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Exciton spin polarization in magnetic semiconductor quantum wires
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Electron-beam lithography and wet etching techniques are used to laterally pattern ZnSe/
~Zn,Cd,Mn!Se single quantum wells into magnetically active quantum wires with widths ranging
from 20 to 80 nm. Photoluminescence spectroscopy as a function of wire width reveals a
competition between elastic strain relaxation and quantum confinement. Magnetophoto-
luminescence measurements at low temperatures indicate a strong exciton spin polarization due to
the sp–d exchange-enhanced spin splitting, ranging from 20% to 60% at 4 T. ©2000 American
Institute of Physics.@S0003-6951~00!01409-1#
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Nanopatterned semiconductor structures such as q
tum wires~QWRs! and quantum dots~QDs! have generated
substantial interest over the past decade, motivated prim
by the effects of reduced dimensionality on the electro
density of states~DOS!.1 Recently, there is growing interes
in magnetic semiconductor~MS! nanostructures where th
reduced dimensionality and the modified density of sta
influence the interplay between electronic and magn
phenomena.2 The controlled fabrication and fundamental u
derstanding of such nanostructures is crucial to the deve
ment of semiconductor-based ‘‘spintronic’’ devices3 and
spin-based quantum computation schemes4 that rely on the
transfer of spin information between the nanostructured c
ponents. Although progress has been made in the un
standing of MS quantum wells, studies of MS QDs~Ref. 5!
and QWRs~Ref. 6! are still at a nascent stage. In this wor
we exploit patterning procedures developed earlier7,8 for
nonmagnetic~Zn,Cd!Se-based nanostructures to yield on
dimensional~1D! MS QWRs with widths as small as 20 nm
without degradation of the magneto-optical properties.

A series of QWRs of varying width are patterned from
ZnSe/Zn12x2yCdxMnySe heterostructure grown b
molecular-beam epitaxy on a~100! GaAs substrate, follow-
ing the deposition of a 800 nm ZnSe buffer layer. Quant
confinement in the growth direction~z! is created by using an
entirely ‘‘digital’’ scheme9 in which coherently strained
CdSe monolayers and MnSe submonolayers are interspe
within a ZnSe matrix. This digital alloy region consists
four periods of a short period superlattice
(ZnSe)m2 f 2g(MnSe)f(CdSe!g (m55 ML, f 51/8 ML, and
g51 ML! followed by 1 ML of CdSe and finished with a 1
nm ZnSe cap layer. This region acts as a single quantum
~SQW! of ;6 nm width. All growth rates are determine
using in situ reflection high-energy electron diffraction. Fo
the patterning process, the samples are spin coated
nominally 100-nm-thick electron-beam resist poly~methyl-
methacrylate! ~PMMA! of molecular weight of 950 K. The
patterns are defined on the sample using direct-w
electron-beam lithography at an electron energy of 50 k

a!Electronic mail: nsamarth@psu.edu
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Multiple wire fields of 1003100 mm2 area are defined on
each sample, with the wire width varying from 30 to 150 n
between the different fields. A 13 nm Ti layer is evaporat
following development in MIBK:IPA~1:3!. Ti wires, which
serve as hard masks for the subsequent wet etch, are obt
using lift-off and the pattern is then transferred into the se
conductor by wet etching to a depth of 60–70 nm with
solution of K2Cr2O7:HBr:H2O ~1:130:250! at room tempera-
ture. Using scanning electron microscopy~SEM! and
atomic-force microscopy~AFM!, we estimate that the wire
widths range from 20 to 80 nm at the quantum well. In ord
to minimize tip effects in the tapping-mode AFM images
these high aspect ratio~1:4! structures, high-resolution sili
con tips with a nominal full tip angle of 20° are employe
Tilted-view SEM images of QWRs before removal of the
mask~Fig. 1! show a significant undercutting of nearly 50
postetching, resulting in wires much narrower than the
mask widths. We note that due to the anisotropic nature
the etch employed, the QWRs need to be aligned along
~011̄! axis in order to obtain nearly vertical and steep sid
walls postetching.

Low-temperature photoluminescence~PL! measure-
ments are performed using either 410 nm excitation from
frequency-doubled Ti–sapphire laser or 325 nm excitat
from a He–Cd laser focused to a 75-mm-diam spot, with
excitation densities ranging from 10 to 70 W/cm2.
Magneto-PL is measured in an optical cryostat with a sp
coil 7 T magnet in the Faraday geometry. The zero-field
from the magnetic QWRs is similar to that reported f

FIG. 1. ~a! SEM image of a 75-nm-wide wire with the Ti mask~150 nm!
present. A high degree of undercutting~;50%! is visible. ~b! Schematic of
an etched QWR with the Ti cap present.
7 © 2000 American Institute of Physics
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~Zn,Cd!Se QWRs:10 the principal peak in the PL spectrum
has a full width at half maximum in the range 25–35 me
for varying wire sizes and is centered at a lower energy w
respect to the heavy-hole~hh! excitonic PL from a SQW
~patterned mesa on the sample! @Figs. 2~a! and 2~b!#. The
nonmonotonic dependence of the redshift on QWR wi
@Fig. 2~b!# is consistent with competition between the blu
shift created by a weak lateral quantum confinement an
redshift due to partial strain relaxation at the sidewalls,
latter being dominant for the larger wires. As the excit
Bohr diameter in the confining region is estimated at;6 nm,
substantially narrower wires would be required to obse
strong quantum confinement effects. Processing also cre
additional PL peaks observable at low-excitation intensit
as shown later, magneto-optical spectroscopy helps iden
these as defect related and not intrinsic QWR luminesce

