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We describe a model device allowing voltage control of the magnetic properties of magnetic ions in III-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 in ap-type 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 of
magnetic properties1 of diluted magnetic III-V
semiconductors2–6 sDMSd. The interaction of electrons and
holes with magnetic impurities in nanocrystals and quantum
dots has been investigated by several authors in the last
years.5–12 Building on this work we describe here a model
device allowing voltage control of the magnetic properties of
Mn ions in III-V self-assembled semiconductor quantum
dots13 by controlling the number of holes in the vicinity of
the ion. The schematic device structure is shown in Fig. 1sad.
A layer of quantum dots containing magnetic ions is sand-
wiched between a metallic gate on the surface and ap-type
back contact. The potential applied to the gate, Vg, changes
the position of the quantum dot level with respect to the
Fermi level of the contact and, combined with Coulomb
blockade, allows precise control of the number of holes in
each dot.14 The spin of the holes interacts with the spin of the
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 radius,6,7 by the number
of additional carriers and by the magnetic field. To under-
stand such interactions we assume a very diluted Mn concen-
tration and study a model of a dot containing one Mn impu-
rity. Figure 1sbd shows the interacting spins in the quantum
dot as a function of the voltage. In dots based on III-V semi-
conductors, Mn ions act as acceptors.15–18 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.

We start with our device at zero bias. The substitutional
Mn+2 ion in a III-V semiconductor quantum dot of radiusR
and thicknessW corresponds to an electronic configuration
3d,5 and with one weakly bound valence hole forms a neutral
Mn0 acceptor.15–18The Hamiltonian of the Mn0 complex in a

magnetic field applied along the growth axis is

HMn0 = gmBBSz − JsrdsWSW + Hh, s1d

whereg is the Landé factor of the Mn ion,mB is the Bohr

magneton,B is the external magnetic field andSW is the spin
of the Mn ion sS=5/2d. The first term describes the
Hamiltonian of an isolated Mn spin, the second term

Hex=−JsrdsWSW corresponds to thesp-d exchange interaction
between the spin of the hole,sW , and the Mn iond-shell

FIG. 1. sad Schematic illustration of the device structure allow-
ing voltage-control of the number of holes in a quantum dot.sbd
Interacting spins in a III-V semiconductor quantum disk with one
Mn ion under positive biassleftd, zero biasscenterd, and negative
biassrightd. Light-shaded arrow corresponds to the Mn ion spin and
dark arrows to valence holes spins.
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electrons, andJsrd is a function rapidly decreasing as the
distance from the Mn center increases.8 The third term stands
for the hole orbital Hamiltonian,

Hh = HLK −
e2

e*Îr2 + z2
+ Vcsr,zd. s2d

Due to spin-orbit interaction, hole states are described not
by spin but by total angular momentum through the
Luttinger-Kohn HamiltonianHLK.9,19–21The second term in
Eq. s2d describes the Coulomb interaction between the posi-
tively charged hole and the negatively charged Mn acceptor,
for simplicity placed in the center of the disk.Vcsr ,zd is the
confinement potential,e is the hole charge, ande* is the
effective dielectric constant of the disk material. No central
cell correction for the acceptor potential is considered in this
qualitative study.22 The singly and doubly charged acceptor
states in SiGe quantum wells and dots have been studied in
detail by Regoet al.19 InAs self-assembled quantum dots
with shape resembling quantum disks can be fabricated using
In-flush technique.23 Following Ref. 19, we treat our quan-
tum dot as a flat disk with two lowest subbandsj0szd
=Îs2/Wdcosspz/Wd and j1szd=Îs2/Wdsins2pz/Wd, with z
as the growth direction.

