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Magnetic phase structure of Mn-doped III-V semiconductor quantum wells
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We present a self-consistent calculation of magnetic phase structure in modulation-doped dilute magnetic
III-V semiconductor quantum wells. The spin-split subband structure is calculated at finite temperature and
magnetic-field effects on the carrier-induced magnetism are examined in a weak-field regime. The exchange
correlation of free carriers is shown to enhance the ferromagnetic tendency. And the temperatureTth , below
which the system spontaneously becomes fully spin polarized, increases as the doping concentrationNa in
nonmagnetic barriers increases. Hysteresis loop of the magnetic quantum well predicts that the remnant mag-
netization is enhanced as one increases the modulation-doped acceptor impurity concentration.
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I. INTRODUCTION

The interplay between the effects of quantum confinem
and the collective magnetic ordering in a dilute magne
semiconductor~DMS! quantum well~QW! has renewed the
interest in both basic and applied research.1,2 By spatial
modulation of the doping profile and magnetic impurity co
centration, DMS quantum structures can lead to a sp
polarized many-particle system.3–6 This would consist ofns

electrons of majority spins (↓) andns̄ electrons of minority
spin s̄ (↑) per unit area and show a variety of unique pro
erties which are absent in conventional nonmagnetic st
tures. The effect of an additional degree of freedom ass
ated with the exchange coupling of itinerant carriers a
magnetic impurities in the DMS QW can be varied at fin
temperatures.

In this work, we investigate the magnetic phase structu
of Mn-doped III-V DMS QW’s with an emphasis on th
control of the magnetic phase structure of the system
terms of various QW parameters. Our formulation is ba
on a simple two-band model for the valence band in III
semiconductors. We limit our considerations to a narr
quasi-two-dimensional DMS quantum well structure,
which the spin-orbit splitting is sufficiently large and th
free-carrier concentration is not so high that only the hea
hole subbands are occupied by the carriers. Present m
would readily be extended to a more realistic cases includ
spin-fluctuation effects and the effects of magnetic anis
ropy and band coupling by employing four- or six-ba
Kohn-Luttinger models for the multiple manifold of the va
lence band.

II. SELF-CONSISTENT MODEL

We consider a symmetrically modulation-doped QW o
type AlGaAs/Ga12xMnxAs/ AlGaAs grown in thê 001& di-
rection, and analyze the electronic structures based on a
consistent spin-split two-band model of the spin-polariz
DMS QW’s.7 The effects of exchange and correlations
free carriers are included by employing a spin-depend
exchange-correlation potentialvxc

s (z;z).8 The free-carrier
Hartree potentialvH and the electrostatic potentialvs are
determined self-consistently by solving the Schro¨dinger
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equation together with the Poisson equation forvH(z)
1vs(z). Here, the free carriers~holes! in the QW originate
from the modulation-doped ionized impurities in nonma
netic barriers and also in part from the manganese ions
calized in the well. Therefore, in our calculation, the pote
tial vs includes contributions both of modulation-dope
ionized impurities of concentrationNa in nonmagnetic bar-
riers and of the magnetic ions of concentrationNMn substi-
tuted randomly in the well, in addition to that of the QW
band offsetV0.7

In a mean-field approximation,9,10 the kinetic exchange
interactionJpd(rW2RW ) of free carriers atrW with d electrons on
Mn21 ions of spinS55/2 localized atRW is given by

Hx5sy^Sy&x(
RW i

Jsp2d~rW2RW i !, ~1!

wherex is the fraction occupancy of cation sites by magne
ions andRW i denotes the coordinate of the cation sublatti
Here the summation extends over all cation sites. A
hence, the spin-dependent part of the energy of a free ca
is written by7

VB
s5sy@g* mBB2N0bx^Sy&#, ~2!

whereN0 is the number of cation sites per unit volume. T
second term inVB

s describes the exchange interaction b

tween the free carrier of spinsW and Mn21 ions of spinSW
with b5(1/V)^fuJpduf&, the expectation value of the ex
change coupling integralJpd over a unit cellV using the
free-carrier Bloch statesuf&.

The spin-polarized QW is described in terms of two sp
subband ladders with eigenvalues« is(kW ) and eigenfunctions
u ikWs&5eikW•rWu is& where i and s stand for the subband an
spin indices, respectively, andkW the wave vector parallel to
the layer.u is&5c i

s(z)xs is the product of an envelope func
tion c i

s(z) and a spin eigenfunctionxs . We confine our
consideration to a magnetic QW of widthL under an in-plane
magnetic fieldB applied in they direction parallel to the
interface.11 The wave functionc i

s(z) is determined by
©2002 The American Physical Society10-1
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F2
\2

2m*

d2

dz2
1

m* vc
2

2
~z2z0!21vs.c.

s ~z!Gc i
s~z!

