VOLUME 76, NUMBER 11 PHYSICAL REVIEW LETTERS 11 MRcH 1996

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

Interest in the spin degrees of freedom of mesoscopic The heterstructures consist of single 12 nm ZhSe
electronic systems has fueled a need to find new method&n, 3/Cd, ,cSe  molecular-beam-epitaxy—grown  semi-
of probing them. The effects of interfaces, disorder, andtonductor quantum wells (QW) containing systematic
local magnetic interactions strongly influence the transfedistributions of magnetic ion@vin>*), and a nonmagnetic
of spin angular momentum in small geometries, yetcontrol structure [2]. Traditional magneto-optical studies
many of the underlying physical mechanisms are poorlyof these structures show relatively narrow PL linewidths
understood. In recent years, magnetic semiconductand large Zeeman splittings, making them ideal systems
quantum wells, with greatly enhanced Zeeman splittingsn which to study local spin-dependent interactions. To
arising from strong Kondo-like exchange between lo-facilitate optical studies, the GaAs substrate is removed
calized paramagnetic spins and delocalized electronithrough polishing and etching to form380 wm diameter
states, have provided model systems in which to explorsuspended circular film consisting of the ZgCd, cSe
the dynamics of electronic spin interactions in reducedQW sandwiched between a ZnSe buffer (700 nm) and
dimensions [1]. Such quantum structures have provenap (100 nm) layers. A low-dosag&0*/um?) 140 keV
especially amenable to direct experimental measuremeni£0 nm diameter focused beam of Géns is used to
of spin scattering events over the relevant femtoseconuiplant specific patterns in the etched structures.
and picosecond time scales [2]. Direct information Near-field PL experiments are performed with a com-
concerning thespatial behavior of spin dynamical events pact NSOM which operates in a continuous He-gas flow
over the corresponding mesoscopic length scales would b#ptical cryostat al’ = 4-300 K [3]. Subwavelength spa-
invaluable in developing a complete picutre of electronictial resolution is achieved by using a piezoelectric trans-
spin scattering in low-dimensional systems. ducer to scan the tip of a silver-coated tapered single-

To this end, we have developed a femtosecondmode optical fiber close to the surface of interest [4],
resolved low-temperature near-field scanning opticalising shear-force feedback [5] to maintain a constant dis-
microscope (NSOM) to monitor the spatiotemporaltance above the sample. The fiber aperture sizes are cho-
evolution of excitonic spins in magnetic semiconduc-sen to balance spatial resolution against photon shot noise,
tor heterostructures which are laterally patterned withand are varied between 100 and 180 nm. Carriers are opti-
a focused beam of Gaions. Polarization-resolved cally excited from the etched side and PL from the= 1
photoluminescence (PL) images reveal a spin-dependeheavy-hole excitonic peak collected with the fiber in the
energy landscape due to locally depressed Zeemamear field from the smooth opposite side of the structure.
splittings in the implanted regions. Marked differencesCircular polarization analysis and compensation of fiber
between carrier and spin behavior are observed througbirefringence are achieved with a variable wave plate and
sharp contrasts in the intensity and polarization profileslinear polarizer [3].
showing that excitonic diffusion has a minimal effect Figure 1(a) shows near-field low-temperature PL spec-
on the local magnetic interactions which contributetra [6] obtained from an intrinsic and nearby implanted
to Zeeman-split states. Time-resolved measurementggion of the structure using a 100 nm fiber aperture po-
suggest that the diffusion is driven by a spatially varyingsitioned ~25 nm above the surface. The structures are
energy profile, and acquires a spin-dependent componeakcited with linearly polarized light from an Ar(E.x =
in the presence of a magnetic field. Furthermore, &.707 eV) or HeCd(E., = 2.807 eV) laser(~1 kW/cn?)
systematic study of the near- and far-field PL datagenerating 500 excitofigm? in steady state, and lumi-
demonstrates fundamental limitations on the measureiescence is collected in the Faraday configuration within
ment of polarization in the near-field regime. fields B = 02 kG. In the intrinsic region, the magnetic
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T R e T . guantum efficiency of the structure, while the latter reduces
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oo ‘ N i identical conditions reveal a significantly larger Zeeman
260 28 @S 260 20l &S e splitting of 2.7 meV [Fig. 1(b)]. We believe that the