The hole wave function corresponding to eigenvalue24 k,
“parity up” sdownd, and total angular momentum
z-projectionFz can be written as a four-component Luttinger
spinor,21

uFz,n = ↑s↓d,kl

= o
n 1

AJz=+3/2,n
Fz,n=↑s↓d,kfFz−3/2,nsr,udj0szdsj1szddUJz =

+ 3

2
L

AJz=−1/2,n
Fz,n=↑s↓d,kfFz+1/2,nsr,udj0szdsj1szddUJz =

− 1

2
L

AJz=+1/2,n
Fz,n=↑s↓d,kfFz−1/2,nsr,udj1szdsj0szddUJz =

+ 1

2
L

AJz=−3/2,n
Fz,n=↑s↓d,kfFz+3/2,nsr,udj1szdsj0szddUJz =

− 3

2
L2 .

s3d

Here uJzl is the periodic part of the Bloch functions and
fFz−Jz,n

sr ,ud is the in-plane envelope part withzth component
of the envelope angular momentummz=Fz−Jz,

fFz−Jz,n
sr,ud =

eimzu

Î2p

Î2

R

Jmz
skn

mzrd

uJmz+1skn
mzRdu

. s4d

Jmz
skn

mzrd is the Bessel function of ordermz and radial
quantum numbern. kn

mz represents the hole wave vector, de-
fined in terms of the Bessel function rootssan

mzd as
kn

mz=an
mz/R.

The parityn quantum number has two possible configu-
rations, n=↑ and n=↓. States of opposite parities are or-
thogonal and the two parity configurations are degenerate in
the absence of magnetic field. Under a suitable definition of
parity operators, the parity quantum number is isomorphic to
the electronic spin quantum number.20,21

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 approximateJsrd by dsrd. These
two approximations, together with the circular symmetry of
the system, lead to matrix elements of thesp-d exchange
interaction in the hole statesuil= uFz,n ,kl,

k j uHexuil = − o
n,Jz

o
n8,Jz8

AJz,n
i AJz8,n8

j kfFz8−Jz8,n8sr,fdjJz8
n8szdu

3kJz8udsrdszSzuJzlufFz−Jz,n
sr,fdjJz

n szdl. s5d

These matrix elements are diagonal in the basis of the
lowest lying parity up and parity down hole states, and result
in an effective Ising Mn0 Hamiltonian,

HMn0
QM si,Szd = Ei + fgmBB + bBeff

0 sidgSz. s6d

HereEi is the energy of the hole stateuil, given by Eq.s2d,
and the bracketed term is a sum of an external plus an effec-
tive internal magnetic field.b=kJzudsrduJzl is the hole ex-
change parameter, andBeff

0 sid is the effective magnetic field,

Beff
0 sid = −

1

WR2Sdn,↑ o
Jz=

3
2

,−1
2

Fi,Jz
s0d + dn,↓ o

Jz=
1
2

,−3
2

Fi,Jz
s0dD ,

s7d

with Fi,Jz
s0d being a form factor related to the charge density

of the neutral hole stateuil at the center of the disk,

Fi,Jz
s0d = dmz,0

Jz

uJzu
So

n

AJz,n
i

uJ1san
0duD

2

. s8d

The spectrum of the interacting hole and Mn complex
calculated byHMn0

QM 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
smean-fieldd Mn0 Hamiltonian which accounts for the influ-
ence of finite temperature,

HMn0
MF sSzd = gmBBSz + o

i

%sEidfEi + bBeff
0 sidSzg, s9d

where %sEid=Ze−sEi−EGSd/kBT is the density matrix, withZ
standing for its normalization constant,EGS for the energy of
the hole ground state,kB for the Boltzmann constant andT
for the temperature.

