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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

Constantinos Simserides
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We examine how an in-plane magnetic fieldB modifies the density of states~DOS! in narrow-to-wide,
conduction-band dilute-magnetic semiconductor quantum wells. We demonstrate that the DOS diverges sig-
nificantly from the ideal 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 magnetizationM. We predict a considerable fluctuation ofM in cases of vigorous competition
between spatial and magnetic confinement.
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When a magnetic fieldB is applied parallel to a quasi
two-dimensional electron gas~2DEG! layer, an interplay be-
tween spatial and magnetic localization is established. In
general case, it is necessary to compute self-consistently
energy dispersion.1,2 In a dilute magnetic semiconducto
~DMS! structure, due to the enhanced energy splitting
tween spin-up and spin-down states, all possible degree
freedom become evident, and the density of states~DOS!
acquires the form

n~E!5
AA2m*

4p2\
(
i ,s

E
2`

1`

dkx

Q„E2Ei ,s~kx!…

AE2Ei ,s~kx!
. ~1!

The quasi-2DEG layer is parallel to thexy plane andB is
applied along they axis. Q is the step function,A is thexy
area of the structure,m* is the effective mass, andEi ,s(kx)
are the spin-dependentxz plane eigenenergies which must b
self-consistently calculated. Equation~1! is valid for any
type of interplay between spatial and magnetic localizati
i.e., fornarrow as well as forwidequantum wells~QW’s!. In
the limit B→0, the DOS retains thefamous~and occasion-
ally stereotypic! steplike 2DEG form. Another asymptoti
limit of Eq. ~1! is that of a simple saddle point, where th
DOS diverges logarithmically.

Considerable advance has been achieved for III-V-ba
magnetic semiconductors which utilize the valence ba3

e.g.,~In,Mn!As and~Ga,Mn!As. In view of that, we examine
a system where conduction-band spintronics can
achieved; specifically we analyze n-dopednarrow-to-wide
DMS ZnSe/Zn12x2yCdxMnySe/ZnSe QW’s. A principal rea
son which increases the influence ofB and drives this system
away from the parabolic dispersion is the relatively lo
conduction-band offsetDEc . We useDEc51 Hartree* .4 In
the present system theenhancedelectron spin-splittingUos

is not proportional to the cyclotron gap,\vc , i.e., Uos

5(g* m* /2me)\vc1N0hy(5/2)B5/2(j)5a1b.4 g* is the
effective Lande` factor andme is the electron mass. The term
b arises from the exchange interaction between the con
tion electron and the Mn12 cations.N0 is the concentration
of cations andh is the expectation value of the exchan
coupling integral over a unit cell.N0hy (y50.035) is taken
0163-1829/2004/69~11!/113302~4!/$22.50 69 1133
e
he

-
of

,

ed

e

c-

0.13 Hartree* .4 B5/2(j) is the standard Brillouin function.j
is a quantity with denominatorkBT and numerator contain
ing two terms: the first one includesB, and the second one
includes the difference between spin-up and spin-do
populations.5,6 T is the temperature andkB is the Boltzmann
constant. In the present paperT54.2 K, thusB5/2(j).1.
Hence,b50.325 Hartree* . For ZnSe,a't1023 Hartree* ,
wheret is the arithmetic value ofB in Tesla. The terma is
one or two orders of magnitude smaller than the termb.
Therefore, it is convenient in thefirst approximationto ig-
nore a. For ZnSe, 1 Hartree* '70.5 meV, thus b
'23 meV. The electronic states’ calculation and the mate
parameters can be found elsewhere.7,8 Due to the numerical
cost, thekx dependence is often ignored.4,6 However, this is
adequate only if the spatial localization dominates.

The DOS is thecore of the system and its changes affe
all physical properties. Iff 0(E) is the Fermi-Dirac distribu-
tion, the total electron population,N5*2`

