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The electronic properties of spin-symmetry-broken dilute magnetic semiconductor quantum wells are inves-

tigated self-consistently at zero temperature. The spin-split subband structure and carrier concentration of
modulation-doped quantum wells are examined in the presence of a strong magnetic field. The effects of
exchange and correlations of electrons are included in a local-spin—density-functional approximation. We
demonstrate that exchange correlation of electrons decreases the spin-split subband energy but enhances the
carrier density in a spin-polarized quantum well. We also observe that as the magnetic field increases, the
concentration of spin-dowfmajority) electrons increases but that of spin-upinority) electrons decreases.
The effect of orbital quantization on the in-plane motion of electrons is also examined and shows a sawtooth-
like variation in subband electron concentrations as the magnetic-field intensity increases. The latter variation
is attributed to the presence of ionized donors acting as the electron reservoir, which is partially responsible for
the formation of the integer quantum Hall plateaus.

[. INTRODUCTION common SPQW system than that of a ternary compound. In
a DMS SPQW structure, nonmagnetic barriers separate a di-
Recently there has been considerable interest in magnetiate magnetic layer forming a two-dimensional quantum
semiconductor quantum structures of broken spin symmetrywell, which is only affected by an external magnetic field.
The spin-polarized quantum wel{SPQW is a spin- Previously, Oparin and Quinn studied the magnetic-field
symmetry-broken many-body system consistinghgfelec- dependence of the carrier concentration in a modulation-

trons of spine and n; electrons of spinr embedded in a doped DMS quantum-well structure within a Hartree
uniform positive charge background. The SPQW with arbi-aPproximatiorf, and predicted a substantial increase in car-
trary spin polarizatiory [¢=(n,—n;)/(n,+n;)] is not a fier concentration in the presence of a dc magnetic field.
common system, unlike the spin-unpolarized electron systerffecently, Salitet al. investigated the magnetoluminescence
occurring in metal-oxide-semiconductor or modulation-Of ZnSe-based semiconductor quantum weks)d demon-
doped heterostructures. The SPQW is expected to exhibit grated the electron-spin splitting and orbital quantization of
variety of phenomena such as spin—dependent quantum coffl€ carriers as functions of external magnetic field. .
finement effects, magnetic-field-dependent carrier concentra- In this paper, the electronic subband structure and carrier
tion, spin-charge-coupled excitations, and different many<oncentration of a spin-polarized DMS quantum well are in-
body properties from that of an unpolarized electron systenyestigated at zero temperature for various degrees of spin
offering an interesting testing ground for the roles of chargePolarization. The effects of exchange and correlations of
and spin correlations in its many-body effetts. electrons are included within a local-spin—density-functional

A first candidate for a SPQW with tunable spin polariza-2PProximatiorf. We also examined the effect of magnetic-
tion ¢ is a magnetic quantum well fabricated in a dilute mag-field-induced in-plane orbital quantization on the density of
netic semiconductofDMS) structure’~® A DMS structure  States. A strong redistribution of subband electrons is ex-
A;_,Mn,B is a mixed semiconductor crystal, in which mag- pected in the presence of orbital quantizati®and we ob-
netic ions(for example, MA™ or C&") are incorporated serve that the effect of the orbital quantization accounts for a
into substitutional positions of the host i@y in which the  few-percent enhancement of the Hall plateau resistange
enhanced effective carriay factors lead to a much larger in the integer quantum Hall effett:*2In Sec. II, we present
spin splitting compared to the cyclotron frequency. In gen-a self-consistent subband structure of the SPQW, including
eral, the ternary compound DMS has a larger band gap thatme effect of electron interactions. The effects of orbital
that of the parent material. A quaternary compound DMSquantization on the carrier concentration and spin-split sub-
that incorporates quantum-we{lQW) structures such as band structures are shown in Sec. lll. Finally we conclude in
ZnSel/Zn_,_,CdMn,Se/ZnSe(Refs. 7 and Bis a more  Sec. IV.
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The original HamiltoniarH includes the band discontinuity
Vo(2) and the Zeeman energy ugo-B. In Eq.(4), S and

