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Magnetic phase structure of Mn-doped IlI-V semiconductor quantum wells
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We present a self-consistent calculation of magnetic phase structure in modulation-doped dilute magnetic
I1I-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 tempigratioelow
which the system spontaneously becomes fully spin polarized, increases as the doping concéhjration
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.

DOI: 10.1103/PhysRevB.65.193310 PACS nuni®er73.21.Fg, 73.22.Gk, 72.25b

I. INTRODUCTION equation together with the Poisson equation ig;(z)
+v4(2). Here, the free carrieréoles in the QW originate

The interplay between the effects of quantum confinemenfrom the modulation-doped ionized impurities in nonmag-
and the collective magnetic ordering in a dilute magneticnetic barriers and also in part from the manganese ions lo-
semiconductokDMS) quantum well(QW) has renewed the calized in the well. Therefore, in our calculation, the poten-
interest in both basic and applied resedréiBy spatial tial v includes contributions both of modulation-doped
modulation of the doping profile and magnetic impurity con-ionized impurities of concentratioN, in nonmagnetic bar-
centration, DMS quantum structures can lead to a spinriers and of the magnetic ions of concentratig,, substi-
polarized many-particle systetn® This would consist of,  tuted randomly in the well, in addition to that of the QW
electrons of majority spier () andn;, electrons of minority  band offsetV,.”

spina (1) per unit area and show a variety of unique prop- In @ mean-field approximatioh;’ the kinetic exchange
erties which are absent in conventional nonmagnetic strudnteractiond,4(r —R) of free carriers at with d electrons on
tures. The effect of an additional degree of freedom associyin2+ jons of spinS=5/2 localized aR is given by
ated with the exchange coupling of itinerant carriers and
magnetic impurities in the DMS QW can be varied at finite
temperatures. HX:O'y<Sy>XE 3P d(r—R), (1)

In this work, we investigate the magnetic phase structures R;
of Mn-doped III-V DMS QW's with an emphasis on the
control of the magnetic phase structure of the system imwherex is the fraction occupancy of cation sites by magnetic
terms of various QW parameters. Our formulation is basegons andR; denotes the coordinate of the cation sublattice.
on a simple two-band model for the valence band in lll-VHere the summation extends over all cation sites. And,

semiconductors. We limit our considerations t0 & narrowhence, the spin-dependent part of the energy of a free carrier
quasi-two-dimensional DMS quantum well structure, injg written by

which the spin-orbit splitting is sufficiently large and the
free-carrier concentration is not so high that only the heavy- -
hole subbands are occupied by the carriers. Present model Ve=0y[9* ugB—NoBX(S))], 2
would readily be extended to a more realistic cases including ) ) ) )
spin-fluctuation effects and the effects of magnetic anisotWhereNo is the number of cation sites per unit volume. The
ropy and band Coup"ng by emp|oying four- or six-band second term ian describes the eXChange interaction be-
Kohn-Luttinger models for the multiple manifold of the va- tween the free carrier of spir and Mrf* ions of spinS
lence band. with B=(1/Q)(¢|Jpal #), the expectation value of the ex-

change coupling integral,q over a unit cellQ) using the

Il. SELF-CONSISTENT MODEL free-carrier Bloch statelsp).
The spin-polarized QW is described in terms of two spin-

We consider a symmetrically modulation-doped QW of 4subband ladders with eigenvalu@g(l?) and eigenfunctions

type AlGaAs/Ga_,Mn,As/ AlGaAs grown in thg/001) di- o o .
rection, and analyze the electronic structures based on a seltk@)=€""lio) wherei and o stand for the subband and
consistent spin-split two-band model of the spin-polarizedspin indices, respectively, arldthe wave vector parallel to
DMS QW's.” The effects of exchange and correlations ofthe layer/io)= ¢ (2) x,, is the product of an envelope func-
free carriers are included by employing a spin-dependention ¢{(z) and a spin eigenfunctiory,. We confine our

exchange-correlation potentiaj;’c(z;g).8 The free-carrier consideration to a magnetic QW of widthunder an in-plane

Hartree potentiab, and the electrostatic potentiak are  magnetic fieldB applied in they direction parallel to the

determined self-consistently by solving the Sainger interface! The wave function/{(z) is determined by
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22 d?2  m*o? Here T denotes the contribution of the two-dimensional ki-
R 5 C(z—zo)2+ugc_(z) W (z) netic energy parallel to the QW interface and is defined by
m* (=
=E} ¢7(2). 3 T(O)= f deef(e,T).
I X | (g 27Tﬁ2 0 (

