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Ballistic hole magnetic microscopy
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A technique to study nanoscale spin transport of holes is presented: ballistic hole magnetic
microscopy. The tip of a scanning tunneling microscope is used to inject hot electrons into a
ferromagnetic heterostructure, where inelastic decay creates a distribution of electron-hole pairs.
Spin-dependent transmission of the excited hot holes into an undenytyge semiconductor
collector induces a hole current in the valence band of the semiconductor, with magnetocurrent
values up to 180%. The spin-filtering of holes is used to obtain local hysteresis loops and magnetic
imaging with spatial resolution better than 30 nm. ZD05 American Institute of Physics
[DOI: 10.1063/1.1864243

Introduced by Bell and Kaiser in 1988, ballistic electron semiconductor, complementary to spin injection of electrons
emission microscopf(BEEM)l has proven to be a powerful into the conduction band af-type semiconductor€*®
technique to study the nanoscale properties of a wide variety The principle of the technique is illustrated in Fig. 1. The
of structures. These include buried metal-semiconductor insample consists of p-type semiconductor substrate coated
terfaces, semiconductor heterostructures and quantum dowith @ metal thin film stack containing two ferromagnetic
ultrathin gate as well as tunnel oxides, and metallic and sillayers. Although the STM tip can be used to inject hot holes
icide thin films?® The high spatial resolution makes it an directly into the metal stack, we fouhﬁhat the transmitted
attractive technique for the study of magnetic nano- and hefurrent is rather small, making imaging more challenging.

erostructures which form the basis of spintronics and magl_-|oweve_r, the signal s improved significantly when _th_e tp
voltage is kept negative, such that hot electrons are injected.

netic data storage. The extension of BEEM to its spin- ; - d
sensitive counterpart, ballistic electron magnetic microscopyI ) this reverse mode, the |nject.ed hqt e!ectrons decay inelas-
' tically via electron-holgle-h) pair excitation. The hot holes

was d‘?m%s”ated to allow magnetic imaging with nanoscal?nus created can be transmitted through the metal stack and
resolution.’ _ - , enter the valence band of the underlyimgype semiconduc-
The high resolution and versatility of the technique stemy,. yrovided the holes have retained sufficient energy and
from the use of the tip of a scanning tunneling Microscopghe proper momentum to overcome the Schottky barrier at
(STM) to inject nonequilibrium carriers into the structure the metal/semiconductor interface. If the holes, once created,
under investigation, and collection of the transmitted carriersqave spin-dependent attenuation lengths in the ferromagnetic
in a semiconductor. Mostly, the injected carriers are hot electayers, the collected hole current will depend on the relative
trons and the collector is amtype semiconductor. However, magnetization alignment of the two ferromagnets. Note that
it has been showr®that the technique can equally well be hot-electron decay lengths in ferromagnets are much
applied using nonequilibrium holes, in combination with ashortet® than in normal metals like Au, such that holes cre-
p-type collector. With hole BEEM, dislocation lines have ated in the nonmagnetic spacer layers can be neglected.
been resolved with 1.5 nm resolutiGhMoreover, on Au/Si The samples were deposited by thermal evaporation in a
and Au/GaAs systems, BEEM in reverger scatteriny molecular beam epitaxy system with a base pressure of
mode was demonstratéliwhere instead of the ballistically 10*° mbar. Substrates consist of HF-etce8i(100) with a
transmitted carriers, the carriers that are created in the inelas-
tic scattering of the injected hot carriers are collected. How- tunnel barrier
ever, in none of the hole-based or the reverse modes of
BEEM has spin sensitivity been addressed. p-type
In this work we introduce a spin-sensitive version of silicon
BEEM using holes: ballistic hole magnetic microscopy in ' o°
reverse modgR-BHMM). We demonstrate that this tech- Vip ‘
nigue can be used to study local spin-dependent transport in e
ferromagnetic metal-semiconductor structures and allows
magnetic imaging with nanoscale resolution. This hole-based
technique can be applied to systems which requipetgpe
semiconductor, either for device operation or due to material
aspects. Moreover, if holes can cross the Schottky barrier W ferromagnet normal metal
without losing spin information, the method may find an

important applica’[ion in Spin injection of holes into a FIG. 1. Schematic energy diagram of ballistic hole magnetic microscopy in
reverse mode. Hot electrons are injected from a STM tip into a magnetic
multilayer stack on g-type semiconductor collector. Inelastic scattering in
dauthor to whom correspondence should be addressed; electronic maithe magnetic layers creates electron-hééeh) pairs, inducing a spin-
ron.jansen@ewi.utwente.nl dependent hole current into the valence band of the semiconductor.