spacer o are the spin operators of the Kfhion and the band elec-
MEC tron, respectively:]Spd i§ the electron-iorsp-d exchange
donors coupling constantr andR; are the coordinates of the band
electron and the Mi ion, respectively. The summation is
- /.  E only over the lattice sites occupied by the #nions.
v We adopt two convenient approximations to simplify the
T T N T > Z exchange term. Since the electronic wave function is very
-L/2-w -L/2 0 L/2 L/2+w extended, we can expect that the electron “sees” a large

number of M ions at any time. Hence we first replace the

FIG. 1._ Schematic diagram of a modulatlon-doped dilute me}g'spin operatorS, by its thermal averagéS) taken over all
netic semiconductor quantum-well structure and its band profile.

The DMS layer is taken to have a smaller band gap, forming aMrer ions. Then we approximat#”“(r —R;) by xJ*"4(r
spin-dependent quantum well. —R), wherex is the fraction occupancy of cation sites by
magnetic ions, an®R denotes the coordinate of the cation
Il. SPIN-SPLIT SUBBAND STRUCTURE sublattice. Therefore we replace H¢) by
We consider a modulation-doped quantum-well structure
consisting of a magnetic quantum well of widtlcentered at Hy=0,(S)x>, 35P9(r—R). (5)
the position z=0 (Fig. 1). The band gap of an alloy R

A:_,Mn,B is known, in general, to increase linearly as Mn h . d Il cati . Then th
ions are substituted into cation sites. However, we can con€/€ thé summation extends over all cation sites. Then the

ceive of a dilute alloy of smaller band gap compared to thespin—dependent part of the energy of a conduction electron is

host material by simply extending the linear interpolation to'W/tten as
qguaternary compounds. For an example such as . N B
Zn;__,CdMn,Se, in a simplest approximation, Vg=01g" 1eB—No7X(Sp)]=geriugBor. ©®)

In the present section we confine our consideration to the
case when theffectivemagnetic fieldB is in a direction
parallel to the interface. The termNy7x(S,) o, arises due

For the case of ZnSe/gp,Cdy 1Mng 0zSe/ZnSe, the gap to the exchange interaction between the_ conduction electron

energy isE4(0.14,0.035)-2.6845 eV, which is smaller than and Mrf " ions: 7= (1/2)(¢|3°*| $). Ny is the number of

that of the host materiaEy(0,0)=2.8 eV. The nondilute cation sites per unit vqlume, anglis the expgctaﬂog va_llue

magnetic layer is intentionally doped with donor impurities. ©f the exchange coupling integral over a unit @IF°is

Impurity-free spacer layers of a non-DMS host material ofthe wave funct!on ofsadc_onductlo_n electron. For conduction

width w separate the DMS quantum well from the remainderS!ectrons the sign aJ*”< is negative. .

of the host material. Although donor-free spacer layers are 1he Schrdinger equation for an electron of spinin the

present, we assume that the ionized donors can serve as @hantum well can be written, within the Hartree approxima-

electron reservoir, which makes it possible to vary the carriefon: by

concentration in the DMS layer by varying the effective dc p2

magnetic field. - N
The band structure of the DMS QW region is modified by | ~ 5p* g2 +Vo(2) +Vg—eds . (2)—Ef | xn(2)=0,

the exchange interaction of the host band elect(aps the 7)

sp electron with the localized magnetic moment®r ex-

ample, the 8° electrons of MA™ ions). Such an interaction WwhereVg is the spin-dependent potential given by E6).

can be included formally by adding a new exchange telsm  The self-consistent potentidi .. is the sum of the contribu-

to the original HamiltoniarH . The total HamiltoniarH of  tions arising from the electrons in the potential well and the

an electron in the DMS layer is written as ionized donors in the barrier. The total electronic energy is

written, as shown in the Appendix, by

Eg(X,y)=(1—x—Y)E4(ZnSe +xE4(CdSe +yEy4(MnSe).
(N

H=Ho+H,. @)
. 1
HereH, andH, are given, respectively, as E:% ny| B+ 5 (k- Eig)}, (8)
p? .. where
Ho= +Vo+g*ugo-B (©))
2m* 1