differences between Figs. 1(a) and 1(b) reflect fundamen-
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] . ~ function of tip-sample separation with the excitation
o e A e v Gomptined regon S DeaIm focused t0 a spot dameter— 6 . AS the t
a ZnSgZnggldoSe quantum well contgining 12 gr,nagnetic app_roach_es .the surface from a dIStaa’C». Alum, the
! monolayer thick MnSe layers aB =2 kG, T = 5 K, PL intensity mcrease_s_moderately, then rises by a factor
and excitation photon energf., = 2.807 eV. (b) Far-field Of 4, within the remaining 300 nm. A sharp knee in the
luminescence spectra of the same structure under otherwisatensity data clearly delineates the near- and far-field
identical conditions. (c) Near-field luminescence intensity andregimes. The PL polarization starts from a saturated value
o o b epaaton Soing 08 01 <3 d, decreases souly af > < > Aun,
with a d = 6 ;; aiaser spot sizpe. (dF)J San?e as (é), eXce‘l‘gtthen more rapidly for < Ajym, ﬁnally reaching the valu_e
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that the decrease in the observed polarization from its

field causes the higher energy spin-up state to have a rasymptotic value(z — ) arises from two independent
duced amplitude compared to the energetically favoreeffects. (1) Because of the selection rules in a semicon-
spin-down state, and an observed Zeeman splitting afluctor, luminescence detected at an an@ldrom the
1.4 meV. Luminescence from a nearby implanted regiormagnetic field axis will have a measured polarization
exhibits smaller but equal intensities from both spin state®(§) = P(0)cosf [7]. The measured polarization is
which are now coincident in energy. This suggests thateduced when luminescence is collected over a large solid
the structural disorder induced by the focused ion beamangle. Although the near-field tip collects light from
increases nonradiative decay channels and destroys the @t directions, its effective numerical aperture (NA) is
tational symmetry of the lattice. The former decreases thdetermined by botld andz The measured polarization

FIG. 2 (color). (& NSOM
luminescence intensity image
for the Gd&-implanted mag-
netic heterostructure of Fig. 1
(T =5K, B=2KG, Ex =
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 magneticé mono-
layer thick MnSe layers
implanted with 100, 200,
and 400 nm thick vertical
stripes left to right T = 5K,