5Eikx

s c i
s~z!. ~3!

Here vc5eB/m* , z052kxl B
2 with l B5A\/eB, vs.c.

s (z)
5vH(z)1vs(z)1VB

s1vxc
s (z;z), and s (5↓,↑) indicates

two different spin states. Temperature effect is included
employing the spin-dependent Fermi distribution function

f ~e,T!5
1

expS e2m1Ei
s

kBT
11D

in obtainingvs.c.
s (z). In the present work the chemical po

tentialm is taken to be pinned at the impurity level. We no
that a parabolic magnetic confinement induced by in-pl
magnetic field makes the solution$Eikx

s ;c i
s(z)% kx depen-

dent, in general. However, in a weak-field regime (l B@L),
one can neglect the effect of the additional magnetic confi
ment in a narrow QW, because the second term in Eq.~3!
reduces to\2kx

2/2m* , leading us to the parabolickx depen-
dence of the solution.11 The magnetic field strengths o
1 T<B<3 T correspond to the magnetic lengt
25.7 nm> l B>14.8 nm, and we limit ourselves to the wea
field regime (l B@L) in the rest of this work. In this regime
the degree of spin polarization of the DMS QW structu
could be tuned from the paramagneticz50 to the fully po-
larized ferromagneticz51 without any dramatic effect on
the orbital motion of the electrons.7 Here, the spin polariza
tion z is defined byz5(ns2ns̄)/n2D wheren2D5ns1ns̄

the free-carrier two-dimensional~2D! concentration.
The thermal averagêSy& taken over all Mn21 ions is

given by ^Sy&52 5
2 B5/2(j) where B5/2(j) is the standard

Brillouin function12 and

j5

gMnmBSB1JpdS
n2Dz

2L

kBT
,

with S55/2. The second term inj denotes the contribution
of the kinetic exchange coupling to the spontaneous mag
tization and it takes the feedback mechanism of the mag
tization into account.2,9 By combining Eq.~3! and the Pois-
son equation mentioned above, one can obtain the s
consistent subband structure$Ei

s ,c i
s(z)% at finite

temperature.
The subband carrier concentrations and subband ene

$ni
s ;Ei

s% were obtained by solving Eq.~3! numerically for
various magnitudes of magnetic fieldB at finite tempera-
tures. We employed variational subband wave functio
c i

s(z),7 and the final solution for a given temperature w
obtained by minimizing the total free-carrier energyE(z):

E~z!5(
is

ni
sÊi

s1T~z!. ~4!
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Here T denotes the contribution of the two-dimensional k
netic energy parallel to the QW interface and is defined b

T~z!5
m*

2p\2E0

`

dee f ~e,T!.

In Eq. ~4!, Êi
s indicates the following:

Êi
s5Ei

s2
1

2
^vH~z!&, ~5!

which is needed in order to avoid double counting of t
Hartree interaction energy in evaluation of the total ene
E(z).

III. RESULT AND DISCUSSION

The carrier spin polarizationz for a given set of quantum
well parameters can be evaluated with the use of the subb
structure$ni

s ;Ei
s% obtained by solving Eq.~3! and examin-

ing spin-split subband carrier concentrations$ni
s% for various

values of magnetic field and temperature. Our numerical
sult shows that, as the magnetic field increases, the quan
well depth of spin-down~majority-spin! electrons becomes
deeper through the exchange interaction with Mn21 ions
(VH

s ) and finally saturates to a constant value. As the te
perature increases, the concentration of majority-spin e
tronsni

↓ is decreased but that of minority-spin electronsni
↑ is

increased until the system becomes paramagnetic. Our
culation shows that the degree of spin polarization in
DMS QW depends strongly on temperatureT, free-carrier
density n2D , and geometric and doping profile paramete
such as well depthV0, width L, Na , andNMn of the QW. As
one increases the degree of spin polarizationz, i.e., theef-
fective magnetic fieldB, the spin-split subband separatio
increases, and the free-carrier densityn2D in the quantum
well increases steadily at high temperatures but increa
more rapidly at low temperatures.

In order to obtain the magnetic phase structure of
system in terms of the magnetic field and temperature,
degree of spin polarization is analyzed by varying the m
nitudes of an external magnetic field and temperature. A s
consistent magnetic phase diagram of a modulation-do
DMS QW is shown in Fig. 1. We displayed the spi
polarizationz as functions of temperature and magnetic fie
In the region of 0<z,1 there exist free carriers in both sp
states, whereas the region ofz51 corresponds to the fully
spin polarized phase, where all the minority spin subba
are emptied. We could clearly observe that the system sh
spontaneous ferromagnetic phase (z.0) below 65 K and
becomes fully polarized ferromagnetic phase below abou
K for the DMS QW of the parameters taken in the figur
The threshold temperatureTth below which the system be
comes fully polarized ferromagnetic phase (z51) even in
the absence of an external field increases as the doping
centrationNa in nonmagnetic barriers increases. If one n
glected the feedback mechanism of the magnetization in
taining the thermal averagêSy& in Eq. ~2!, the spontaneous
spin polarization phase (z.0) would disappear in the ab
0-2
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BRIEF REPORTS PHYSICAL REVIEW B 65 193310
sence of an external magnetic field. In the figure,w is the
width of the spacer layer of the symmetric QW structure.7 In
numerical calculations,x50.035,m* 50.5me , and the cou-
pling strengthJpd50.15 eV nm3 for p-type Ga12xMnxAs
were taken, and 0.1% of the manganese ions are assum
contribute to the free carriers~holes! in the well.