PRB 61 SELF-CONSISTENT ELECTRONIC STRUCTURE OF ... 13 747

1 the effective magnetic fieldB. As the magnetic field in-
a creases, the concentration of spin-dofmmajority-spir elec-
g trons increases, but that of spin-Upinority-spin electrons
=1 decreases. The reason for this is that the well depth of spin-
e down electrons becomes deeper as the magnetic field in-
— creases due to the exchange interaction witlf Mions, and
_50' finally saturates to a constant value. The variation of subband
= electron concentration is shown in the inset of Fig. 2 as a
‘E’o. function of the width of the semimagnetic laykerof the
o casesvV=70 meV andw=25 nm atB=1 T, at which the
5 minority—spin states are all above the Fermi energy, i.e.,
O0. n,=0. For a quantum well of a larger conduction-band dis-
S ‘ continuity (Vo=98 meV), the ground subband bottom of
%02_ ‘\ minority-spin electrons exceeds the chemical potential at
® | \n B. ~25 T.
-~ \ f 1 1 L ' L 0.9 c
w \ 10 15 20 25 30
\ Well Width [nm]
0.0 s B. Effects of carrier interactions

00 05 10 15 20 25 30 ) ) _
) . We examine the effect of electron-electron interaction on
Magnetic Field [Tesla] the subband structure employing a local-spin—density-

FIG. 2. Magnetic-field dependence of carrier concentrations infunct|onal approximation. We first seek electron densities of

spin-split subbands for various widths of the semimagnetic ldyer, each _Spm’n_T(r) and nl(r)’ for a system oh electrons in-
The effective magnetic field is taken to be along the interface of t éeractln_g W'.th one another in the SPQW bgyond the Hartree
structure. In the inset, the variation of is shown as a function of approximation. These are obtained by solving EAd) and
the width of the semimagnetic layer, at B=1 T, at which the (A2) self-con5|ste_ntly, mclu_dlng the local-spin-dependent
minority-spin states are emptgi; =0. exchange-correlation potentiaf([n;,n;];z).

The single-particle Schdinger equation becomes

The final subband energy function&®§(ngy.n4, ... .n,) are b2 P
obtained by minimizing the total enerdy. Details of the _ a o - . -
self-consistent calculation of the subband structures are op* d22+V°(Z)+VB ePsc. T Ukl iN52) X7 (2)
given in the Appendix.

=E'x7(2), 11

A. Carrier concentration where o (=1, |) is the z component of the spin, and

The electron concentration of each spin-split subband caatands for the subband indices. With use of Hd&) and
be determined by iterating EGA16) and the subband energy (A6), the total energy is now modified as follows:
functional E{(ng,n4, . .. ,N,) simultaneously. We measure
energies in units ofHartreé ]=m*e*/#2¢? and lengths in E=S nv
units of the effective Bohr radiuag =7%2%e/m*e?. For the v
case of ZnSe =8.1, m*=0.17n,) we have 1 Hartre®e , i
=70.5 meV andag =2.521 nm. In numerical calculations, In Eq. (12), the last term is the exchange-correlation en-
donor concentrationdy and thesp-d exchange energy ergy, Whose funphonal derlvzimve yields the exchange-
Ng7x (x=0.035) were taken of the values #@n? and  correlation potentiab,([n;.n, ];r). If the exact dependence
0.13 Hartre&, respectively. And the conduction-band offset Of Exc uponn; andn, were known, Eq(12) would describe
is taken the case of 1 HartfeeThe thermal averagésS,),  the exact ground-state energy of the spin-polarized many-
taken over all MA™ ions, is given by electron system. In a local-spin-densit{ SD) func-

tional approximation E,. is written by E;S%n;,n ]
B =fd3n(r)exc(nT ,n). Here, e(n;,n)) is the known
(S)=- §B5/2(§)' (10 exchange-correlation energy per particle for an electron gas
of uniform spin densities. In the present work, we use the

where £=0yugSBKgT, and S=5/2. Here By (£) Is the gyxchange-correlation potential suggested by Gunnarsson and
standard Brillouin functiort? which approaches a value of 1 Lundqvist?

at very low temperature.