Here w,=eB/m*, zy=—k,3 with Ig=%/eB, vI. (2)
=vh(2) tvs(2) +Vgtuvye(z,¢), and o (=/,7) indicates
two different spin states. Temperature effect is included by

In Eq. (4), E7 indicates the following:

. 1
employing the spin-dependent Fermi distribution function E/=E - §<UH(Z)>' 5)
1 which is needed in order to avoid double counting of the
f(e,T)= Hartree interaction energy in evaluation of the total energy

_ EC
exp(ﬂﬂ E(2).

kgT

in obtainingvg . (2). In the present work the chemical po- Il RESULT AND DISCUSSION

tential 1 is taken to be pinned at the impurity level. We note  The carrier spin polarizatiot for a given set of quantum
that a parabolic magnetic confinement induced by in-plangell parameters can be evaluated with the use of the subband
magnetic field makes the solutidiEf, ;47(2)} ki depen-  structure{n?;E¢} obtained by solving Eq(3) and examin-
dent, in general. However, in a weak-field regimgsfL), ing spin-split subband carrier concentratign§} for various
one can neglect the effect of the additional magnetic confinevalues of magnetic field and temperature. Our numerical re-
ment in a narrow QW, because the second term in(Bg. sult shows that, as the magnetic field increases, the quantum
reduces tdi2k§/2m*, leading us to the paraboli;, depen- well depth of spin-down(majority-spin electrons becomes
dence of the solutioht The magnetic field strengths of deeper through the exchange interaction with?KMrions
1 T=<B=<3 T correspond to the magnetic lengths (V) and finally saturates to a constant value. As the tem-
25.7 nm=1g=14.8 nm, and we limit ourselves to the weak- perature increases, the concentration of majority-spin elec-
field regime (g>L) in the rest of this work. In this regime, tronsn! is decreased but that of minority-spin electronss
the degree of spin polarization of the DMS QW structureincreased until the system becomes paramagnetic. Our cal-
could be tuned from the paramagnedie O to the fully po-  culation shows that the degree of spin polarization in the
larized ferromagneti¢ =1 without any dramatic effect on DMS QW depends strongly on temperatufe free-carrier
the orbital motion of the electrorfsHere, the spin polariza- densityn,p, and geometric and doping profile parameters
tion { is defined by/=(n,—n;)/n,p wheren,p=n,+n,  such as well deptW,, width L, N,, andN,,, of the QW. As
the free-carrier two-dimensioné&D) concentration. one increases the degree of spin polarizafipine., theef-

The thermal averagéS,) taken over all MR* ions is  fective magnetic fieldB, the spin-split subband separation
given by (S))=—3Bg(£) where B (£) is the standard increases, and the free-carrier densigy in the quantum

Brillouin function'? and well increases steadily at high temperatures but increases
more rapidly at low temperatures.
N2pd In order to obtain the magnetic phase structure of the
ng“BSB“LdeST system in terms of the magnetic field and temperature, the
&= KaT , degree of spin polarization is analyzed by varying the mag-

nitudes of an external magnetic field and temperature. A self-
consistent magnetic phase diagram of a modulation-doped
PMS QW is shown in Fig. 1. We displayed the spin-
yolarizationg as functions of temperature and magnetic field.

n the region of G {<1 there exist free carriers in both spin
ptates, whereas the region o1 corresponds to the fully
spin polarized phase, where all the minority spin subbands
are emptied. We could clearly observe that the system shows
Bontaneous ferromagnetic phase>0Q) below 65 K and
ecomes fully polarized ferromagnetic phase below about 30

with S=5/2. The second term i§ denotes the contribution
of the kinetic exchange coupling to the spontaneous magn
tization and it takes the feedback mechanism of the magn
tization into account:® By combining Eq.(3) and the Pois-
son equation mentioned above, one can obtain the sel
consistent subband structurelE{,y{(z)} at finite
temperature.

The subband carrier concentrations and subband energi%

{n7";E"} were obtained by solving Eq3) numerically for K for the DMS QW of the parameters taken in the figure.

various magnitudes of mag.netic fie® at finite tempera.- The threshold temperatuiky, below which the system be-
tu;es. 7We emplqyed varlgtlonal sut_)band wave funCtlonscomes fully polarized ferromagnetic phasé=(1) even in
¥7(z)," and the final solution for a given temperature was

btained by minimizing th 't ) ) the absence of an external field increases as the doping con-
obtained by minimizing the total free-carrier eneigf(): centrationN, in nonmagnetic barriers increases. If one ne-

glected the feedback mechanism of the magnetization in ob-
_ oRo taining the thermal averages,) in Eq. (2), the spontaneous
E(0)=2>, nEF+T(L). 4
(¢) % BT @ spin polarization phase/t0) would disappear in the ab-
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FIG. 1. Magnetic phase diagram of a modulation-doped DMS FIG. 3. Magnetic-field dependence of the magnetization of the

