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Spin Transport and Localization in a Magnetic Two-Dimensional Electron Gas
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Magnetotransport is investigated in a new class of heterostructures wherein a two-dimensional
electron gas (2DEG) is exchange coupled to a 2D distribution of local moments. Quantum transport in
these “magnetic” 2DEGs is strongly influenced by thé exchange-enhanced spin splitting, resulting
in a highly spin polarized gas beginning at large Landau level filling factors. Diffusive transport in low
magnetic fields is dominated by modifications of the Hartree corrections to the conductivity arising from
the giant spin splitting. An anomalous negative magnetoresistance at higher magnetic fields suggests
the suppression of spin-disorder scattering. [S0031-9007(97)03095-0]

PACS numbers: 75.70.Cn, 73.20.Dx, 78.20.Ls, 78.47.+p

The interplay between spin-dependent electronic transare restricted to 2D planes with limited interdiffusion,
port and localization is central to the behavior of many arti-approximating a randomly diluted square lattice of anti-
ficially tailored materials, and has given rise to phenomengerromagnetically interacting = % spins with a nearest-
such as giant magnetoresistance in metallic multilayersyeighbor interactio,; ~ —10 K. The 2D arrangement
spin polarons in higlF. superconductors, and skyrmions of spins inhibits transitions to antiferromagnetic and spin
in two-dimensional electron gases (2DEGs) within semiglass phases, allowing a paramagnetic response from large
conductors [1]. To explore the detailed dynamics of suchocal concentrations of magnetic ions.
coupled electron-spin systems, it is desirable to develop

model structures with well-characterized spin interactions 25nm  Fractional 25 pm

in which one mayindependentlytune the electronic and n-ZnSe Mmonolayers  p7nSe

magnetic degrees of freedom. Studies of undoped (insu- @ § of g Se 4

lating) magnetic semiconductor (MS) quantum structures .“’”l““’.

have played an important role in this context, with spatially y N

and temporally resolved spin spectroscopies providing de- 125 o [;g'sczi‘;e 125 am

tailed insights into the dynamical interactions between op- ;

tically excited carriers and local moments [2]. 6 —r T T — 30
Here we introduce a newloped MS heterostructure [(b) Pyx =

wherein a 2DEG is exchange coupled to a 2D distribu- c 4 V':6v_4 120 &

tion of local moments, hence complementing magneto- = [ [} 1 =

optical probes of spin interactions in quantum structures Q_ii 20 110 O_i'

with transport measurements [3,4]. The ferromagnetic ki- L sz \

netic s-d exchange(J,—; ~ 10° K) in these “magnetic ol Pxy e

2DEGs” yields spin splittingd Es which exceed both the 0 4 8 12 16

Landau level splittingiwc and the thermal energy,T B (Tesla)

[5]. The conduction electron spins are entirely polarized at —r—r—77130

low magnetic fields, providing a flexible template for stud- sl Vi5 v=3 —~

ies of mesoscopic spin-polarized transport and tunneling c { - Py 20 c

[6]. Transport measurements indicate remarkable modifi- = F } 1 1 =

cations of the quantum corrections to the 2D magnetocon- SAr v -\ 10 R

ductivity in the weakly localized regime [7], and a negative B P\ ]

magnetoresistance (MR) at high fields suggesting a field- ol (c,) o

induced suppression of spin-disorder scattering. 0 4 8 12 16
Magnetic 2DEG structures are obtained by modulation B (Tesla)

doping a MS quantum well that is designed with a stron
wave function overlap between confined electronic state . S !

d maanetic ions—in this case #n In order to var chlorine. (b),(c) Longitudinal and transverse sheet resistances
an g y and p,,, respectively) at 4.2 K in (b) sample A and

the local moment distribution systematically, a “digital” (c) sample B, demonstrating the observation of an IQHE in
scheme is used [Fig. 1(a)], in which the local momentsach case. The figures also indicate the filling factors

IG. 1. (a) Sample structure. Tinetype dopant in all cases is
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Samples consist of a modulation doped single quantum The filling factors labeled in Fig. 1(b) indicate that the
well (10.5 nm) in which the symmetrically placedtype  Landau level spin splittindhEs = gugB in the nonmag-
ZnSe doping layers (25 nm) are spaced 12.5 nm from theetic 2DEG cannot be resolved at 4.2 K; the spin splitting
well region by intrinsic ZnSe barriers. The well is a digi- is only noticeable beyond a field of 6 T at lower tempera-
tal alloy of (Zny s0Cdy 0S8, r (MNSe,, withm = 5and  tures [Fig. 2(a)]. In contrast, Fig. 1(c) shows th®Eg
the 2D spin concentratioff = 0, 0.125, 0.25, and 0.5 in the magnetic 2DEG is large enough to completely spin
(samples A, B, C, and D, respectively). Details of sam-resolve the Landau levels right from the onset of quan-
ple fabrication and routine characterization are given elsetum oscillations even at 4.2 K. Here, the spin splitting
where [3,4]. Magnetotransport measurements are carrieid proportional to the sample magnetization and is readily
out on mesa-etched Hall bars using dc techniques in magstimated from Zeeman shifts in magneto-optical spectra
netic fields ranging up to 17 T and temperatures down td4,9]. Specifically,AEs = (AE)maxBs/2(5upB/kpTesr),