As one increases the degree of spin polarizatiare., the 1
effectivemagnetic fieldB, the spin-split subband separation vye=mp(rs) Brs) 5 8(rs) /(1= y¢) Ry, (13
is expected to increase, and the total electron density in the
quantum well remains constant until the spin{umpinority-  where B(x) and &(x) are defined, respectively, by
spin) electron states are completely emptied. Figure 2 showg(rg) =1+0.0545 In(1+11.4f5) and 6(rg)=1-0.036
the magnetic field and the potential-well width dependencer 1.365/(1+10rs). Here rg=(3/4wn,)?, y=0.297, and
of the carrier concentrations in spin-split subbands. The elegf(rs) = — U/mar s with a= (4/97) 18 The spin-subband en-
tron concentrations; andn, are obtained using the local- ergies and carrier concentrations are shown, respectively, as
spin-density approximation, and displayed as a function ofunctions of the magnetic field in Figs(88 and 3b). The

~ 1
EiU+ E(/’L— Eio) + Exc[nT vnl]- (12
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FIG. 3. The spin-split subband energiesand electron concen- (Magnetlc F'eld) [TeS|a ]

trations(b) as functions of theeffectivemagnetic field taken to be ;
FIG. 4. The energy of each Landau level as a function of the
parallel to the interface of the DMS layer. The solid and dotted lines gy H eV uncti

. . magnetic field applied perpendicular to the quantum well. The ef-
are the resglts (.)f the Iocal-spln-dens(tﬁD) functional and Har- fective magnetic field is taken to be perpendicular to the interface of
tree approximations, respectively.

the structure in order to examine the effect of orbital quantization.

energy differencex— E{ increases linearly witm., where

ne(=n;+n;). For the case ol,=70 meV, L=10 nm, P(E):Ei pi(e), (14)
andw=5 nm, the ground subband bottom of the minority-

spin electrons becomes higher than the chemical potential dthere

B. ~1 T, and hence only spin-down states are occupied for

a m_agnetic—field strength abpve 1 T. In the Hartree gpproxi— pi(€)= L Z S ot E)ﬁwc—g*ﬂsﬂ
mation the Coulomb repulsion of other electrons in short 2w\ 3 2

ranges is, in general, known to be overestimated and the (15

te;(icfto()f ;heri);cl:lh::; %fr_gr?r;ﬂﬁ“.c;n Tgllflfr(;golrgeserr_r:]oreﬂ:r:porﬂere \, v, and A are the magnetic length%c/eB, the
Coul rb 'St " & F'SI Y 3a) h’ Wth Itg | Landau-level index, and the area of the layer, respectively.
oulomb interaction energy.Figure 3a) shows that inclu- 15" 4 rier density is given by

sion of the exchange correlations lowers the subband energy.
Therefore, more electrons are expected to transfer into the

e—E’—

quantum well due to the exchange correlations of electrons DI if (I— 1)i’m)c<,u—Ei<(l+1 howe ()
[Fig. 3(b)]. The larger spacer width gives a smaller electron _ _ 2 2

density for the same reason that the larger separation of ca- ) 1

pacitors induces fewer accumulated charges. In a single- D(I+7) if |+§ hwc=p—E; (b),

particle picture, ignoring the interaction effects altogether, (16)

i.e., neglecting both the Hartree and exchange—correlation
potentials,—e®d . andv?, in Eq.(11), the calculation does whereD is the orbital degeneracy of each Landau lev@l (
not show the complete depletion of the minority spin states=€B/hc), andl and 7 are the integral and fractional part of
atB=1 T which is shown in Fig. 3. This observation im- the Landau-level filling factof, respectively {=1+ 7). The
plies that partial spin polarizationz&1) of the DMS QW  case .of Eq(16b occurs when the Fermi level lies exactly on
would continue at higher magnetic fields in the absence othe highest occupied Landau level.
carrier interaction. Figure 4 shows the magnetic-field dependence of the
Landau-level energies. When a Landau level is located on
the chemical potential, as shown in the inset, the filling fac-
lll. EFFECTS OF ORBITAL QUANTIZATION tor is fractiongl. For electron concentrations -ofL0*Y cn?
and a magnetic field of 10 T, both the cyclotron enetigy;

