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Spatiotemporal Near-Field Spin Microscopy in Patterned Magnetic Heterostructures
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Low temperature femtosecond-resolved near-field scanning optical microscopy is used to image
excitonic spin behavior in locally disordered magnetic semiconductor heterostructures. A contrast
between luminescence intensity and polarization profiles yields marked differences between carrier
diffusion and spin transport over a spin-dependent energy landscape sharply defined by focused ion
beam implantation. Space-time spectroscopies reveal a spin component to the exciton evolution in
the presence of a magnetic field. Fundamental limitations on the measurement of circularly polarized
luminescence in the near field are also demonstrated.

PACS numbers: 75.70.Kw, 42.81.Wg, 73.20.Dx, 78.47.+p
p
o
nd
fe
e
rl

cto
g

lo-
n
or
ed

ve
en
on
n

s
d b
ic

nd
ca
al
c-
ith

e
a

es
ug
es
ct
te
n

ng
ne

ta
re

e
i-
tic

es
hs
ms
o
ed

nd

-
ow

s-
le-
],
is-

cho-
ise,
pti-

e
re.
er
nd

ec-
d
o-
re

hin
c

Interest in the spin degrees of freedom of mesosco
electronic systems has fueled a need to find new meth
of probing them. The effects of interfaces, disorder, a
local magnetic interactions strongly influence the trans
of spin angular momentum in small geometries, y
many of the underlying physical mechanisms are poo
understood. In recent years, magnetic semicondu
quantum wells, with greatly enhanced Zeeman splittin
arising from strong Kondo-like exchange between
calized paramagnetic spins and delocalized electro
states, have provided model systems in which to expl
the dynamics of electronic spin interactions in reduc
dimensions [1]. Such quantum structures have pro
especially amenable to direct experimental measurem
of spin scattering events over the relevant femtosec
and picosecond time scales [2]. Direct informatio
concerning thespatial behavior of spin dynamical event
over the corresponding mesoscopic length scales woul
invaluable in developing a complete picutre of electron
spin scattering in low-dimensional systems.

To this end, we have developed a femtoseco
resolved low-temperature near-field scanning opti
microscope (NSOM) to monitor the spatiotempor
evolution of excitonic spins in magnetic semicondu
tor heterostructures which are laterally patterned w
a focused beam of Ga1 ions. Polarization-resolved
photoluminescence (PL) images reveal a spin-depend
energy landscape due to locally depressed Zeem
splittings in the implanted regions. Marked differenc
between carrier and spin behavior are observed thro
sharp contrasts in the intensity and polarization profil
showing that excitonic diffusion has a minimal effe
on the local magnetic interactions which contribu
to Zeeman-split states. Time-resolved measureme
suggest that the diffusion is driven by a spatially varyi
energy profile, and acquires a spin-dependent compo
in the presence of a magnetic field. Furthermore,
systematic study of the near- and far-field PL da
demonstrates fundamental limitations on the measu
ment of polarization in the near-field regime.
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The heterstructures consist of single 12 nm ZnSy
Zn0.80Cd0.20Se molecular-beam-epitaxy–grown sem
conductor quantum wells (QW) containing systema
distributions of magnetic ionssMn21d, and a nonmagnetic
control structure [2]. Traditional magneto-optical studi
of these structures show relatively narrow PL linewidt
and large Zeeman splittings, making them ideal syste
in which to study local spin-dependent interactions. T
facilitate optical studies, the GaAs substrate is remov
through polishing and etching to form a300 mm diameter
suspended circular film consisting of the Zn0.80Cd0.20Se
QW sandwiched between a ZnSe buffer (700 nm) a
cap (100 nm) layers. A low-dosages104ymm2d 140 keV
100 nm diameter focused beam of Ga1 ions is used to
implant specific patterns in the etched structures.

Near-field PL experiments are performed with a com
pact NSOM which operates in a continuous He-gas fl
optical cryostat atT  4 –300 K [3]. Subwavelength spa-
tial resolution is achieved by using a piezoelectric tran
ducer to scan the tip of a silver-coated tapered sing
mode optical fiber close to the surface of interest [4
using shear-force feedback [5] to maintain a constant d
tance above the sample. The fiber aperture sizes are
sen to balance spatial resolution against photon shot no
and are varied between 100 and 180 nm. Carriers are o
cally excited from the etched side and PL from then  1
heavy-hole excitonic peak collected with the fiber in th
near field from the smooth opposite side of the structu
Circular polarization analysis and compensation of fib
birefringence are achieved with a variable wave plate a
linear polarizer [3].

