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Magnetic Phase Structure Study of Modulation-Doped III-V Dilute Magnetic
Semiconductor Quantum Wells with Broken Spin Symmetry
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We present a self-consistent magnetic phase structure in modulation-doped dilute magnetic III-V
semiconductor quantum wells (DMS QW). The temperature and the magnetic-field effects on the
effective g-factor in the DMS QW are estimated, and a hysteretic behavior in the carrier-induced
magnetism is demonstrated. possible ferromagnetic-paramagnetic phase transition is analyzed in
terms of various material parameters of the quantum wells.
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tionIntroduction
A modulation-doped dilute magnetic semiconductor

(DMS) quantum well (QW) is a two-dimensional elec-
tron gas (2DEG) in which the degree of spin symmetry
is controllable by applying a homogeneous external mag-
netic fieldB. By spatial modulation of the doping profile
and the magnetic impurity concentration, DMS quantum
structures can lead to a spin-polarized many-particle sys-
tem and can exhibit a variety of unique properties which
are absent in conventional non-magnetic structures [1–
3]. A spin-polarized quantum well (SPQW) is a spin-
symmetry-broken quasi-two dimensional system consist-
ing of nσ electrons of majority spin σ (↓) and nσ̄ electorns
of minority spin σ̄ (↑) per unit area embedded in a uni-
form positively charged background. The SPQW is de-
scribed in terms of two spin-subband ladders with eigen-
values εiσ(k) and eigenfunctions |ikσ >= eik·r|iσ >,
where i and σ stand for the subband and spin indices,
respectively, and k is the wavevector parallel to the layer.
|iσ >= ψσi (z)χσ is the product of an envelope function
ψσi (z) and a spin eigenfunction χσ. An additional degree
of freedom associated with the exchange coupling of itin-
erant carriers and magnetic impurities in the DMS has
renewed interests in both basic and applied research [4].
The spin polarization ζ is defined by ζ = (nσ−nσ̄)/n2D,
where n2D = nσ+nσ̄ is the 2D free-carrier concentration.
The ζ of the DMS QW structure can be tuned from para-
magnetic ζ = 0 to fully polarized ferromagnetic ζ = 1 by
varing the strength of the applied magnetic field without
any dramatic effect on the orbital motion of the elec-
trons. [5]

In this work, we investigate the magnetic phase struc-
tures of modulation-doped III-V DMS QWs with empha-
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sis on the control of the magnetic structure of the system
in terms of various QW parameters. A hysteretic behav-
ior in the carrier-induced magnetism is demonstrated in
the DMS QW, and the magnetization M is shown to de-
pend strongly on the concentration of substituted Mn2+

ions, the free carrier density n2D, and the geometric and
doping-profile parameters of the quantum well.

I. THEORETICAL MODEL

We consider a symmetrically modulation-doped QW
of AlGaAS/Ga1−xMnxAs/AlGaAs grown in the z di-
rection and analyze the electronic structures based on
a self-consistent one-band model of spin-polarized DMS
QWs [5]. The effects of exchange and correlation of
free carriers are included by employing a spin-dependent
exchange-correlation potential vσxc(z; ζ) [6]. The free-
carrier Hartree potential vH and the electrostatic po-
tential vs (which includes contributions from the QW
band offset V0, the modulation-doped ionized impuri-
ties of concentration Na in nonmagnetic barriers, and
magnetic ions of concentration NMn substituted in the
well) are determined self-consistently by solving the
Schrödinger equation, together with the Poisson equa-
tion, for vH(z) + vs(z). The kinetic exchange interac-
tion Jpd(r − R) of free carriers at r with d electrons
on the localized Mn2+ ions of spin S = 5/2 at R is
included in the mean-field approximation [7,8] to write
Hx = σz < Sz > x

∑
Ri
Jsp−d(r − Ri), where x is the

fractional occupancy of cation sites by magnetic ions and
Ri denotes the coordinate of the cation sublattice. Here
the summation extends over all cation sites. Hence, the
spin-dependent part of the energy of a free carrier can

-1069-



-1070- Journal of the Korean Physical Society, Vol. 40, No. 6, June 2002

be written as [5]

V σB = σz[g∗µBB −N0ηx < Sz >] = geffµBBσz, (1)

where N0 and geff are the number of cation sites per unit
volume and the effective g-factor of the carriers in the
DMS QW structure, respectively. If the free-carrier wave
function is used, the second term in V σB describes the
exchange interaction between the free carriers of spin σ
and Mn2+ ions of spin S with η = 1

Ω < φ|Jpd|φ > being
the expectation value of the exchange coupling integral
Jpd over a unit cell Ω. We confine our consideration to
a magnetic QW of width L under an in-plane magnetic
field B applied in the y direction parallel to the interface
[9].