The kinetic exhange interaction of free carriers with
calized magnetic ions induces the Curie-Weiss transition
the quasi-two-dimensional DMS quantum well. We exa
ined the ferromagnetic (zÞ0) to paramagnetic (z50) phase
transition temperatureTc in terms of the 2D carrier concen
tration n2D . Figure 2 shows a 2D carrier-concentration d
pendence ofTc obtained in a local spin-density~LSD! func-
tional and the Hartree calculations. The present s
consistent calculation shows that the exchange correlatio
free carriers enhances the ferromagnetic tendency by 10

FIG. 1. Magnetic phase diagram of a modulation-doped D
QW in terms of the temperature and external magnetic field.
value ofz indicates the degree of spin polarization in each regim

FIG. 2. Two-dimensional carrier-concentration dependence
the ferromagnetic–paramagnetic phase transition temperaturTc

obtained in a local spin-density~LSD! functional and Hartree
approximations.
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15% in terms ofTc over the range of the free-carrier conce
trations examined.

The exchange and correlations of free carriers increase
spin subband separations of a semiconductor QW structu7

primarily by lowering the subband bottom energies of maj
ity spin states due dominantly to the exchange interaction
the free carriers in the same spin states and hence increa
the spin polarizationz of the system. The increase inz fa-
vors the ferromagnetic phase compared to the paramag
phase.

The magnetizationM of the system is evaluated at finit
temperature as a function of magnetic fieldB and the hyster-
etic behavior is observed in the DMS QW.13 Figure 3 shows
the magnetic-field dependence of the magnetization for th
different values of doping concentrations of acceptor imp
rities in the barrier region of the QW. It is clearly seen th
the remnant values ofMrem increase as the doped impurit
concentrationNa and, hence, carrier concentrationn2D in-
crease and thatM showsparamagneticbehavior beyond the
threshold magnetic fieldBth until it gets saturated toward th
valueMs5NMngMnmBS, the dominating contribution of the
localized spins. The inset of the figure shows an asympt
behavior of the magnetization as one increases the stre
of an external magnetic field. Under a high magnetic fie
B>Bth , a Brillouin function gets saturated to show par
magnetic behavior. The magnitude ofBth is sensitive ton2D ,
NMn , and thep-doping concentrationNa in nonmagnetic
barriers of the DMS quantum structure. The present obse
tion of a hysteretic behavior inM is a direct consequence o
the spontaneous spin polarization of the Mn-doped DM
QW structure due to the exchange coupling of a Mn21 ion
and an itinerant carrier in the QW.14 Sharp magnetic hyster
esis loops indicate a well-ordered ferromagnetic structure
the QW in agreement of recent experimental observation
DMS thin film.2

In conclusion, the interplay of the indigenous quantu
confinement and magnetic ordering effects is seen to in
duce new features to the magnetic phase structure of

e
.

f

FIG. 3. Magnetic-field dependence of the magnetization of
DMS QW for various impurity-doping concentrarionsNa . The in-
set shows aparamagneticbehavior ofM beyond a threshold mag
netic fieldBth before it gets saturated.
0-3
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Mn-doped III-V semiconductor quantum well structure. O
result shows hysteretic behavior of the magnetization i
DMS QW in virtue of the coupling between a Mn21 ion and
an itinerant carrier. The tendency of ferromagnetic order
increases as the strength of confinement potential incre
and the magnetization of the system is strongly dependen
the concentration of localized Mn21 ions, the free-carrier
density n2D , and the geometric and doping profile param
eters of the QW. The threshold temperature, below which
system becomes a fully polarized ferromagnetic phasez
51) spontaneously, increases as one increases the mag
impurity concentrationNMn in the well andp-doping concen-
tration Na in nonmagnetic barriers.
.
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The magnetic phase ordering and hysteretic behavior
Mn-doped DMS QW predicted in the present work would
demonstrated in such experiments as spin-flip light scatte
and magnetization measurement with a quantum interfere
magnetometer. Details of the self-consistent spin subb
structure and the quantum well parameter dependence o
magnetic phase structure will be reported in a separate pa
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