It is inferred fromdmz,0 in Eq. s8d, that only oneJz com-
ponent of each hole stateuil may yield a nonzero contribu-
tion to the effective fieldBeff

0 . Moreover, Eq.s7d reveals ex-
plicit dependence of the effective magnetic field on the
quantum disk size, in agreement with previous work of Efros
et al.6,7

To illustrate the effect of the hole on the Mn ion energy
levels, we calculate the Zeeman spectrum of a neutral Mn0

impurity in a model quantum disk of thicknessW=2 nm and
radiusR=5 nm with an external magnetic field applied along
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the growth direction. We use bothHMn0
QM and HMn0

MF . A set of
parameters close to InAs material is employed, Landé factor
of Mn g=2.02,25 Luttinger parametersg1=19.67,g2=8.37,
and g3=9.29, and an effective dielectric constant of 12.4.
The low-lying states of the hole are expanded in up to
n=15 radial wave functions and obtained by diagonalization
of the matrix representation of the HamiltonianHh, Eq. s2d.
It is found that, in absence of an external magnetic field,
u−3/2,↓ ,1l and u3/2,↑ ,1l form a twofold degenerated
ground state. When a magnetic field is applied, these two
levels split and the ground state is given byu−3/2,↓ ,1l. For
the magnetic field region we study, the magnitude of this
splitting is much smaller than the energy spacing between
u3/2,↑ ,1l and the next excited state. Therefore, Eq.s5d is a
good approximation. The InAs value ofb is unknown, how-
ever, we have found out thatb=−17.1 eV Å3 fits experimen-
tal observations for the Mn acceptor ground state in GaAs
bulk16 by employing the model of Ref. 8 withJsrd replaced
by dsrd. One may expect a similar hole exchange parameter
for InAs, therefore we chooseb=−17 eV Å3.

Figure 2 illustrates the Zeeman spectrum of the Mn0 com-
plex. Dashed lines represent the 12 lowest energy levels
given byHMn0

QM and solid lines the mean-field spectrum given
by HMn0

MF at T=4 K. The inset shows the noninteracting spec-
tra of the Mn ion sdotted linesd and the hole levels
u−3/2,↓ ,1l andu3/2,↑ ,1l ssolid linesd for comparison. The
energy scale has been offset in all cases by the energy of the
hole states atB=0. According to the IsingHMn0

QM , at B=0
there are six twofold degenerate levels. When an external
magnetic field is applied, the degenerate levels split. The
levels arising from the parity up hole stateslong period linesd
increase in energy without ever crossing. However, the levels
arising from the parity down hole statesshort period linesd
decrease in energy, cross parity up states, become degenerate

at a special value of the magnetic fieldB sB<16.2 T in Fig.
2d, and finally reverse the order. This degeneracy follows
from the cancellation of the atomic Zeeman splitting and the
effective internal magnetic field,26 due to the positive Landé
factor of Mn and the antiferromagnetic hole exchange
parameter of InAs sb,0d. At low magnetic fields,
u−3/2,↓ ,1luSz= +5/2l is the Mn0 center ground state due to
the sp-d exchange interaction. However, atB<16.2 T the
atomic Zeeman effect already compensates the effective
magnetic field and for larger external magnetic fields
u−3/2,↓ ,1luSz=−5/2l replaces u−3/2,↓ ,1luSz= +5/2l as
the Mn0 center ground state.

The results of the mean field treatment of the hole are
shown as solid lines in Fig. 2. AtB=0, there is no net effec-
tive magnetic field acting on the Mn ion. This is because the
hole levelsu−3/2,↓ ,1l and u3/2,↑ ,1l are degenerate and
cancel each other in Eq.s9d. When an external magnetic field
is applied, the hole becomes increasingly polarized,
u−3/2,↓ ,1l starts gaining weight in Eq.s9d and therefore the
effective magnetic field increases in strength. As a result,
in the region of finite but weak external magnetic field
s0,B,2 Td, Beff

0 leads to a large Zeeman splitting. The
magnitude of this splitting atB=1.8 T is 8.1 meV, and it is
expected to be even larger if the central cell correction is
included in the model, as the hole density will be localized
closer to the Mn impurity. For larger magnetic fields
sB.2 Td, the hole is already strongly polarized and thus the
Mn0 levels converge to those predicted withHMn0

QM for the
parity down hole state.