360 mK. Except where explicitly mentioned, the mag-whereBs ,(x) is the Brillouin function fors = 3, empiri-
netic field is applied perpendicular to the 2DEG plane.cally modified by using a rescaled temperat(fe; =
Polarization-resolved photoluminescence (PL) and absorpr + 7)) to account for antiferromagnetic spin-spin inter-
tion is measured in the Faraday geometry in a magnetoopsctions [5]. By combining the Landau level splittitigy -
tical cryostat in fields up to 7 T. with the spin splittingA Es, Landau level fan diagrams are

Table | summarizes the sheet resistapgg, as well  constructed for samples A and B [Figs. 2(c) and 2(d)]. The
as Hall effect measurements of the sheet concentratiomagnetic field variation of the Fermi level in these figures
Ns and the mobilityup for all the samples. The two shows that the transport which occurs in states near the
latter quantities are deduced assuming the absence gkrmi level involves spin-resolved states at low tempera-
parallel conduction in the doped barriers. While thistures. Furthermore, Fig. 2(d) demonstrates the creation of
assumption is confirmed from quantum oscillation datag highly spin-polarized 2DEG even in modest magnetic
in samples A and B, its validity is unclear for samplesfields (~2 T).

C and D in which quantum oscillations are too weak for ~ Another striking difference between the nonmagnetic
detailed analysis. The large valuesafy in the two latter  and magnetic 2DEGs is the opposite sign of the low-field
samples accompanied by a significantly reduced mobilityongitudinal MR. This is seen more clearly in Figs. 3(a)
indicate the onset of a strong localization mechanism withand 3(c) which compare the low-field magnesaductivity

increasing magnetic ion concentration. (MC) in samples A and B, respectively. The contrasting

Figure 1 shows a developing integer quantum Hall ef-hehavior in these two weakly localized samples can be

fect (IQHE) at 4.2 K in the higher mobility samples A and attributed to quantum corrections to the conductivity in
B when the quantum limit is reached{7s > 1, where

75 is the single particle scattering time) and when the Lan-
dau level separatiohiw overcomes the overlap between L e e SRR nE
disorder-broadened Landau levels. (A more detailed study A_@ 1?2“3";‘;’?( ]
of the well-developed IQHE at lower temperatures will 4 I E 8
be discussed in future work.) In both samples, standard __
analysis [4] of the temperature and field dependence of the &
guantum oscillations yieldss ~ 0.35 ps, consistent with :é
the onset of quantum oscillations a2 T. The simulta- ,
neously deduced sheet concentrations agree with low-field 1+
Hall measurements, confirming the absence of parallel con- 3
duction in the barriers. Since the effective mass of the car- o
riers is not yet accurately known from experiment [8], we
use a value ofn* = 0.16my, obtained by linearly interpo-
lating between the effective masses of Zr{@&7m,) and
CdSe(0.12my).

UL L
(b) Sample B
T=036K .

TABLE I. Summary of sample characteristics at 4.2 K, as
determined from low-field Hall effect measurements. As
explained in the text, is the 2D Mn concentration.

=
B (Tesla) B (Tesla)

—2
Sample  f pxy (KQ) Ny (€m?)  pu €0/VS) g o) (@),(b) Behavior ofp,, at T = 0.36 K in samples

A 0 4.3 5.3 x 101 2700 A and B, respectively. (c),(d) Landau level fan diagrams

B 0.125 5.6 4.2 X 101 2700 in samples A and B, respectively, with the dark, solid line

C 0.25 12.0 6.5 X 10! 800 indicating the position of the Fermi level in each case. Dashed