In the presence of a strong dc magnetic fidBl and the Fermi energy are approximately equal to 0.1
perpendicular to the quantum well, the well-known two- Hartre&, and the filling factor is an order of unity. In nu-
dimensional density of statep(e)=(m*A/7h?)Z,, 60(e merical calculations we pick 1.0 Hartfeand 10 nm foV,
—E/) is modified in such a way that and L, respectively. As one changes the magnitude of the
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magnetic fieldB, a sawtoothlike variation is expected in the Iv = 98 mev

carrier concentration due to the displacement of a Landau I .

level relative to the Fermi enerdy: . The displacement oc- {L=10nm B=5:92

curs for two reasons. First, its magnetic energly ( 1.0{w=5 nm =

+1/2)h w, relative to the confining potential of the quantum

well increases a8 increases. Second, the potential in the

guantum well relative t&r also changes witB because the .

electrons needed to fill the levels transfer into or out of the 2

reservoir(ionized donors When a Landau level is located -

on Eg, an increase oB raises its magnetic energy and =

causes the electron density to decrease; hence the Landau T

levels become empty, transferring electrons back to the res- o

ervoir and, thereby, lowering the potential in the quantum

well. This potential lowering holds the partially filled level

exactly atEg, After the evacuation is completed, the empty

level rises abové& . Then there are no partially filled Lan- ]

dau levels, and the electron density starts to increase. An e 10 16 20 po 30

increase irB now increases the number of electrons allowed . .

on each Landau level, and electrons transfer into the quan- Magnetic Field [Tesla]

tum well from the reservoir. As the potential in the quantum

well rises, the magnetic energy of the Landau level rises, and FIG. 5. Inverse off-diagonal Hall conductivity as a function of

the topmost filled Landau level reach&:. This cyclic  the magnetic field perpendicular to the quantum well. Dotted and

change then repeats. solid Iin_es, respectively_, indicate the rgsults of the Hartree and
In the presence of imperfections in a sample, the densitjPCal-Spin—density-functional approximations.

of states given by Eq(16) is broadened, and the states in effects of exchange and correlations of electrons in a local-
each Landau level, each of which has a degeneracy afpin—density-functional approximation. The spin-split elec-
eB/hc, are divided into two classes: localized states and extron subband structure and carrier density of modulation-
tended states. If the number of electrons per unit ages  doped dilute magnetic semiconductor quantum wells are
constant, the Fermi enerdse jumps from one Landau level examined as functions of the magnetic field. We demonstrate
to the next with an increase in the magnetic field. WEgn that exchange correlations of electrons suppress the subband
lies inside the regions of localized states, the diagonal magenergies but enhance the carrier densities in spin-polarized
netoconductivityo,, becomes zero and the off-diagonal Hall quantum wells. We also observe that as the magnetic field
conductivity becomeery=(neeZ/mewc)=f(e2/h), wheref  increases, the concentration of spin-dowmajority-spin

is the filling factor of the Landau level. This gives rise electrons increases but that of spin{upinority-spin elec-

to a region of vanishing magnetoresistangg= o, /(02,  trons decreases. Therefore, one could tune the spin polariza-
+0%,), and the corresponding plateau in the Hall resistanc&ion of the system by varying the strength of an effective
pxy=Oxyl (02, + 02, at values (/e?)(1/f), f=12,3.... magnetic field. o . _