1`dEn(E) f 0(E), the
internal energy,U5*2`

1`dEn(E) f 0(E)E, and the Shannon
entropy,9 S52kB*2`

1`dEn(E) f 0(E)ln@f0(E)#. Hence,N, U,
and S, can be calculated.10 Qualitatively, if N is kept con-
stant, we expect thatuUu will decrease wheneverB induces
flattening of the occupied spin-subbands, since this lead
occupied energies with smalleruEu. On the other hand,S is
sensitive to the changes of ln@f0(E)#. At T54.2 K, these
changes only occur in a short region around the chem
potentialm[0. In other words,S readsthe modification of
the dispersion aroundm[0. The free energyF5U2TS.
The main contribution toF—at this lowT—comes fromU.
The in-plane magnetization,M52(1/V)(]F/]B)N,T , where
V is the structure’s volume. In the following, we deliberate
keep T and N constant~we assume that all donors—e.g
Cl—are ionized!. N/A51.56631011 cm22. We symbolize
00 the ground-state spin-down-subband, 10 the first exc
spin-down subband, 01 the ground-state spin-up subb
and finally 11 the first excited spin-up subband. To illustra
the antagonism between the spatial and the magnetic
finement we present results corresponding to different w
widths L, i.e., 10 nm, 30 nm, and 60 nm. As aunit of DOS
we use the ideal 2DEG step, (m* A)/(p\2).

For L510 nm, the spatial confinement dominates. Ev
for B520 T, theEi ,s(kx) retain a ‘‘parabolic shape’’ and the
©2004 The American Physical Society02-1
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DOS is an almost ‘‘perfect staircase’’ with steps increas
;7.5% for the 00 spin subband and;10% for the 01 spin
subband, relatively to the ideal 2DEG step. This increas
due to theB-induced slight flattening of theEi ,s(kx). Only
00 is occupied. Figure 1 depictsU, F, andSas a function of
B in the range 0 –20 T. All these physical properties exh
‘‘a single behavior’’ because the system has ‘‘almost pa
bolic’’ spin subbands.

Figures 2 and 3 demonstrate how the ideal picture
modified for L530 nm. Figure 2 presents theEi ,s(kx) and
the DOS for characteristic values ofB. Even for B54 T,
since theEi ,s(kx) are no longer ‘‘perfect parabolas,’’ there
a quantitative modification of the DOS. ForB56 T there are
two impressive singularities and the DOS is quantitativ
different from the ideal 2DEG staircase. Figure 3 depicts
spin-subband sheet electron populations,Ni j , as well asU,
F, andS as a function ofB in the range 0–20 T. ForB50
there are two populated spin subbands i.e.,N0051.397
31011 cm22 andN1050.16931011 cm22. In the region 0–6
T, we observe the gradualdepopulationof the 10 spin sub-
band. During this process, the perfect parabola is slig
distorted and the 10 partial DOS forB56 T looks like an
‘‘old abraded step.’’ In the region 4–12 T the 00 and 01 sp
subbands change drastically, i.e., from almost parabolic w
a single minimum gradually develop a two-minima sha
This is characteristically mirrored in the submersion ofU
and F. For B>12 T the dispersion retains the two-minim
shape, while the basic effect of increasingB is the decrease
of the electron concentration in the center of the well.
discussed above,S is very sensitive to these dispersion mod
fications.Sclearly exhibits@Fig. 3~b!# ‘‘three distinct behav-
iors’’ approximately in the zones 0–4 T~concave down!,
4–12 T~concave up!, and 13–20 T~concave down!. For the
whole range 0–20 T,N is made up only from spin-down
carriers. Even if some spin-up electrons survived, we co
in principle utilize the effect ofdepopulationof the higher
spin subbands to eliminate spin-up electrons.

Let us now consider a wider QW withL560 nm. ForB
50, the partial DOS of all spin subbands is exactly 0.5 id
2DEG step. The 00—10 parabolas as well as the 01—

FIG. 1. ~Color online! L510 nm. Internal energyU, free energy
F, and entropyS, as a function ofB. The dispersion isalmost
parabolic and increase ofB induces a slight flattening of the spi
subbands.
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parabolas are energetically very close. The resulting pop
tions areN0057.93431010 cm22, N1057.72631010 cm22,
N0155.009310215 cm22, and N1154.316310215 cm22,
i.e., only spin-down electrons survive. Only 10 has so
population in the center of the well but the system is ba
cally already a bilayer one. Figure 4 presents theEi ,s(kx)
and the DOS forL560 nm and characteristic values ofB.
The ideal steplike DOS cannot describe the system even
relatively smallB. For B52 T the two pairs of dispersion