D 0.50 215 4.8 X 10! 600 ((jthin )solid) lines belong to Landau levels with spin up (spin
own).
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0 (e*/mh), f» is a well known function, and is a prefactor
: 47 of the order of unity [12]. The argument of the function
(b) 4,—’ ] f2is x; = (2L¢/Lg)?, WhereLg is the phase breaking
%/' : length andLp the magnetic length. Figure 3(b) shows
| Bgem | ,,%' ] the temperature variation of the phase breaking timpe
] e i ] employed in the fits. Both figures confirm a standard
‘ 4 weak localization interpretation of the data.
o k4 ] In contrast, the presence of local moments in sample B
1 il N R produces a more complex behavior [Fig. 3(c)] with com-
0 005 01 015 0.2 0.1 1 peting contributions from\o;, and Aop. The essential
B (Tesla) TYK") effect of the giant spin splitting on the latter is a drastic
R B e T reduction in the Hartree contributions to the particle-hole
i I ] diffusion channel [10]. The resulting MC follows a field
dependence given byop(B) = —(Go/2)F 5 (F)g2(AEs/
kgT). The functionF, depends on the angular average
F of the statically screened Coulomb interaction over the
Fermi sphereg,(AEs/kgT) is a function that can be eval-
. uated numerically [13]. Detailed attempts to fit the MC
(c)"-.ﬂ in this sample using the parameterg and F, are not
o] % - ] meaningful since the presence of magnetic ions may lead
02 03 04 0 01 02 03 04 to other contributions to the MC unaccounted for in the
B (Tesla) B (Tesla) standard theory for quantum corrections to the conductiv-
FIG. 3. (a) Low-field MC in sample A obtained by inverting Ity- Rather, we generate a theoretical plot for one set of
the magnetoresistance tensor. Solid lines are weak localizatioifasonable parameters so as to examine the plausibility of
fits to the data, withr,, as the principal fitting parameter and the above framework. This is shown in Fig. 3(d) with
a =07. The classical MC is negligible over this range of F, =2 anda = 0.2; the values 0f7¢ at different tem-
][nagneuc field. (b) Temperature dependence ptietermined o4y reg are taken from the weak-localization fits to sam-
rom the fits in (a). The linear variation with inverse . . -
temperature is in qualitative agreement with expectations thap!® A- The small value o chosen in these calculations is
take into account electron-electron interactions [18]. (c) Low-consistent with theoretical expectations for magnetic sam-
field MC in sample B at various temperatures. (d) Theoreticaples [12]. Comparison with the experimental data shows
behavior of the low-field MC in sample B given byo(B) =  that the low field MC in sample B can be attributed at least
Ao (B) + Aop(B). partially to the mechanism discussed above.

This picture is further substantiated by measuring the
disordered 2D systems [10], bearing in mind that the relelongitudinal MR with the magnetic field applied in the
vant perturbative parameter within this theoretical frameplane of the 2DEG [Fig. 4(a)]: this removes all “orbital”
work, (krl,)"!, is ~0.25. Three distinct contributions contributions to the quantum corrections (i.A¢; and
arise within this interpretation: (a) a positive MBo;) Aoc¢) while keeping the isotropic spin-splitting depen-
from the destructive effect of a magnetic field on weakdent contributions unaffected. In this geometry, the non-
localization, (b) a negative MQA o p) from the modifica- magnetic sample A exhibits negligible MR while all three
tion of electron-electron interactions by a carrier spin split-
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ting (“particle-hole” contributions), and (c) a negative MC L e e o e 90—
(Ao¢) from the modification of electron-electron interac- [ (a) L2258 plane] + (b) SampleD ]
tions by the orbital effect of a magnetic field (“particle- al S Rk f=0580
particle” contributions). Our analysis ignordsrc in the LS \ ---0.36 K

nonmagnetic sample since it is small over the range of
magnetic field studied; these particle-particle terms are also
rendered negligible in the magnetic samples by the large
spin splitting and by spin-disorder scattering [11]. Spin-
orbit effects can also produce a negative MC in magnetic
systems but are insignificant here because ofSistate
nature of the magnetic ions; further, band-structure related
spin-orbit terms appear to be unimportant since we do not B (Tesla) B (Tesla)
observe negative MC in the nonmagnetic 2DEG. o )

The posive MC I the nonmagnetic 2DEG sample ATIS: . (%) ongieinel W o e sonpies B 126
arises from the first type of contribution: Fig. 3(a) shows(b) Longituding\al MR in Sarﬁ&e Of = 0.55’ at three different

weak localization fits to the low field MC given by temperatures—the magnetic field here is applied perpendicular
Aor(B) = o(B,T) — d(0,T) = Goaf2(x,) whereGy =  to the plane of the 2DEG.

PlBY 0,,(0)

-

0.8
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tive MR in the high field regime wher&Es = Ex(0) (the
Fermi energy at zero field). This effect is also observ-
able with the field perpendicular to the sample plane and is
stronglytemperature dependent [Fig. 4(b)]. Inthe absenc 1] Q. Yang et al., Phys. Rev. Lett72, 3274 (1994): N. F.
of any rigorous models that can account forthe anomalou Mott, Adv. Phys.39, 55 (1990); A.H. MacDonald, Phys.
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