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Properties of conduction-band dilute-magnetic-semiconductor quantum wells in an in-plane
magnetic field: A density of states profile that is not steplike
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We examine how an in-plane magnetic fiddmodifies the density of statg®OS) in narrow-to-wide,
conduction-band dilute-magnetic semiconductor quantum wells. We demonstrate that the DOS diverges sig-
nificantly from theideal steplike two-dimensional electron gas form and this causes severe changes to the
physical properties, e.g., to the spin-subband populations, the internal and free energy, the Shannon entropy,
and the in-plane magnetizatidh. We predict a considerable fluctuationfin cases of vigorous competition

between spatial and magnetic confinement.
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When a magnetic field® is applied parallel to a quasi- 0.13 Hartre&.* Bs,(£) is the standard Brillouin functiort

two-dimensional electron gd2DEG) layer, an interplay be-

is a quantity with denominatdtgT and numerator contain-

tween spatial and magnetic localization is established. In thang two terms: the first one includd and the second one
general case, it is necessary to compute self-consistently thecludes the difference between spin-up and spin-down
energy dispersioh? In a dilute magnetic semiconductor populations:® T is the temperature ark is the Boltzmann
(DMS) structure, due to the enhanced energy splitting beconstant. In the present papér=4.2 K, thusBs;(§)=1.
tween spin-up and spin-down states, all possible degrees bfence,3=0.325 Hartre&. For ZnSe,a~ 710" ° Hartree*,

freedom become evident, and the density of std20S)
acquires the form

. A\/Zm* +eo ®(€_ Ei,(r(kx))
(CR= N e = oG

The quasi-2DEG layer is parallel to they plane andB is
applied along the axis. ® is the step functionA is thexy
area of the structuren® is the effective mass, arfg; (k)

where 7 is the arithmetic value oB in Tesla. The termx is
one or two orders of magnitude smaller than the teg8m
Therefore, it is convenient in thiéirst approximationto ig-
nore «. For ZnSe, 1 Hartrée=~70.5 meV, thus B
~23 meV. The electronic states’ calculation and the material
parameters can be found elsewhefdue to the numerical
cost, thek, dependence is often ignor&8 However, this is
adequate only if the spatial localization dominates.

The DOS is thecore of the system and its changes affect
all physical properties. If4(€) is the Fermi-Dirac distribu-

are the spin-dependextz plane eigenenergies which must be tion, the total electron populatioN= [ *Zdén(&) fo(£), the

self-consistently calculated. Equatidf) is valid for any

internal energy,U=["2d&n(&)fo(€)E, and the Shannon

type of interplay between spatial and magnetic localizationentropy? S= —kgf " Zd&n(&)fo(E)IN[f,(£)]. Hence,N, U,

i.e., fornarrow as well as fowide quantum wellfQW'’s). In

the limit B—0, the DOS retains theamous(and occasion-

and S can be calculatetf. Qualitatively, if N is kept con-
stant, we expect that)| will decrease wheneveB induces

ally stereotypi¢ steplike 2DEG form. Another asymptotic flattening of the occupied spin-subbands, since this leads to
limit of Eq. (1) is that of a simple saddle point, where the occupied energies with smalléf|. On the other handS is

DOS diverges logarithmically.

sensitive to the changes of[fg(£)]. At T=4.2 K, these

Considerable advance has been achieved for Ill-V-basedhanges only occur in a short region around the chemical
magnetic semiconductors which utilize the valence Bandpotentialx=0. In other wordsS readsthe modification of
e.g.,(In,Mn)As and(Ga,MnAs. In view of that, we examine the dispersion aroung.=0. The free energff=U—TS.

a system where conduction-band spintronics can b&he main contribution td-—at this low T—comes fromU.

achieved; specifically we analyze n-dopedrrow-to-wide

The in-plane magnetizatioly) = — (1) (dF/dB)y 1, Where

DMS ZnSe/Zip__,CdMn,Se/ZnSe QW’s. A principal rea- V is the structure’s volume. In the following, we deliberately
son which increases the influenceBand drives this system keep T and N constant(we assume that all donors—e.g.,

away from the parabolic dispersion is the relatively low Cl—are ionizeg. N/A=1.566x< 10'* cm 2. We symbolize

conduction-band offseAE.. We useAE.=1 Hartree .* In
the present system tlenhancecelectron spin-splittindJ .,
is not proportional to the cyclotron gap,w., i.e., Uy,
=(g*m*12my)hiw+ Nony(5/2)Bs(£) = a+ B.* g* is the

00 the ground-state spin-down-subband, 10 the first excited
spin-down subband, 01 the ground-state spin-up subband,
and finally 11 the first excited spin-up subband. To illustrate

the antagonism between the spatial and the magnetic con-

effective Landefactor andm, is the electron mass. The term finement we present results corresponding to different well
B arises from the exchange interaction between the conduavidthsL, i.e., 10 nm, 30 nm, and 60 nm. Asuait of DOS
tion electron and the Mi? cations.Ny is the concentration we use the ideal 2DEG stepmt A)/(7#:2).