Figure 1(a) shows near-field low-temperature PL sp
tra [6] obtained from an intrinsic and nearby implante
region of the structure using a 100 nm fiber aperture p
sitioned ,25 nm above the surface. The structures a
excited with linearly polarized light from an Ar1 sEex 
2.707 eVd or HeCdsEex  2.807 eVd lasers,1 kWycm2d
generating 500 excitonsymm2 in steady state, and lumi-
nescence is collected in the Faraday configuration wit
fields B  0 –2 kG. In the intrinsic region, the magneti
© 1996 The American Physical Society
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FIG. 1. (a) Near-field PL spectra for spin-up and sp
down excitons in an intrinsic and Ga1 implanted region of
a ZnSeyZn0.80Cd0.20Se quantum well containing 12 magnet
1
4 monolayer thick MnSe layers atB  2 kG, T  5 K,
and excitation photon energyEex  2.807 eV. (b) Far-field
luminescence spectra of the same structure under other
identical conditions. (c) Near-field luminescence intensity a
polarization measured from an unpatterned structure atB 
2 kG, T  5 K as a function of tip-sample separation, excitin
with a d  6 mm laser spot size. (d) Same as (c), exce
d  100 mm.

field causes the higher energy spin-up state to have a
duced amplitude compared to the energetically favo
spin-down state, and an observed Zeeman splitting
1.4 meV. Luminescence from a nearby implanted reg
exhibits smaller but equal intensities from both spin sta
which are now coincident in energy. This suggests t
the structural disorder induced by the focused ion be
increases nonradiative decay channels and destroys th
tational symmetry of the lattice. The former decreases
-
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quantum efficiency of the structure, while the latter reduc
to zero the Zeeman splitting between the two spin sta
and hence the observed polarization.

Far-field measurements performed under otherw
identical conditions reveal a significantly larger Zeem
splitting of 2.7 meV [Fig. 1(b)]. We believe that the
differences between Figs. 1(a) and 1(b) reflect fundam
tal limitations on the measurement and interpretation
polarized luminescence in the near-field regime. F
ure 1(c) shows both luminescence intensityI  I1 1 I2

and polarizationP ; sI1 2 I2dysI1 1 I2d, whereI1y2

is the intensity of left- or right-circularly polarized lumi
nescence, measured at the PL peakllum  475 nm as a
function of tip-sample separationz, with the excitation
beam focused to a spot diameterd  6 mm. As the tip
approaches the surface from a distancez ¿ llum, the
PL intensity increases moderately, then rises by a fac
of 4, within the remaining 300 nm. A sharp knee in th
intensity data clearly delineates the near- and far-fi
regimes. The PL polarization starts from a saturated va
P  0.8 for z ¿ d, decreases slowly ford . z . llum,
then more rapidly forz , llum, finally reaching the value
P  0.4 at the closest separation of 25 nm. We belie
that the decrease in the observed polarization from
asymptotic valuesz ! `d arises from two independen
effects. (1) Because of the selection rules in a semic
ductor, luminescence detected at an angleu from the
magnetic field axis will have a measured polarizati
Psud  Ps0d cosu [7]. The measured polarization is
reduced when luminescence is collected over a large s
angle. Although the near-field tip collects light from
all directions, its effective numerical aperture (NA)
determined by bothd and z. The measured polarization
-

-

-

FIG. 2 (color). (a) NSOM
luminescence intensity image
for the Ga1-implanted mag-
netic heterostructure of Fig. 1
(T  5 K, B  2 kG, Eex 
2.807 eV). Pattern consists of
alternating 300 and 600 nm
stripes arranged both horizon
tally and vertically. (b) Polari-
zation image over the same re
gion. (c) Luminescence inten-
sity for a second structure con
taining 24 magnetic1

8 mono-
layer thick MnSe layers
implanted with 100, 200,
and 400 nm thick vertical
stripes left to right (T  5 K,
B  2 kG, Eex  2.707 eV).
(d) Polarization over the same
region.
1949
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[Fig. 1(c)] increases withz as the NA is reduced, even
tually reaching a saturated value of the far-field pola
ization. When the spot diameter is increased tod ,
100 mm [Fig. 1(d)], the numerical aperture is unaffecte
by changes inz over the same region, and thus the pola
ization is smaller and uniform. (2) At distancesz , llum,
the sharp decrease in polarization is associated with c
pling to the evanescent fields of the recombining excito
Related effects have been observed in near-field stu
of single molecules [8]. An intriguing explanation for th
loss of polarization is that the evanescent fields do
propagate angular momentum and hence cannot coup
circularly polarized light in the far field.

NSOM images of the PL intensity and polarization a
obtained by scanning the tip over the sample surface
collecting luminescence at a fixed detection energy. F
ure 2(a) shows the PL intensity for one of the magne
quantum well structures that has been subsequently
terned with alternating 300 and 600 nm horizontal and v
tical stripes. The intensity is suppressed in the implan
regions, and recovers slowly in the intrinsic areas. In co
trast, the measured polarization [Fig. 2(b)] is roughly co
stant in the intrinsic areas, and drops abruptly to zero as
moves into the implanted regions. The slow modulation
the intensity is attributed to exciton diffusion from intrin
sic into nearby implanted regions. In contrast, the plate
of constant polarization over the intrinsic regions indica
that exciton diffusion does not affect the spin interactio
which give rise to the large Zeeman shifts. Moreov
these results confirm that the ion-induced lattice dam
is confined to the patterned areas. Figures 2(c) and
show similar results on a second quantum well struct
with a different distribution of magnetic ions, patterne
with vertical stripes of width 100, 200, 400, and 800 n
(not shown). In this case, the PL intensity profiles app
less rounded in the intrinsic regions compared to the cro
patterned image of Fig. 2(a), due to the one-dimensio
patterning scheme in which exciton diffusion parallel
the implanted lines does not result in a loss of lumine
cence intensity. From the sharpness of the interface
Fig. 2(d) we estimate the NSOM resolution for these i
ages to be,125 nm.

