarized,
long period lines represent the energy levels arising from the holé=3/2,| ,1) starts gaining weight in E49) and therefore the
state|3/2,1,1), whereas short period lines represent those arisingffective magnetic field increases in strength. As a result,
from the statg-3/2,|,1). These spectra correspond to the zeroin the region of finite but weak external magnetic field
bias operation mode of our model device. The inset shows the Zed0<B<2 T), Bgﬁ leads to a large Zeeman splitting. The
man splitting of the free hole statd3/2,1,1) and |-3/2,],1) magnitude of this splitting aB=1.8 T is 8.1 meV, and it is
(solid lineg and that of a free Mn iortdotted lines. expected to be even larger if the central cell correction is

L oM ME included in the model, as the hole density will be localized
the growth direction. We use bothy o andHyo. ASetof  o\nqer 1o the Mn impurity. For larger magnetic fields

parameters close to InAs material is employed, Landé factO(rB>2 T), the hole is already strongly polarized and thus the

of Mn g=2.022° Luttinger parameterg,=19.67, y,=8.37, 0 ; M
and y;=9.29, and an effective dielectric constant of 12.4.'\/In levels converge to those predicted Wlﬂﬁno for the

The low-lying states of the hole are expanded in up toP@rty down hole state. o
n=15 radial wave functions and obtained by diagonalization N&xt we switch our device to negative bias and study the
of the matrix representation of the Hamiltoniai, Eq.(2). ~ Zeeman spectrum of a Mn ion surrounded by two interacting
It is found that, in absence of an external magnetic fieldholes(i.e., the positively charged acceptdam an InAs quan-
|-3/2,],1) and |3/2,7,1) form a twofold degenerated tum disk. The Hamiltonian of the positively charged acceptor
ground state. When a magnetic field is applied, these tw&
levels split and the ground state is given|b®/2,] ,1). For B
the magnetic field region we study, the magnitude of this Hiin® = guaBS, + Hex(1,2) + Hy(1) + Hiy(2) + Vir(1,2),
splitting is much smaller than the energy spacing between (10
[3/2,7,1) and the next excited state. Therefore, E.is a . )
good approximation. The InAs value gfis unknown, how-  WhereHe(1,2)=He (1) +Hc,(2) is the sp-d exchange inter-
ever, we have found out th@=-17.1 eV A fits experimen-  action between the spins of the two holes and that of the Mn
tal observations for the Mn acceptor ground state in GaAdon, Hy is the one-body hole Hamiltonian given by H)
bulklé by emp|oying the model of Ref. 8 W“iY(r) rep|aced and th IS the hple'h0|e C.Ol,llomb |n'§eraCt|0n term. The
by 8(r). One may expect a similar hole exchange parametefPOVe equation is solved in the basis of the hole states
for InAs, therefore we choosg=-17 eV A3, liy=|F,,»,k), using the parity properties of the Coulomb
Figure 2 illustrates the Zeeman spectrum of the® ldom- interaction?! The wave function of a two-hole complex cor-

plex. Dashed lines represent the 12 lowest energy level€Sponding to theth eigenvalue can be written as a Slater
given byHZ and solid lines the mean-field spectrum given determinant

by H\ro at T=4 K. The inset shows the noninteracting spec- 1
tra of the Mn ion (dotted line$ and the hole levels Py(1,2) = 2 Ci,iv_E[‘Pi(l)‘PJ(Z) - ¥i(Q¥;(D)], (1D
|-3/2,],1) and|3/2,1,1) (solid lineg for comparison. The .

energy scale has been offset in all cases by the energy of thghereC; ; are expansion coefficients which can be classified
hole states aB=0. According to the IsingH3ro, at B=0 by its total angular momentura-projection, F,1=F,;+F ,,
there are six twofold degenerate levels. When an externalnd total parity,yr=wv;+v,.

magnetic field is applied, the degenerate levels split. The In our small quantum dot the energy spacing between the
levels arising from the parity up hole stdteng period lines  two-hole ground statg), and the first excited state is over
increase in energy without ever crossing. However, the level200 meV. Therefore, at low temperature thgd exchange
arising from the parity down hole statshort period lines interaction for the Mn center is well described by the expec-
decrease in energy, cross parity up states, become degenerttton value in the stat),
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wherengJZ,j(O) is the form factor B (T)
F, vk 2
J; 0 30 FIG. 3. En ic field of a Mn |
(0)= St co Nz | 13 . 3. Energy spectrum vs magnetic field of a Mn ion bound to
97 2,i(0) mzo|Jz|< x FZVk"% |J1(ag)|> (13 two valence holes in an InAs quantum disk, includiisglid lineg