This is exactly the integer quantum Hall efféét2 Here a The orbital quantization of'th'e m-plane motion qf elec-
constant electron number means that only the localized staténs causes sawtoothlike variation in electron density as the
act as electron reservoirs. However, in the present work, ddn_agnetlc-fleld intensity increases. The latter \_/arlatlon is at-
nors in the host material are considered to act as electrofiibuted to the presence of ionized donors acting as an elec-
reservoirs supplying electrons to the two-dimensional DMSIron reservow,_and they are demonstrated to be re§p9n5|ble in
QW. Then, as the magnetic field increases, the electron nun@rt for the width of the Hall plateaus. The description we
ber in the well varies to establish equilibrium with the host@r€ Proposing is suitable for experimental observation. The
material. With an increase in magnetic field, the LandauRroken spin symmetry of the system would introduce inter-
level degeneracyD also increases, and hence additional®Sting features to its elementary excitations, such as spin-
quantum states are available. Those additional states are néfarge-coupled interspinsubband excitations. We hope that
mally filled by electrons coming from the localized states,Present results could be ver|f|eq, for example, by far-infrared
but in the present case the electrons are supplied by the ioffourier transform or resonant light scattering spectroscopy.
ized donors, and these electrons fill the new states. There-
fore, one can observe plateaus pf, without localized
states. In Fig. 5, we plot the inverse of the off-diagonal Hall  This work was supported in part by the Korea Research
conductivitycr;y1 as a function of the magnetic field. If the Foundation through Project No. 1998-001-D003&6P.H.
diagonal conductivityo,y is zero, as when the filling factor and K.S.Y) and by the Material Research Program of Basic
is an integerpx‘y1 becomes the Hall resistanpg,. We can  Energy Sciences, U.S. Department of Energy.

clearly observe plateaus at 13 and 25 T, and electron corre-
lations enhance the width of the p|ateéas_ APPENDIX: SELF-CONSISTENT SPIN-SPLIT SUBBAND

STRUCTURES OF DMS QUANTUM WELLS

—LSD

1 /0 e H ar ree‘
0.04 t E
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IV. CONCLUSION . . .
The Schrdinger equation for an electron of spinin the

Self-consistent electronic properties of spin-polarizedquantum well can be written, in the Hartree approximation,
semiconductor quantum wells are investigated, including théy
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n?  d?
— n

+Vo(2) +Vg_ edb,.(2)—E XZ(Z) =0,

(A1)

where Vg is the spin-dependent potential of E@). The
self-consistent potentiab . is the sum of the contributions

2m* dZ

arising from the electrons in the potential well and the ion-

ized donors in the barrier,

occupied

Py

lo

d’dg . _4me

dz?

nailxﬂz)lz—; 8(r—Ry) |,
d
(A2)

wheren;” is the areal concentration of electrons with spin
in the ith subband, andRy denotes the position of ionized
donor impurities. We now make a typical approximation for
doped semiconductors,

>

Rg

€

1 3 +
5(r—Rd)=5fQ§(r—Rd)d Ri=N{(2), (A3)

where() is a macroscopic volume. Heié; (z) is the con-

centration of ionized donors. The Poisson equation to be

solved together with the Schiimger equatior(A1l) is writ-
ten by

occupied

>

lo

d’dg . _ Ame

d2 €

n7|x7(2)|*~Ng (2) [=vp+og,

(A4)
where we have
4me
vh=—— 2 (@I (A5)
and
. 4e N
vi=———Ni(2. (A6)
Now, we consider the cad€ig. 1)
. L L
Ng (2)=Ng46 |z|—§—w 0 §+W+d—|2| . (A7)

Here 8(x) denote(x) =0 forx<0; 6(x)=1 forx>0.dis

I, AND J. J. QUINN PRB 61

concentration. The chemical potential of the electrons,
electron density”, subband energl, and effective mass

m{ of an electron in theith subband are related, at
=0 K, by

o

0'__i = o
n'_ﬂ_ﬁz('“ Ei)O(n—EY).