of cations andy is the expectation value of the exchange
coupling integral over a unit celNy7y (y=0.035) is taken
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For L=10 nm, the spatial confinement dominates. Even
for B=20 T, theE; ,(k) retain a “parabolic shape” and the
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FIG. 1. (Color onling L=10 nm. Internal energyl, free energy —
F, and entropyS as a function ofB. The dispersion isalmost § § 31
parabolic and increase oB induces a slight flattening of the spin 28 ] =
subbands. -g 8 2 total
. . . . . £8 11 00 01
DOS is an almost “perfect staircase” with steps increasing g M r\r ““““““““ —
~7.5% for the 00 spin subband and10% for the 01 spin oT o i A 10 1
subband, relatively to the ideal 2DEG step. This increase is 001 °'°°E 0 obe 0.03
due to theB-induced slight flattening of the; (k). Only s : riergy(ev)
00 is occupied. Figure 1 depicts F, andSas a function of o
B in the range 0—-20 T. All these physical properties exhibit &
“a single behavior” because the system has “almost para- 2
bolic” spin subbands. i
Figures 2 and 3 dempnstrate how the ideal picture is 400" 210 0 20" | 4xlo’
modified forL=30 nm. Figure 2 presents thg ,(k,) and k, (1/m)
the DOS for characteristic values & Even forB=4 T,
since thek; ,(ky) are no longer “perfect parabolas,” there is og 4
a quantitative modification of the DOS. FB=6 T there are g ;3
two impressive singularities and the DOS is quantitatively % o, totalkr_
different from the ideal 2DEG staircase. Figure 3 depicts the 2o | o1
spin-subband sheet electron populatiaNg,, as well asU, g n ! 00 —
F, andS as a function oB in the range 0—20 T. FOB=0 oT o i ! ob1|0' e
there are two populated spin subbands iMg,=1.397 ’ ' Ené (ev)' ’ ’
X 10" cm™2 andN,,=0.169x 10'* cm™2. In the region 0—6 ey
T, we observe the gradudkepopulationof the 10 spin sub- g 00475
band. During this process, the perfect parabola is slightly 3 g,
distorted and the 10 partial DOS f&=6 T looks like an ga
w o0.00

“old abraded step.” In the region 4—12 T the 00 and 01 spin
subbands change drastically, i.e., from almost parabolic with — T — T — — 1

. - L -6x10"  -4x10" -2x10 Y 2x10°  4x10°  6x10
a single minimum gradually develop a two-minima shape. k_(1/m)
This is characteristically mirrored in the submersionbf X
andF. ForB=12 T the dispersion retains the two-minima 5 5 (Color onling E, ,(k,) and DOS for L=30 nm.
shape, while the basic effe_ct o_f increasiBgds the decrease (3 B=4T,(b)B=6T, and(c)’lel T. In the region 4—12 T the
of the electron concentration in the center of the well. Asgg ang 01 spin subbands change drastically, gradually developing a
discussed abov&is very sensitive to these dispersion modi- two-minima shape.
fications.Sclearly exhibitgFig. 3(b)] “three distinct behav-
iors” approximately in the zones 0—4 Tconcave dowp parabolas are energetically very close. The resulting popula-
4-12 T(concave up and 13—20 Tconcave dowh For the  tions areNgy=7.934x 10'° cm™2, N;=7.726x 10 cm 2,
whole range 0-20 TN is made up only from spin-down Ng;=5.009x10 ®cm 2, and N;;=4.316x10 *®cm 2,
carriers. Even if some spin-up electrons survived, we could.e., only spin-down electrons survive. Only 10 has some
in principle utilize the effect ofdepopulationof the higher  population in the center of the well but the system is basi-
spin subbands to eliminate spin-up electrons. cally already a bilayer one. Figure 4 presents Ee (k)

Let us now consider a wider QW with=60 nm. ForB and the DOS fol.=60 nm and characteristic values Bf
=0, the partial DOS of all spin subbands is exactly 0.5 idealThe ideal steplike DOS cannot describe the system even for
2DEG step. The 00—10 parabolas as well as the 01—1telatively smallB. For B=2 T the two pairs of dispersion
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FIG. 3. (Color online L=30 nm. (a) Spin-subband sheet elec- Bx10° 4x10® -2x10° O  2x10° 4x10° 6x10°
tron populationsN;; , and free energ¥; (b) internal energyd, free k. (1/m)
energyF, and entropyS, as a function oB. The drastic dispersion
modification is mirrored in the behavior &f, F, andS 25 10 {c) B = 20T
: : , BZ 8
curves corresponding to spin-down and spin-up electrons an- D56
ticross atk,=0 and the total DOS has been already slightly ow ,
modified. ForB=7 T some nice singularities are present & « o .
while the shape and magnitude of the DOS is far away from g: y 5 ,
the famous 2DEG staircase. FB=20 T thek,=0 energy 002 -001 000 001 002 003 0.4 0.05