----- hot holes
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FIG. 2. (Color (top panel Hole current vs tip voltage for
p-Si/Au(70 A)/NigFeo(18 A)/Au(70 A)/Co(18 A)/Au(30 A) at a mag-
netic field of +100 and -25 Oe, respectively, corresponding to par@el
and antiparalle(AP) alignment of the NjFe g and Co magnetization. In-
jection current idt=4 nA. (bottom panel Hole current vs magnetic field at
tip biasV;=-1.0 V and injection current=4 nA. All data atT=150 K.
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lithographically defined area of 150m diameter, sur-
rounded by a thick SiQinsulator. First, a 70 A Au layer is
grown to form a high quality Schottky barrier of
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0.3£0.03 eV with a smooth surface onto which the rest of 0.6 G o8 s
the metal layer stack is grown. Samples used here are 0.4 -
Nig;Fe,o/ Au(70 A)/Co spin valves where both magnetic 0 100 200 300 400

layers are either 15 or 18 A thick. A 30 A Au cap layer is Position (nm)
depqsﬂed in the end to pravide a chemically inert surface fo{:IG. 3. (Color) R-BHMM images of the spin-dependent hole current in a
ex snusample transfer.. BHMM measurements are performeq umx2 um area at subsequent magnetic fields (af +100 Oe, (b)
at 150 K in a modified variable temperature ultrahigh-2.5 Oe, (c) -10 Oe, (d) -25 Oe, (¢) -30 Oe, and(f) -100 Oe. The
vacuum STM, with a base pressure of fmbar. Current sample structure i-Si/Au(70 A)/Nig,Feio(15 A)/Au(70 A)/Co(15 A)/
coils provide a homogeneous in-plane magnetic field. For aff®(30 A). Hole current ranges from 0.5 pfblack to 1.1 pA (yellow).

. .V1=-1.6 V,1:=3 nA. In(g) a cross section is shown taken along the white
measureme_nts, th_e metal surfacg is _grounded and negatl}(ﬁe marked in(e). T=150 K.
voltage (V) is applied to the Ptlr tip with the tunnel current
I+ kept constant using feedback. A contact to the back of the
p-type Si is used to detect the hole currépje with a two-  larger current for theP state, and the expected magnetic
stage amplifier(10'* V/A) and a 300 Hz low-pass filter. hysteresis. The hole current is 0.36 and 0.13 pA inRlend

More details are described elsewhéte. AP state, respectively, corresponding to a large magnetocur-
Representative hole spectra are shown in the top panel oént of 180% at/t+=-1.0 V.
Fig. 2 for a Nj;Feo(18 A)/Au(70 A)/Co(18 A) structure, Application of spin-dependent hole transport to high-

obtained by recording,, as a function of tip bias at con- resolution magnetic imaging is demonstrated using a sample
stant hot-electron injection currelit;=4 nA). The sign of  with a Nig;Fe;o(15 A)/Au(70 A)/Co(15 A) stack. Figure 3
Ihole COrresponds to holes flowing from the metal stack intopresents spatial maps of the collected hole current obtained
the semiconductor back contact. The spectrum lab&ed by scanning the tip across aan-square area of the sample
(AP) is obtained in a magnetic field of +100 @e25 Os, at different applied magnetic fields. Data were acquired at a
corresponding to paralléantiparalle] alignment of the Co tip bias of V=-1.6 V and injection currerlt-=3 nA. Image
and Nj;Fe magnetizations. The hole current is clearly 3(a) corresponds to the saturated parallel configuration taken
magnetic field dependent and significantly larger for the parat +100 Oe, and shows a large hole current of about 1.1 pA
allel magnetic configuration. At the largest applied bias, the(in yellow) in the entire area, except for a small regiom
current in theP state corresponds to a transmission ofblack) near the bottom left. When the magnetic field is sub-
0.27 pA per nA of injected current, sufficient to allow mag- sequently reversed to a small negative valig. 3b)], con-
netic imaging, as shown below. trast appears with regions of large hole curréstate, yel-

To exclude artifacts due to possible local variations oflow) coexisting with regions of reduced currefilack
the transmission, the hole current was measured whilbaving a localAP magnetic orientation. When the field is
sweeping the magnetic field through a complete cycle fronfurther increasedimages(c)—(e)], the AP regions grow at
—100 Oe to +100 Oe and back in 0.1 Oe steps. The resultinthe expense of parallel regions such that most of the mag-
hole current versus field is shown in the bottom panel of Fignetic trilayer is now in theAP state with hole current of
2 for constant;=4 nA and tip bias/;=-1.0 V. We observe about 0.55 pA. However, a narrow ring-like structure with a
two field regiongbetween about +15 and +45 De&here the large hole current still persists. This is attributed to a 360°

hole current is reduced due #®P magnetic alignment, a domain wall. Note the sharpening of the top-right part of the
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ring structure when going frortd) to (e), and the presence of tocurrent up to 180% was observed, and the technique was
patches in the images with intermediate curr@mtred) cor-  used to obtain local hysteresis loops and applied to magnetic
responding neither to a fully parallel state, nor to a com-imaging with resolution below 30 nm.

pletely antiparallel state. Also, while most of the area is in

the AP state, a small portion of the area near the bottom right ~ The authors acknowledge financial support from the
corner has already returned to the parallel stateitaken at Dutch Foundation for Fundamental Research on Matter
-25 Oe, while this region was in the antiparallel state in(FOM), the Royal Netherlands Academy of Arts and Sci-
images(b) and(c). This indicates that local differences in the enceS KNAW), and the European Commissi@BPINOSA.
switching field are present in the sample. For the last image

[Fig. 3(f)] subsequently taken at —100 Oe, most of the W.J. Kaiser and L. D. Bell, Phys. Rev. Le§0, 1406(1988.
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