QW in terms of the temperature and external magnetic field. Th&MS QW for various impurity-doping concentrarioht, . The in-

value of { indicates the degree of spin polarization in each regime.set shows garamagnetidehavior ofM beyond a threshold mag-

netic field By, before it gets saturated.

sence of an external magnetic field. In the figuseis the  15% in terms ofT, over the range of the free-carrier concen-
width of the spacer layer of the symmetric QW structliie.  trations examined.
numerical calculationsg=0.035, m* =0.5m,, and the cou- The exchange and correlations of free carriers increase the
pling strengthJ,q=0.15 eV nni for p-type Ga_,Mn,As  spin subband separations of a semiconductor QW struture,
were taken, and 0.1% of the manganese ions are assumedgamarily by lowering the subband bottom energies of major-
contribute to the free carriefgoles in the well. ity spin states due dominantly to the exchange interaction of
The kinetic exhange interaction of free carriers with lo-the free carriers in the same spin states and hence increasing

calized magnetic ions induces the Curie-Weiss transition inhe spin polarizatio of the system. The increase infa-
the quasi-two-dimensional DMS quantum well. We exam-yors the ferromagnetic phase compared to the paramagnetic
ined the ferromagnetic/@ 0) to paramagnetic{=0) phase phase.
transition temperatur&, in terms of the 2D carrier concen- The magnetizatioM of the system is evaluated at finite
tration n,p . Figure 2 shows a 2D carrier-concentration de-temperature as a function of magnetic fi@end the hyster-
pendence off ;. obtained in a local spin-density.SD) func-  etic behavior is observed in the DMS QWWFigure 3 shows
tional and the Hartree calculations. The present selfthe magnetic-field dependence of the magnetization for three
consistent calculation shows that the exchange correlation afifferent values of doping concentrations of acceptor impu-
free carriers enhances the ferromagnetic tendency by 10%rities in the barrier region of the QW. It is clearly seen that
the remnant values d¥l,.,, increase as the doped impurity
concentrationN, and, hence, carrier concentratiogy in-
crease and tha¥l showsparamagnetidoehavior beyond the
threshold magnetic fielB,;, until it gets saturated toward the
valueM =Ny guntsS, the dominating contribution of the
localized spins. The inset of the figure shows an asymptotic
behavior of the magnetization as one increases the strength
of an external magnetic field. Under a high magnetic field
B=B,,, a Brillouin function gets saturated to show para-
magnetic behavior. The magnitudeRy, is sensitive ta,p,
Nwn, and thep-doping concentratiorN, in nonmagnetic
barriers of the DMS quantum structure. The present observa-
tion of a hysteretic behavior iM is a direct consequence of
the spontaneous spin polarization of the Mn-doped DMS
s QW structure due to the exchange coupling of a?Mion

o5 10 45 o0 and an itinerant carrier in the QW.Sharp magnetic hyster-
esis loops indicate a well-ordered ferromagnetic structure of
the QW in agreement of recent experimental observation in a
FIG. 2. Two-dimensional carrier-concentration dependence oPMS thin film.2
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the ferromagnetic—paramagnetic phase transition temperaure  In conclusion, the interplay of the indigenous quantum
obtained in a local spin-densitd SD) functional and Hartree confinement and magnetic ordering effects is seen to intro-
approximations. duce new features to the magnetic phase structure of the
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Mn-doped 11I-V semiconductor quantum well structure. Our  The magnetic phase ordering and hysteretic behavior of a
result shows hysteretic behavior of the magnetization in aMn-doped DMS QW predicted in the present work would be
DMS QW in virtue of the coupling between a Mihion and  demonstrated in such experiments as spin-flip light scattering
an itinerant carrier. The tendency of ferromagnetic orderingand magnetization measurement with a quantum interference
increases as the strength of confinement potential increasesagnetometer. Details of the self-consistent spin subband
and the magnetization of the system is strongly dependent astructure and the quantum well parameter dependence of the
the concentration of localized Mh ions, the free-carrier magnetic phase structure will be reported in a separate paper.
densityn,p, and the geometric and doping profile param-
eters of the QW. The threshold temperature, below which the
system becomes a fully polarized ferromagnetic phase (
=1) spontaneously, increases as one increases the magneticThis work was supported in part by the KOSER02-
impurity concentratioN,,, in the well andp-doping concen-  2000-00047. One of the author&.S.Y.) acknowledges J. J.
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