Spectrally resolved spatial scans provide a quantita
measure of the energy landscape for the two excitonic s
states. The PL and polarization extracted at the peak
ergyE  2.610 eV are shown versus position in Figs. 3(
and 3(b), yielding results similar to linecuts through t
data of Fig. 2. Figure 3(c) shows the PL peak energy
both spin states, revealing a spin-dependent energy pr
and smalls,1 meVd scan-to-scan reproducible micron
scale variations in intrinsic regions which are most like
due to alloy fluctuations [9]. Subtraction of the two curv
yields the spatially resolved Zeeman splitting, shown
Fig. 3(d). Much like the polarization, the splitting re
mains constant in intrinsic regions, dropping only in t
implanted areas and indicating reduced magnetic inte
1950
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tions in these regions. Fluctuations of the Zeeman splitt
in intrinsic regions are less pronounced than for the in
vidual spin states [Fig. 3(c)], indicating little variation i
the localg factor [10].

Time-resolved measurements are performed usin
frequency-doubled mode-locked Ti:sapphire laser prod
ing 130 fs pulses at 76 MHz tuned toEex  2.774 eV
s3 3 105 photonsymm2d. A luminescence intensity au
tocorrelation (LIA) technique [11], in which an inheren
nonlinear dependence of the PL intensity with incide
power, traditionally attributed to exciton-exciton scatte
ing [12,13], is exploited to obtain time-resolved inform
tion about the lifetime of radiative excitonic states. T
structure is excited by two equal-intensity linearly pola
ized pulses, separated by a variable time delay. Opt
choppers modulate the two excitation beams at differ
frequencies, and phase-sensitive detection at the
frequency probes the nonlinearities which arise from

FIG. 3. (a) Luminescence intensity atE  2.610 eV for
the structure of Figs. 2(c) and 2(d) (T  5 K, B  2 kG,
Eex  2.707 eV), extracted from a 2D scan of energy an
position. Shaded regions depict the enginerred regions
ion implantation. (b) Polarization of luminescence atE 
2.610 eV. (c) Spatially resolved luminescence peak energies
spin-up and spin-down excitonic states. (d) Spatially resolv
Zeeman splitting [difference of the two curves in (c)].
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FIG. 4 (color). (a) Spatiotem-
porally resolved luminescence
intensity autocorrelation (LIA)
for spin-up excitonic state
for the structure shown in
Figs. 2(c) and 2(d) (T  5 K,
B  2 kG, Eex  2.774 eV).
(b) Same as (a), but for the
spin-down state. (c) Single
exponential fit amplitude
coefficients for both spin states
(d) Extracted lifetimes for both
spin states.
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temporal overlap of the two generated PL curves. T
time decay of this signal is thus determined by t
radiative recombination of the excitons and provides
measure of their lifetimes. The observed lifetimes
the intrinsic material agree with far-field time-resolve
photoluminescence up-conversion measurements [2].

Figures 4(a) and 4(b) show the spatiallly resolved L
for the stripe-patterned structure of Figs. 2(c) and 2(d)
T  5 K and B  2 kG for both spin-up and spin-down
excitons, respectively. Our striking difference between
two images is in the lifetime, which is nearly twice a
small for the spin-up state compared to the spin-down
the intrinsic region. A more quantitative comparison
the temporal decay of the recombining excitons is ma
by examining single-exponential fits to the data using
form A exps2tytd, shown in Figs. 4(c) and 4(d). The am
plitude (A) reduction for both spin states in the implante
regions [Fig. 4(c)] is more pronounced than the profi
shown in Fig. 2(a), due to the quadratic dependence of
LIA signal on luminescence intensity. The lifetimestd
is reduced for both spin states in implanted regions,
the changes are much more pronounced for the spin-d
state. These differences are attributed to an enhanced
fusion of spin-up excitons from the intrinsic to the near
implanted regions, driven by the spin-dependent potent
seen in Fig. 3(c). An estimate of the diffusion constantD
based on the profiles in Figs. 2 and 3 and the exciton l
time yieldsD  0.2 cm2ys, which is smaller than for III-
V compounds [11,12] but reasonable given the larger
homogeneous linewidth,6 meV in these II-VI structures.
As the width of the interface is decreased, the lifetime mo
ulations for the spin-down state diminish, and eventua
vanish for the spin-up state. Similar measurements ta
at T  9 K yield comparable lifetimes and reduced spi
dependent effects due to the decreased magnetizatio
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the paramagnetic Mn spins [1]. In zero magnetic fie
the two spin states are degenerate, and no spin-depen
effects are observed. Similar behavior is seen in the n
magnetic control sample.
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