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Received on 8 March, 2003

In this paper we theoretically investigate the magnetic-field and temperature dependence of the Shubnikov-de
Haas oscillations in group II-VI modulation-doped Digital Magnetic Heterostructures. We self-consistently
solve the effective-mass Sditlinger equation within the Hartree approximation and calculate the electronic
structure and the magneto-transport properties. Our resultsigloshift of the Shubnikov-de Haas minima to

lower magnetic fields with increasing temperature, épen anomalous oscillation which develops when two
opposite Landau levels cross near the Fermi energy. Both of these are consistent with recent magneto-transport
measurements in such heterostructures [R. Knebel, Phys. Rev. B55, 235327 (2002)].

1 Introduction 2 Model and Approach

The system we study consists of a modulation doped
o ) ) ital magnetic quantum well [6]. On&/16 monolayer of
Digital Magnetic Heterostructures (DMHs) are semiconduc- pnse is inserted every 7 monolayers in@s A (~ 35
tor heterostructures where magnetic monolayers are incorgnolayers) wide Zgis7Cdy.13Se quantum well. The we
porated using the digital-alloy technique [1, 2]. Th&l s surrounded by twd20 A intrinsic ZnSe spacers, ea
exchange interaction in such systems is responsible for &gjiowed by a 200A n-doped ZnSe layer. The measur
magnetic—field- and temperature-dependent giant spin splitoyy-field two-dimensional density is, = 2.8 x 10!
ting of the electronic bands [3], thus giving rise to strong ¢m-2, The strong Coulomb repulsion between confit
spin-dependent effects. This giant splitting is up 0 two electrons, which deforms the potential profile, is trez
orders of magnitude larger than the ordinary Zeeman ef-yyithin the Hartree approximation. We self-consister

fect and is easily observed by magneto-photoluminescencespye the effective-mass Séftlinger equation
[4]. The successful achievement of high doping carrier

densities in such magnetic layered structures [5] has en- h 0 " " o
abled magneto-transport and magneto-photoluminescence | ~5,, 552 T Vefs (B, 1) xi* (2) =e7°x7" (2), (1)
measurements in these systems [1, 5]. More recentlg-the
exchange enhanced spin-splitting has been used to align opwherem = 0.145m is the electron effective mass,=
posite spin Landau levels near the Fermi level [6, 7], reveal- 1,2, .. . is the subband index, ard = +1 denotes the spi
ing striking features in the electronic structure and magneto-components. The effective potential is
transport properties of such two-dimensional electron sys-
tems. vlf; (2B, T) = vo (2) +vp (2) + v 4 (2B, T) +vp (2)
)
In Ref. 6 magnetization and magneto-transport measureswhereuv, () is the the quantum well profile with band offs
ments inn-ZnSe/(Zn,Cd,Mn)Se DMHs were performed in  of 210 meV [8];v, (z) is the Mn barrier profile with an as
the quantum Hall regime for a wide range of temperatures sumed height 0800z, meV [9], z;, being the nominal Mr
and carrier densities. In this paper we focus our analy- concentrationy? , (z; B, T) is thes-d exchange contribu
sis on two particular features of the experimental results, tion given by [10]
namelyi) a shift of the Shubnikov-de Haas (SdH) peaks to
lower magnetic fields as the temperature is raisediigrah
anomalous peak in the,, data neaB ~ 3.2 T. We self-
consistently solve the effective-mass Satinger equation
within the Hartree approximation. Our results reproduce the where Noaw = 0.26 eV is thes-d exchange constant;(z)
reported temperature dependence of the SdH peaks and this an effective Mn concentration profile [11, 12; , is the
anomalous oscillation. In the following sections we present spin-5/2 Brillouin function, and” + T; is an effective tem
our model and results. perature;;, (z) is the Hartree potential which is calculat

. 0. 5 5upB
= B, T) = —N, - B —_
o7 2T) = 5 o) s T
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by solving the Poisson equation. Each Landau level energy 0.35 ‘ ‘ ‘ ‘ ‘

is then given by 0.3 |

o 1 0. . 0.25
el =€, +|(n+ <) we+ =9 BB, 4)
’ 2 2 _
$ 02
£
wheren is the Landau level indeXjw, is the cyclotron en- ox 015
ergy, andg* = 0.4 [13] is the effective Land factor of the
Zeeman term. 0.1
We use gaussian broadened Landau levels with a density 0.05 k
of states (DOS) for each spin subband given by
0
eB 1 (5 —E&in,o )2
o () = = Y ———exp | -2 (6
g,z(g) h . F\/ﬁexp|: 21‘\2 ()