separation of the members of the spin-up and spin-down Energy (eV)
pairs is 14.11 meV=fw.=14.47 meV. Hence, in the center
of the well the magnetic confinement has overcome the spa-
tial confinement. In this region, the DOS is that of a free

particle along they axis plus a harmonic oscillator in thez

Energy (eV)
e o o

8 R
e L1

plane. Figure 5 presents;;, as well asU, F, and§ as a 0.0 . . i . .
function of B in the range 0—20 T. Initially, in the zone 0-4 -1x10°  -5x10° 0 5x10°  1x10°
T, the magnetic field depopulates the 10 spin subband. Dur- k. (1/m)

ing this process the 10 dispersion retains a “one minimum”
form. In the 0—4 T range, the dispersion loses gradually the FIG. 4. (Color onling E; ,(k,) and DOS forL =60 nm. (a) B
two-parabolas’ type, developing via anticrossing the two-=2 T. (b) B=7 T, and(c) B=20 T. This is basically a spin-down
minima shape in the 00 spin subband. In the 4—20 T rangdilayer system.
only the 00 spin subband remains populated retaining thgnjts of ev/T instead oM alone. ForL=10 nm there is a
two-minima shape. These two types of behavior can be se&flmple almost straight line because the dispersion remains
in the modification ofU and F. Again, more sensitive t0 «pasjcally parabolic.” ForL =60 nm, since the structure “is
these dispersion modifications $ which is concave up in  pasically a bilayer system” no big surprises are present. The
the 0—4 T range but an absolutely straight line in the rang&jtyation is different forL=30 nm. Here, in the region
4-20 T! where the dispersion changes drastically, we observe a se-
Using a derivative algorithm we obtain the in-plane mag-vere fluctuation ofl, which is so big that the lines fdr
netization(Fig. 6). Sincel is different in these three cases, =10 nm andL =60 nm seem almost constant. The magni-
we present the product magnetization times voluvhé, in  tude of the magnetization fluctuation—for this 30 nm
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E 780 P FIG. 6. (Color onling In-plane magnetization times volume
W —o—U fﬁ%-s.()xw"’ MV, as a function oB. Note the fluctuation fot. =30 nm due to
g - ;=U'T3 ,ﬁﬁfg: the severe DOS modification.
< -8.0x10% ﬁﬁﬁj L4.5x10"° ¢p layers: one of the narrow QW at 4.2 (Ref. 1)) and one of
L )aﬁ d > the asymmetric double QW at 1.8 Interesting magnetic/
L ’U:‘: F .- nonmagnetic structures with different layers of ZnCdSe,
) U > 401002 7ZnSe, and ZnCdMnSe have been magneto-optically investi-
© -8.2x10" iﬂ' gated more recentf{?* without taking advantage of a par-
%‘ iiiis L 3.5x10" allel magnetic field. Hence, in order to exploit the potentiali-
- i ties of the present system we would like to encourage
> 0 2 4 6 8 10 12 14 16 18 20 experiments with in-plane magnetic field and wider quantum
B (T) wells.

We have illustrated—nby providing results for different de-
FIG. 5. (Color onling L=60 nm. () Spin-subband sheet elec- 9'€€S of mggnetic and Spatia_l confinement—how muc_h_the
tron populationsN;; and free energf; (b) intemnal energy, free classicalstaircase 2DEG density of states must be modﬁed,
energyF, and entropyS as a function oB. The two “dispersion  for n-doped ZnSe/Zpn ,_,Cd,Mn,Se/ZnSe QW's, under in-

zones,” 0—4 T and 4-20 T, are mirrored in the behaviotofF, plane magnetic field. This is a valuable system for
andS. conduction-band spintronics. The DOS modification causes

considerable effects on the system’s physical properties. We

. 1 . have described the changes induced to the spin-subband

well—is =5 Am . This corresponds- to a Mn concentra- 1 jations, the internal and free energy, the entropy, and the
tion of 10" cm™*. Conclusively, the DOS modification has jy_siane magnetization. We predict a significant fluctuation

caused an impressive effect on the system’s in-plane magng e jn-plane magnetization when the dispersion is severely

tization. o .
modified by the parallel magnetic field.
To our knowledge, there has been no experimental study y P g

of the present system under in-plane magnetic field. We note | would like to thank Professor G. P. Triberis for general
two photoluminescence studies performed in the Faraday g&upport, and Professor J. J. Quinn for correspondence and an
ometry, with the magnetic field applied perpendicular to theolder paper.
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