FIG. 2. ~Color online! Ei ,s(kx) and DOS for L530 nm.
~a! B54 T, ~b! B56 T, and~c! B511 T. In the region 4–12 T the
00 and 01 spin subbands change drastically, gradually developi
two-minima shape.
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curves corresponding to spin-down and spin-up electrons
ticross atkx50 and the total DOS has been already sligh
modified. ForB57 T some nice singularities are prese
while the shape and magnitude of the DOS is far away fr
the famous 2DEG staircase. ForB520 T thekx50 energy
separation of the members of the spin-up and spin-do
pairs is 14.11 meV.\vc514.47 meV. Hence, in the cente
of the well the magnetic confinement has overcome the s
tial confinement. In this region, the DOS is that of a fr
particle along they axis plus a harmonic oscillator in thexz
plane. Figure 5 presentsNi j , as well asU, F, and S, as a
function of B in the range 0–20 T. Initially, in the zone 0–
T, the magnetic field depopulates the 10 spin subband. D
ing this process the 10 dispersion retains a ‘‘one minimu
form. In the 0–4 T range, the dispersion loses gradually
two-parabolas’ type, developing via anticrossing the tw
minima shape in the 00 spin subband. In the 4–20 T ran
only the 00 spin subband remains populated retaining
two-minima shape. These two types of behavior can be s
in the modification ofU and F. Again, more sensitive to
these dispersion modifications isS, which is concave up in
the 0–4 T range but an absolutely straight line in the ra
4–20 T!

Using a derivative algorithm we obtain the in-plane ma
netization~Fig. 6!. SinceL is different in these three case
we present the product magnetization times volumeMV, in

FIG. 3. ~Color online! L530 nm. ~a! Spin-subband sheet elec
tron populationsNi j , and free energyF; ~b! internal energyU, free
energyF, and entropyS, as a function ofB. The drastic dispersion
modification is mirrored in the behavior ofU, F, andS.
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units of eV/T instead ofM alone. ForL510 nm there is a
simple almost straight line because the dispersion rem
‘‘basically parabolic.’’ ForL560 nm, since the structure ‘‘is
basically a bilayer system’’ no big surprises are present. T
situation is different forL530 nm. Here, in the region
where the dispersion changes drastically, we observe a
vere fluctuation ofM, which is so big that the lines forL
510 nm andL560 nm seem almost constant. The mag
tude of the magnetization fluctuation—for this 30 n

FIG. 4. ~Color online! Ei ,s(kx) and DOS forL560 nm. ~a! B
52 T, ~b! B57 T, and~c! B520 T. This is basically a spin-down
bilayer system.
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well—is '5 Am21. This corresponds; to a Mn concentra-
tion of 1017 cm23. Conclusively, the DOS modification ha
caused an impressive effect on the system’s in-plane ma
tization.

To our knowledge, there has been no experimental st
of the present system under in-plane magnetic field. We n
two photoluminescence studies performed in the Faraday
ometry, with the magnetic field applied perpendicular to

FIG. 5. ~Color online! L560 nm. ~a! Spin-subband sheet elec
tron populationsNi j and free energyF; ~b! internal energyU, free
energyF, and entropyS, as a function ofB. The two ‘‘dispersion
zones,’’ 0–4 T and 4–20 T, are mirrored in the behavior ofU, F,
andS.
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layers: one of the narrow QW at 4.2 K~Ref. 11! and one of
the asymmetric double QW at 1.8 K.12 Interesting magnetic/
nonmagnetic structures with different layers of ZnCdS
ZnSe, and ZnCdMnSe have been magneto-optically inve
gated more recently,13,14 without taking advantage of a par
allel magnetic field. Hence, in order to exploit the potentia
ties of the present system we would like to encoura
experiments with in-plane magnetic field and wider quant
wells.

We have illustrated—by providing results for different d
grees of magnetic and spatial confinement—how much
classicalstaircase 2DEG density of states must be modifi
for n-doped ZnSe/Zn12x2yCdxMnySe/ZnSe QW’s, under in-
plane magnetic field. This is a valuable system
conduction-band spintronics. The DOS modification cau
considerable effects on the system’s physical properties.
have described the changes induced to the spin-subb
populations, the internal and free energy, the entropy, and
in-plane magnetization. We predict a significant fluctuati
of the in-plane magnetization when the dispersion is seve
modified by the parallel magnetic field.

I would like to thank Professor G. P. Triberis for gener
support, and Professor J. J. Quinn for correspondence an
older paper.

FIG. 6. ~Color online! In-plane magnetization times volum
MV, as a function ofB. Note the fluctuation forL530 nm due to
the severe DOS modification.
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