B =2KG, E, =2.707¢eV).
(d) Polarization over the same
region.
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[Fig. 1(c)] increases witlz as the NA is reduced, even- tions in these regions. Fluctuations of the Zeeman splitting
tually reaching a saturated value of the far-field polar-in intrinsic regions are less pronounced than for the indi-
ization. When the spot diameter is increaseddte-  vidual spin states [Fig. 3(c)], indicating little variation in
100 wm [Fig. 1(d)], the numerical aperture is unaffectedthe localg factor [10].
by changes irz over the same region, and thus the polar- Time-resolved measurements are performed using a
ization is smaller and uniform. (2) At distances< Aum,  frequency-doubled mode-locked Ti:sapphire laser produc-
the sharp decrease in polarization is associated with coung 130 fs pulses at 76 MHz tuned B = 2.774 eV
pling to the evanescent fields of the recombining excitons(3 X 10° photongum?). A luminescence intensity au-
Related effects have been observed in near-field studigsecorrelation (LIA) technique [11], in which an inherent
of single molecules [8]. An intriguing explanation for the nonlinear dependence of the PL intensity with incident
loss of polarization is that the evanescent fields do nopower, traditionally attributed to exciton-exciton scatter-
propagate angular momentum and hence cannot couple itng [12,13], is exploited to obtain time-resolved informa-
circularly polarized light in the far field. tion about the lifetime of radiative excitonic states. The
NSOM images of the PL intensity and polarization arestructure is excited by two equal-intensity linearly polar-
obtained by scanning the tip over the sample surface anded pulses, separated by a variable time delay. Optical
collecting luminescence at a fixed detection energy. Figehoppers modulate the two excitation beams at different
ure 2(a) shows the PL intensity for one of the magnetidrequencies, and phase-sensitive detection at the sum
quantum well structures that has been subsequently pdrequency probes the nonlinearities which arise from the
terned with alternating 300 and 600 nm horizontal and ver-
tical stripes. The intensity is suppressed in the implanted
regions, and recovers slowly in the intrinsic areas. In con- |
trast, the measured polarization [Fig. 2(b)] is roughly con- n.x@'a] N\ A J
stant in the intrinsic areas, and drops abruptly to zero as one a f’}/.‘t F j"‘"‘ ﬂ
moves into the implanted regions. The slow modulation of - s T A s
the intensity is attributed to exciton diffusion from intrin- l]'"‘f V v
sic into nearby implanted regions. In contrast, the plateau 0.2¢ :j
of constant polarization over the intrinsic regions indicates R
that exciton diffusion does not affect the spin interactions ol DREE DREE BREE N
which give rise to the large Zeeman shifts. Moreover, 0.2 . o |- »4
mﬂ' ’
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these results confirm that the ion-induced lattice damage
is confined to the patterned areas. Figures 2(c) and 2(d)
show similar results on a second quantum well structure
with a different distribution of magnetic ions, patterned “ L by
with vertical stripes of width 100, 200, 400, and 800 nm e P S e T
(not shown). In this case, the PL intensity profiles appear - = e Spib Down Spinlp
less rounded in the intrinsic regions compared to the cross- ]
patterned image of Fig. 2(a), due to the one-dimensional
patterning scheme in which exciton diffusion parallel to
the implanted lines does not result in a loss of lumines-
cence intensity. From the sharpness of the interfaces in
Fig. 2(d) we estimate the NSOM resolution for these im-
ages to be-125 nm.

Spectrally resolved spatial scans provide a quantitative
measure of the energy landscape for the two excitonic spin
states. The PL and polarization extracted at the peak en-
ergyE = 2.610 eV are shown versus position in Figs. 3(a)
and 3(b), yielding results similar to linecuts through the : .. B
data of Fig. 2. Figure 3(c) shows the PL peak energy for 0 2 4 6 B 10
both spin states, revealing a spin-dependent energy profile st ()
and small(<1 meV) scan-to-scan reproducible micron- fiG. 3. (a) Luminescence intensity aft = 2.610 eV for
scale variations in intrinsic regions which are most likelythe structure of Figs. 2(c) and 2(df & 5K, B = 2 kG,
due to alloy fluctuations [9]. Subtraction of the two curvesEe = 2.707 eV), extracted from a 2D scan of energy and
yields the spatially resolved Zeeman splitting, shown inPosition.  Shaded regions depict the enginerred regions of

. . . o ion implantation. (b) Polarization of luminescence BAt=
Fig. 3(d). Much like the polarization, the splitting re- , 5,6y (c) Spatially resolved luminescence peak energies for

mains constant in intrinsic regions, dropping only in thespin-up and spin-down excitonic states. (d) Spatially resolved
implanted areas and indicating reduced magnetic intera@eeman splitting [difference of the two curves in (c)].
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(a) SpinUp
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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) [ = 5K,

B =2KkG, E, =2.774¢V).
(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. Thehe paramagnetic Mn spins [1]. In zero magnetic field,

time decay of this signal is thus determined by thethe two spin states are degenerate, and no spin-dependent

radiative recombination of the excitons and provides affects are observed. Similar behavior is seen in the non-

measure of their lifetimes. The observed lifetimes inmagnetic control sample.
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