Figure 1. Calculated Shubnikov-de Haas oscillations for differ-
ent temperatures. Oscillations n, shift to lower fields ag” in-
creases. An anomalous peak developBat- 3.2 T for T' = 0.36
Kand atB. ~ 3.4 T for T' = 1.0 K. The shift to lower fields of
the SdH peakaB ~ 4 T fromT = 1.0 Kto T" = 2.5 K is bigger
than fromT = 0.36 Kto T = 1.0 K, in accordance to exper-

wherel is the broadening width. Using this DOS together
with the Fermi functionf (¢) = {1+ exp[(e — p)/ksT]} !

we self-consistently calculate the chemical potential by
solving the 2D density

o0 iment [6]. The Fermi function softens the oscillations for higher
Ns = Z/_ gio. (€) f(e) de (6) temperatures, thus making them wider. The offset between curve
hos "% i50.1h/e2.

for p.

We calculate the longitudinal conductivity using [14] Figure 1 shows the theoretical magnetic field and tem-

perature dependenciesmf,.. In accordance with the exper-
2 [ af (¢) imental resultg [6], our calculated SdH oscilllaticb)lshift}o
/ - ( R ) lower magnetic fields as the temperature increasesjipnd
show an anomalous peak@t ~ 3.2 T.

2
« Z (n + 1) exp | — (%) de, (7) The temperature dependence of the Mn magnetizatio
2 b [Brillouin function in Eq. (3)] is responsible for the SdH
shift, as pointed out in Ref. 6. As the temperature rises, the
. ) . _ . s-denhanced spin splitting decreases and the spin down el
wherel', is the width of the extended states region W|th|_n ergy increases (Fig. 2), crossing the Fermi energy at a lowe
eachl’-broadened Landau level. The transversal conductiv- g fie|d. Note that temperature also plays a role via the Ferm

750 = 2
—0o0

1,M,0

ity is given by the Drude modet,, = —en./B. To calcu-  gisgribution, which smooths the SdH oscillations Asn-

late the resistivities we simply invert the conductivity tensor cresses (Fig. 1). However, its effect on the SdH shift within
_ ~—1 ! 19 . ’ ;

p=ag = the investigated temperature range is small when compare

to thes-dexchange contribution.

The anomalous peak that developBat~ 3.2 T (Fig. 1,
T = 0.36 K) is a result of a Landau level crossing near the
3 Results Fermi energy [Fig. 2(a)]. AT’ = 0.36 K, just belowB,., a
SdH oscillation takes place while the Fermi energy crosse
. ~ the|3,]) level. Meanwhile the0, 1) is increasing in energy
The electronic structure and magneto-transport calculationsand becomes degenerate wih|). As the magnetic field
were performed at four different temperatuf€s We use jncreases, the Fermi energy crosses the spin up level ju
zp = 0.093 andn, = 2.8 x 10'" cm~? (the low field  pefore it becomes completely empty, resulting in the smal
measured areal density [6]) to obtain a good agreement withsqH peak. This effect is suppressed for higher temperature
the experimental findings. For the other parameters we useys the Fermi function increases the overlap between level
Ty = 155K, T = 0.36B'/2meVT-/2, T, ; = 0.25 meV, thus making them indistinguishable and giving rise to the
andl‘lXt = 0.05 meV, the same values as in Ref. 6. wider peaks af” = 2.5 KandT = 4.2 Kin Fig. 1.
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Figure 2. Landau level fan diagrams for different temperatures.

In (a) and (b) the Fermi level crosses t3e|) Landau level just (5]
after the crossing of3, |) and|0, 1), thus giving rise to an extra
Shubnikov-de Haas oscillation shown in Fig. 1. Bt= 2.5 K 6]
(c) the|2, |) and|0, T) levels cross aB ~ 3.7 T near the Fermi
energy, thus originating a wide oscillation shifted to lovifields.
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