Next we switch our device to negative bias and study the
Zeeman spectrum of a Mn ion surrounded by two interacting
holessi.e., the positively charged acceptord in an InAs quan-
tum disk. The Hamiltonian of the positively charged acceptor
is

HMn+ = gmBBSz + Hexs1,2d + Hhs1d + Hhs2d + Vhhs1,2d,

s10d

whereHexs1,2d=Hexs1d+Hexs2d is the sp-d exchange inter-
action between the spins of the two holes and that of the Mn
ion, Hh is the one-body hole Hamiltonian given by Eq.s2d
and Vhh is the hole-hole Coulomb interaction term. The
above equation is solved in the basis of the hole states
uil= uFz,n ,kl, using the parity properties of the Coulomb
interaction.21 The wave function of a two-hole complex cor-
responding to thepth eigenvalue can be written as a Slater
determinant

Fps1,2d = o
i,j

Ci,j
p 1

Î2
fCis1dC js2d − Cis2dC js1dg, s11d

whereCi,j are expansion coefficients which can be classified
by its total angular momentumz-projection,FzT=Fz1+Fz2,
and total parity,nT=n1+n2.

In our small quantum dot the energy spacing between the
two-hole ground state,u0l, and the first excited state is over
200 meV. Therefore, at low temperature thesp-d exchange
interaction for the Mn center is well described by the expec-
tation value in the stateu0l,

FIG. 2. Energy spectrum vs magnetic field of a Mn ion bound to
one valence hole in an InAs quantum disk, calculated withHMn0

MF at
T=4 K ssolid linesd and withHMn0

QM sdashed linesd. For dashed lines,
long period lines represent the energy levels arising from the hole
stateu3/2,↑ ,1l, whereas short period lines represent those arising
from the stateu−3/2,↓ ,1l. These spectra correspond to the zero
bias operation mode of our model device. The inset shows the Zee-
man splitting of the free hole statesu3/2,↑ ,1l and u−3/2,↓ ,1l
ssolid linesd and that of a free Mn ionsdotted linesd.
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k0uHexs1,2du0l = −
bSz

WR2F o
j ,Fz1

Sdn1,↑ o
Jz=

3
2

,−1
2

GFz1Jz,j
s0d

+ dn1,↓ o
Jz=−3

2
,1
2

GFz1Jz,j
s0dD

+ o
i,Fz2

Sdn2,↑ o
Jz=

3
2

,−1
2

GFz2Jz,i
s0d

+ dn2,↓ o
Jz=−3

2
,1
2

GFz2Jz,i
s0dDG , s12d

whereGFzJz,j
s0d is the form factor

GFzJz,j
s0d = dmz,0

Jz

uJzu
So

k

CFznk,j
0 o

n

AJz,n
Fznk

uJ1san
0du
D2

. s13d

Thus, the effective Hamiltonian of the Mn ion in the field
of two holes can be written as

HMn+ = E0 + sgmBB + bBeff
+ dSz, s14d

whereE0 is the energy of the two-hole ground state and the
bracketed term is a sum of the external plus the effective
internal magnetic fields, withBeff

+ =k0uHexu0l /bSz. As in the
single hole case, in Eq.s12d each of the one-body wave
functions ofu0l contributes to the effective field with at most
oneJz component, the sign of such a contribution depending
on the one-body wave function parity and total angular mo-
mentumz-projection. Eventually, this may result in one hole
contribution cancelling that of the second hole in Eq.s12d.
From the analogy between hole parity and electronic spin
quantum numbers, one expects this cancellation to occur
when the two holes form a closed shell configurationswith
equal parity up and parity down weightd.