. o o ~and excluding(dashed linessp-d exchange interaction. The inter-
Thus, the effective Hamiltonian of the Mn ion in the field acting spectrum corresponds to the negative bias operation mode of

of two holes can be written as our model device. The inset shows thed exchange energy cor-
_ responding to the Mhlevel |0)|S,=-5/2) vs an external magnetic
Hyin+ = Eo + (QugB + BB;ﬁ)SZI (14 field. o)

wherekE, is the energy of the two-hole ground state and thesplitting range with the few meV splitting of the Mrzom-
bracketed term is a sum of the external plus the effective) oy in an external magnetic fieldee Fig. 2

internal magnetic fields, withB:;=(0[He40)/ 5S,. As in the The nonzero contribution of thep-d exchange energy
single hole case, in Eq12) each of the one-body wave when B#0 can be explained in terms of the single hole
functions of|0) contributes to the effective field with at most picture. The external magnetic field increases the band mix-
oneJ, component, the sign of such a contribution dependingng of hole states with parity down more than that of parity
on the one-body wave function parity and total angular mo-up states, causing their effective masses to incréaBeere-
mentumz-projection. Eventually, this may result in one hole fore, in the presence of an external magnetic field the weight
contribution cancelling that of the second hole in EtR). of the parity down component of the ground state increases
From the analogy between hole parity and electronic spiwhile that of the parity up component decreases. As a result,
guantum numbers, one expects this cancellation to occuhe magnitude of contribution of the parity down component
when the two holes form a closed shell configuratimith ~ to thesp-d exchange energy slightly exceeds that of the par-
equal parity up and parity down weight ity up component and a finitsp-d exchange interaction is
Eigenvalues and eigenvectors of the Hamiltonkdy,+, obtained despite of the singlet parity. For larger external
Eqg. (10), are obtained by means of a configuration interac-magnetic fieldgB>15 T), the parity of the ground state is
tion method, taking the two lowest single-particle states ofexpected to change from singlet to triplet. Then, the effective
parity up with F,=-3/2,...,9/2 andparity down with internal magnetic field will abruptly increase and the spec-
F,=-9/2,...,3/2. Ther,;=0, singlet parity state is found trum will qualitatively resemble that of the Mrcomplex.
as the ground state for the entire range of external magnetic Our calculations have been performed for the particular
fields under study. Figure 3 represents the energy spectrupase of an impurity sitting in the middle of the disk. In a
of the Mn" complex in the presence of an external magnetiamore realistic situation, the disk may be asymmetric and the
field using the same parameters as in Fig. 2, with and withouimnpurity off-centered. Nonetheless, the formation of a singlet
spd exchange interactiofisolid and dashed lines, respec- two-hole state within the dot, which strongly suppresses the
tively). The results show that the effective magnetic fieldeffective exchange field acting on the Mn ion, results from
arising from thesp-d exchange interaction is indeed zero for Pauli exclusion principle and, therefore, is not restricted to
an external magnetic fiel8=0. The underlying reason is any symmetry. If the dot was asymmetric, the degeneracy of
that, atB=0, parity up terms exactly cancel out parity down parity up and down states would be removed. Then, the pic-
terms in Eq.(12). When the external magnetic field is ap- ture would be similar to that we report in the presence of a
plied, the effective internal magnetic field slightly increases,magnetic field: There would still be a singletlike state, al-
but it remains negligible even for magnetic fields as high aghough its effect on the exchange Hamiltonian would not
15 T, where the two-hole ground state still has singlet paritylead to a perfect cancellation. Therefore, an asymmetric situ-
This is clearly seen in the inset of Fig. 3, where #y®d  ation would only lead to a small departure from our ideal
exchange energy of the Mrevel |0)|S,=-5/2) is depicted situation.
vs the external magnetic field. Although tkp-d exchange In summary, we have presented a model system which
energy increases with increasing external magnetic field, atuggests electrical control of the magnetization of Mn ions in
B=15 T the energy splitting due to the effective magneticquantum dots by the control of the number of holes in its
field is of the order of tens ofieV. We can compare this vicinity. We have calculated the Zeeman spectrum of a single
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Mn ion interacting with one and two valence holes in anments are suggested to probe the energy levels of Mn spins
InAs quantum disk. The single hole in a quantum dot resultsn this system.

in an effective Ising like model Hamiltonian. The hole intro-

duces an effective magnetic field on the Mn ion levels yield-
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