(A8)

As a first approximation, we solve the Sctilmger equa-
tion by assuming variational wave functions of the forms

’AU kg L f L
0eXp — & |Z| > or |z|>§
X0= ” (A9)
Bgco{ ) for z|]<5,
L 2
rA" k{ L . L
e~ o |z|—§ or |z|>§
X7= - (A10)
BYsi il for |z|]<z
\ rsinl — 7|<3,

where B/ are variational parameters of théh subband.
By imposing the boundary conditions that’(z) and
(Um*)[dx{(z)/dz] are continuous at the interfacdg|
=L/2, and by accounting for the normalization condition, we
can expres#\’, B7, andk{ in terms of 8/ :

|

mBs

2

[2753
L

Ag=Bg cos(

Bg= ,
i 5\ [ mhs
’7Tﬁ8+$iﬂ(77,88)+2 cog T co T
(A11)
2783 [ 7BS
ko= OU”(TO)

the width of the depletion layer and, is the average donor and

TABLE I. The electron concentrations in each spin subband and the variational paragfetervarious

degrees of spin polarizatiof

¢ 2mn 2wy Bo Bb Bi Bi Eio Elo

[a§ 2] [a; 2] Hartre¢ Hartreé
0 0.0503 0.0503 0.7214 0.7214 1.3956 1.3956 0.4041 0.4041
0.2 0.0603 0.0403 0.7227 0.7202 1.3989 1.3921 0.4065 0.4015
0.4 0.0702 0.0304 0.7239 0.7189 1.4022 1.3887 0.4089 0.3989
0.6 0.0804 0.0202 0.7251 0.7176 1.4055 1.3850 0.4113 0.3962
0.8 0.0907 0.0098 0.7263 0.7163 1.4085 1.3827 0.4135 0.3937
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7B]

2

[2mB]
L

BY= , (A12)
. L[ 7B\ [ mBY
\/77,8‘17— sin(7wB])—2 smz( T) tar( T)

2mp] t(ﬂﬂ‘f)
-~ coff —— .

A7=B7sin

(o8

1 L

2

SinceNg (2) has nonzero valubly only in L/2+w<|z|<L/2+w+d, vy(2) is given by

( ) L
0 if |z|<§+w
2me (L 2L L
va(2)= 1 —TNd §+w—|z|> if §+w+d>|z|>§+w (A13)
Ame L+d _ L
——Nyd T+W_|Z|> if |z|>§+w+d.

On the other handy,(z), in the region|z|<L/2, becomes

4mrend z? L? L? 2mwB3z
nOBgZ{———+7T— cog mB§)—co 2
0

€ 4 16 g8(wpBY)? L
vp(2)= 2 . , . , (A14)
o 4men] B2 z _L N L 2Bz B ”
+ . 17716 8(npl) co L cog 7B37)
and, in the regionz|>L/2,
4meng ([ Ag\? L z L
0 o 5"\ c_ =
) (o a3 -] 3 4)
vp(2)= 2 a2 (A15)
o dmen] [ [ A] v L 1 z L
e ke 1T T2 274

In obtaining Eqgs.(A14) and (A15) we used the physical modified variational energf? . The total electronic energy
boundary conditionsb; (0)=0 and®. (+L/2)=0, and s given by
the continuity ofv(2), v (2), vq4(2), andvj(z). Since the

qguantum well is in electrical equilibrium, we obtain the

.1
equation governing the transferred charge in equilibrium: E=D, n{| EJ + 5(“_ Ei")}, (A17)
io

2
2 Ame’n? [ A7 where

ki

Ne

d+w
42

,LL:VO_Ed_ +§ P

(A16) Er=E7- 2(0(2). (A18)

Here, the bulk chemical potential is taken to be pinned at the

donor level E4 andn, are the donor binding energy and total The final subband energy function&®$(ng,n4, . .. ,n,) are
electron density, respectively. In order to avoid doubleobtained by minimizing the total enerdy In Table I, as an
counting of the interaction energy in an evaluation of theexample, we list numerical data obtained in the present
total energy, the Hartree energy is divided by 2 to give awork.!’
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