The PL shows a marked linear polarization parallel
the QWR axis@Figs. 2~c! and 2~d!#. In Fig. 2~d!, the degree
of linear polarization is defined as (I i2I')/(I i1I'), where
I i andI' are the PL intensities for linear polarization paral
and perpendicular to the wires, respectively. No polarizat
anisotropy is observed for the SQW. The correlation betw
linear polarization and the PL redshift@Figs. 2~b! and 2~d!#
suggests that strain relaxation may be responsible for
observed polarization anisotropy. The compressive bia
strain in the active region of the QWRs removes the deg
eracy between hh and light-hole~lh! states. Hence, straine
QWRs are not expected to show substantial linear polar
tion anisotropy. However, relaxation of this strain wou
lead to a higher degree of hh–lh mixing, and consequen
to polarization anisotropy. This is consistent with the obs
vation that the maximum polarization anisotropy is pres
for wires with the largest PL redshift. In the narrowe
QWRs, the onset of in-plane quantum confinement provi

FIG. 2. ~a! PL spectra at 4 K from wires of different widths.~b! Shift of PL
peak position~at 4 K! for different wire widths. The shift is with respect t
the PL peak from the SQW.~c! Linear polarization of PL from 50 nm
QWRs.~d! Variation of degree of linear polarization with QWR width.
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a competing mechanism that removes the lh–hh mixing, t
reducing the polarization anisotropy.

The application of a magnetic field reveals the magne
nature of the QWRs through an enhancement of the Zee
shifts. An applied magnetic field splits the hh exciton in
lower- ~spin-down, JZ511) and higher-energy~spin-up,
JZ521) states, with the spin-splittingDE enhanced by the
sp–d exchange between excitons and Mn21 ions.2 With in-
creasing field, the PL is dominated by the radiative decay
lower-energy spin-down hh excitons and hence, shows a
shift, becoming strongly circularly polarized in the proce
The situation may be expected to be more complex in
QWRs because of lh–hh mixing. Nonetheless, the sp
polarization-resolved magneto-PL in QWRs displays a la
redshift @Figs. 3~a! and 3~b!# as well as a significant exciton
spin polarization@Fig. 3~c!#, indicating that the hh contribu
tions to the confined exciton states are dominant in the
The spin polarization in Fig. 3~c! is defined as (I 1

2I 2)/(I 11I 2), where I 1 and I 2 are thepeak intensities
corresponding to oppositely circularly polarized emissi
from spin-down and spin-up excitons, respectively. T
magneto-PL distinguishes the intrinsic QWR luminescen
from extrinsic defect features in the PL which do not sho
large Zeeman shifts@inset to Fig. 3~a!#. We also note that the
magnetic-field-induced increase in PL intensity@Fig. 3~a!# is
a commonly observed~but not well-understood! feature in
many MS quantum structures,9 and not unique to these
QWRs.

Since the Zeeman shift (DEs) of the PL is expected to
follow the sample magnetization,2 we model the shift as
DEs5(DE)satB5/2@(5mBB)/k(T1T0)#, where BS(x) is a

FIG. 3. ~a! Magnetic-field dependence of the circular polarization-resolv
~PL! (s1) from 35 nm QWRs at 4 K. The inset shows the magnetic-fie
variation over a wider spectral range.~b! Zeeman shift of thes1 PL peak
for all QWR samples, and the SQW, at 4 K. The solid line shows a modi
Brillouin function fit to the SQW data, with a saturation Zeeman shift of
meV and an effective temperature ofT1T058 K. ~c! Variation of exciton
spin polarization with Zeeman shift for the samples shown in~b!. Solid lines
show fits to a two-level model.
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modified Brillouin function forS55/2 in which the param-
eterT0 accounts for Mn21– Mn21 interactions.2 A compari-
son between magneto-PL measurements on the SQW an
QWRs @Fig. 3~b!# indicates that within the error bars set b
the PL linewidths, neither the saturation value of the Zeem
shift (DE)sat nor the parameterT0 changes between the var
ous wires, showing that nanopatterning does not alter
sample magnetization nor the strength of thesp–d andd–d
exchange interactions. In contrast, systematic changes
observed in the exciton spin polarization as the QWRs
made narrower@Fig. 3~c!#. Regarding the spin-down an
spin-up exciton states as a two-level system with an ene
differenceDE52DEs , the exciton spin polarization is fit to
a thermal distribution given by tanh(DES /kT) @solid lines in
Fig. 3~c!#. The effective temperatures in these fits are 37,
17, and 241 K for the SQW, 50 nm QWR, 35 nm QWR, a
25 nm QWR, respectively. These fits imply that the sp
polarized excitons do not equilibrate thermally. Furthermo
Fig. 3~c! shows that, at a given value of exciton splitting, t
spin polarization decreases with QWR width, suggestin
possible increase in spin-flip scattering between the spin
and spin-down states as the lateral dimensions are redu

In conclusion, we have used electron-beam lithograp
and wet etching to fabricate magnetic semiconductor QW
with widths as small as 20 nm. PL measurements in ze
magnetic field indicate that the ground-state energy of
electronic states is determined by a competition between
tial strain relaxation and a weak lateral quantum confi
ment. Further, magneto-PL studies demonstrate that nano
terning down to;20 nm preserves thesp–d exchange-
the
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enhanced spin splitting and large exciton spin polarizat
characteristics of two-dimensional and three-dimensio
magnetic semiconductor systems. These ‘‘spin’’ QWRs p
vide promising templates for future studies of spin-polariz
transport and spin dynamics of excitons and free carrier
1D systems.
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