The spin-split subband wave function ψσi (z) is deter-
mined by[

− ~
2

2m∗
d2

dz2
+
m∗ω2

c

2
(z − z0)2 + vσs.c.(z)

]
ψσi (z)

= Eσikxψ
σ
i (z). (2)

Here, ωc = eB
m∗ , z0 = −kxl2B with lB =

√
~

eB ,
vσs.c.(z) = vH(z) + vs(z) + V σB + vσxc(z; ζ), and σ (=↓,
↑) is the z-component of the spin. The temperature ef-
fect is included by employing the spin-dependent Fermi
distribution function in obtaining vσs.c.(z); nσi (z) =
f(Eσikx , T )|ψσi (z)|2. We note that a parabolic mag-
netic confinement induced by the in-plane magnetic field,
i.e., the second term in Eq. (2), makes the solutions
{Eσikx ;ψσi (z)} kx-dependent, in general. However, in the
weak-field region (lB >> L), one can neglect the effect
of the additional magnetic confinement and ignore the
nonparabolic kx dependence of the solution. The ther-
mal average < Sz > taken over all Mn2+ ions is given
by

< Sz >= −5
2
B5/2(ξ), (3)

where B5/2(ξ) is the standard Brillouin function and

ξ =
(
gMnµBSB + JpdS

n2Dζ
2L

)
/kBT with S = 5/2. The

second term in ξ denotes the contribution of the kinetic
exchange coupling to the spontaneous magnetization of
the DMS QW in the absence of an external magnetic
field B [7]. We solve Eq.(2) to obtain the self-consistent
subband structure {Eσikx , ψ

σ
i (z)} by minimizing the total

free-carrier energy E [5]:

E =
∑
ikxσ

nσikx [Êσikx +
1
2

(µ− Eσikx)]. (4)

In Eq. (4), Êσikx is given by

Êσikx = Eσikx −
1
2
< vH(z) >, (5)

which is needed in order to avoid double counting of the
Hartree interaction energy in evaluating the total energy
E. In the rest of this work, we limit ourselves to the
weak-field region (lB >> L).

Fig. 1. Magnetic field dependence of the effective g-factor,
geff , of dilute magnetic semiconductor quantum wells for var-
ious temperatures.

II. RESULTS AND DISCUSSION

In Fig. 1, the magnetic field and the temperature
dependences of the effective g-factor, geff , defined in
Eq. (1) are displayed in units of the free-carrier effec-
tive g factor, g∗, in the absence of magnetic ions. In
the numerical calculations, x = 0.035, m∗ = 0.5me,
and the coupling strength Jpd = 0.15eV nm3 for p-type
Ga1−xMnxAs were used. We examined the subband
structure {nσ;Eσikx} and analyzed the magnetic phase
structure of the system in terms of the magnetic field
and temperature. As the magnetic field increases, the
quantum well depth of spin-down (majority-spin) elec-
trons becomes deeper through the exchange interaction
with Mn2+ ions (V σH) and finally saturates to a constant
value. As the temperature increases, the concentration
of majority-spin electrons, ni↓, decreases, but that of
minority-spin electrons, ni↑, increases until the system
becomes paramagnetic. As one increases the degree of
spin polarization ζ, the spin-split subband separation in-
creases, and the free-carrier areal density, n2D, in the
quantum well increases steadily at high temperatures,
but increases more rapidly at low temperatures. The
spontaneous spin polarization depends strongly on the
temperature T , the free-carrier density n2D, and the ge-
ometric and doping profile parameters, such as the well
depth V0, the width L, Na, and NMn, of the QW.

The magnetic phase structure of the DMS QW is
shown in Fig. 2 as a function of the temperature and
the magnetic field. Even in the absence of an external
field, the system becomes fully polarized in the ferromag-
netic phase (ζ = 1) below about 30K for the DMS QW
with the parameters used in the figure. In the figure, w is
the width of the spacer layer of the symmetric QW struc-
ture [5]. In our calculation, the exchange-correlation of
free carriers is observed to enhance the ferromagnetic
tendency. The threshold temperature Tth below which
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Fig. 2. Magnetic phase diagram of the modulation-doped
DMS QW in terms of the temperature and the external mag-
netic field.

the system becomes fully polarized in the ferromagnetic
phase (ζ = 1) even in the absence of an external field
increases as the doping concentration Na in the nonmag-
netic barriers increases.

We also calculated the magnetization M of the system
at finite temperature as a function of the magnetic field
B [10]. Figure 3 shows the magnetic-field dependence
of the magnetization. Our result shows the hysteretic
behavior of M by virtue of the exchange coupling of a
Mn2+ ion and an itinerant carrier [11]. The remnant
values of Mrem increase as the carrier concentration n2D

increases, and M shows a paramagnetic behavior beyond
the threshold magnetic field Bth until it saturates toward
the value Ms = NMngMnµBS, the dominating contribu-
tion of the localized spins. (See the inset.) The mag-
nitude of Bth depends strongly on n2D, NMn, and the
p-doping concentration Na in the nonmagnetic barriers
of the DMS quantum structure.

III. SUMMARY

We observe that the tendency to ferromagnetic order-
ing is increased as the strength of the confinement poten-
tial is increased and that the magnetization of the system
is strongly dependent on the concentration of substituted
Mn2+ ions, the free-carrier density n2D, and the geomet-
ric and doping profile parameters of the QW. Our result
shows a hysteretic behavior for the magnetization in the
DMS QW by virtue of the coupling between a Mn2+

ion and an itinerant carrier. The threshold temperature,
below which the system becomes spontaneously fully po-
larized in the ferromagnetic phase (ζ = 1), increases as
one increases the magnetic impurity concentration NMn

in the well and the p-doping concentration Na in non-
magnetic barriers.

Fig. 3. Magnetic field dependence of the magnetization of
the DMS QW for various impurity-doping concentrations Na.
The inset shows the paramagnetic behavior of M beyond a
threshold magnetic field, Bth, before it saturates.
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