Eigenvalues and eigenvectors of the HamiltonianHMn+,
Eq. s10d, are obtained by means of a configuration interac-
tion method, taking the two lowest single-particle states of
parity up with Fz=−3/2, . . . ,9 /2 andparity down with
Fz=−9/2, . . . ,3 /2. TheFzT=0, singlet parity state is found
as the ground state for the entire range of external magnetic
fields under study. Figure 3 represents the energy spectrum
of the Mn+ complex in the presence of an external magnetic
field using the same parameters as in Fig. 2, with and without
sp-d exchange interactionssolid and dashed lines, respec-
tivelyd. The results show that the effective magnetic field
arising from thesp-d exchange interaction is indeed zero for
an external magnetic fieldB=0. The underlying reason is
that, atB=0, parity up terms exactly cancel out parity down
terms in Eq.s12d. When the external magnetic field is ap-
plied, the effective internal magnetic field slightly increases,
but it remains negligible even for magnetic fields as high as
15 T, where the two-hole ground state still has singlet parity.
This is clearly seen in the inset of Fig. 3, where thesp-d
exchange energy of the Mn+ level u0luSz=−5/2l is depicted
vs the external magnetic field. Although thesp-d exchange
energy increases with increasing external magnetic field, at
B=15 T the energy splitting due to the effective magnetic
field is of the order of tens ofmeV. We can compare this

splitting range with the few meV splitting of the Mn0 com-
plex in an external magnetic fieldssee Fig. 2d.

The nonzero contribution of thesp-d exchange energy
when BÞ0 can be explained in terms of the single hole
picture. The external magnetic field increases the band mix-
ing of hole states with parity down more than that of parity
up states, causing their effective masses to increase.21 There-
fore, in the presence of an external magnetic field the weight
of the parity down component of the ground state increases
while that of the parity up component decreases. As a result,
the magnitude of contribution of the parity down component
to thesp-d exchange energy slightly exceeds that of the par-
ity up component and a finitesp-d exchange interaction is
obtained despite of the singlet parity. For larger external
magnetic fieldssB.15 Td, the parity of the ground state is
expected to change from singlet to triplet. Then, the effective
internal magnetic field will abruptly increase and the spec-
trum will qualitatively resemble that of the Mn0 complex.

Our calculations have been performed for the particular
case of an impurity sitting in the middle of the disk. In a
more realistic situation, the disk may be asymmetric and the
impurity off-centered. Nonetheless, the formation of a singlet
two-hole state within the dot, which strongly suppresses the
effective exchange field acting on the Mn ion, results from
Pauli exclusion principle and, therefore, is not restricted to
any symmetry. If the dot was asymmetric, the degeneracy of
parity up and down states would be removed. Then, the pic-
ture would be similar to that we report in the presence of a
magnetic field: There would still be a singletlike state, al-
though its effect on the exchange Hamiltonian would not
lead to a perfect cancellation. Therefore, an asymmetric situ-
ation would only lead to a small departure from our ideal
situation.

In summary, we have presented a model system which
suggests electrical control of the magnetization of Mn ions in
quantum dots by the control of the number of holes in its
vicinity. We have calculated the Zeeman spectrum of a single

FIG. 3. Energy spectrum vs magnetic field of a Mn ion bound to
two valence holes in an InAs quantum disk, includingssolid linesd
and excludingsdashed linesd sp-d exchange interaction. The inter-
acting spectrum corresponds to the negative bias operation mode of
our model device. The inset shows thesp-d exchange energy cor-
responding to the Mn+ level u0luSz=−5/2l vs an external magnetic
field.
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Mn ion interacting with one and two valence holes in an
InAs quantum disk. The single hole in a quantum dot results
in an effective Ising like model Hamiltonian. The hole intro-
duces an effective magnetic field on the Mn ion levels yield-
ing a large Zeeman splitting. This splitting can be controlled
by the size of the quantum dot. When a second hole is added,
a singlet-parity two-hole ground state is formed and the ef-
fective magnetic field is strongly suppressed. Therefore, the
control over the number of confined holes in a single-ion
doped III-V DMS QD provides a mechanism to switch on
and off thesp-d exchange interaction. Spin resonance experi-

ments are suggested to probe the energy levels of Mn spins
in this system.
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