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Spin-polarized scanning tunneling microscope for imaging the in-plane
magnetization

U. Schlickum,® W. Wulfhekel, and J. Kirschner
Max-Planck-Institut fu Mikrostrukturphysik, Weinberg 2, D-06120 Halle, Germany

(Received 7 April 2003; accepted 8 July 2003

We present a spin-polarized scanning tunneling micros¢8pe-STM for imaging the magnetic
in-plane component of magnetic surfaces. Magnetic in-plane sensitivity is obtained by using a
ferromagnetic ring as a Sp—STM tip. By periodically switching the magnetization of the ring, the
spin-dependent tunneling current between the ring and a spin-polarized sample is measured. The
topography and the spin polarization can be imaged at the same time. We resolved the 180° domain
wall of Fe whiskers and antiferromagnetic coupled Mn layers of0®B. © 2003 American
Institute of Physics.[DOI: 10.1063/1.1606867

During the last years, two different approaches to spinof the polishing paste was stepwise decreasedita.en and
polarized imaging with scanning tunneling microscopythe polishing was checked with scanning electron micros-
(STM) have been developed, i.e., spin-polarized scanningopy (SEM) [see Fig. 1b)]. Some grooves could be found
tunneling microscopySp—STM? and spin-polarized scan- which originate from polishing which, however, should not
ning tunneling spectroscopySp—ST$.2 The high lateral influence the tangential magnetization. After these prepara-
resolution of these techniques allow new insight intotion steps, the rings were annealed to 620 K in &mo-
micromagnetismi:* In the case of Sp—STS, W tips coated sphere. A small coil was wound around the rings that enables
with ultrathin magnetic films were used. The magnetic conthe switching of the ring’s magnetization. The modulation
trast was obtained from spectroscopic data, which also corfrequency of the ring magnetization was chosen between 15
tain information on the density of states. By using differentand 30 kHz. To determine the current needed to saturate the
materials for coating, the magnetic out-of-plane and one infing, magneto-optical Kerr-effect measurements were per-
plane component was measured. In Sp—STM, the magnetiormed. As depicted in Fig.(&) a small current of 4 mA is
zation of a soft magnetic tip is periodically switched and theenough to switch the magnetization. In Figajllan optical
spin dependent tunneling current between the tip and thénage of a ring with a small coil is shown. The ring is fixed
sample is measured. To periodically switch the magnetizal© the scanner with a W wire. A necessary condition to per-
tion of the tip, a small alternating current is applied throughform Sp—STM measurements is a clean tip and a clean
a coil wound around the Sp—STM tip. The spin dependen?amme- Therefore, all measurements were ca_rrled out in
part of the current which is the difference in the tunnelingUHV: After the transfer into the vacuum, the rings were
current for opposite tip magnetizational) is separated Ccl€aned by argon sputtering. Argon sputtering and evapora-
from the unpolarized part which is the average tunnelingion ©f some monolayeréML) Fe on the tunneling part of
current () with a phase sensitive lock-in amplifier. In this (N€ fings improved the spin contrast. The sample, an Fe
way, the topography and the spin polarization can be imagewh's_ker’ was clear_1ed by cycle_s Of_ argon sputtering ant_j an-
at the same time. Up to now, only the magnetic out-of-plané‘ea“ng(no K) until no contamination could be found with

component could be imaged in this way by using sharp magﬁuQer electron spectroscopy and a perfect grystal ;tructure
netic tips® as observed by low-energy electron diffraction. During the

Here we present a method for imaging a WeII_deﬁnedsputtering and annealing processes, the domain structure of

magnetic in-plane component. In this case, the sharp STI\ﬁm Fe whisker may change. Thus, we installed a Kerr-

tip is replaced by a ferromagnetic ring. The advantage of a
ring is that the magnetization lies along the tangential direc-
tion. Therefore, using the ring as a Sp—STM tip, sensitivity
to the magnetic in-plane component of the sample along itg
tangential direction is obtained following the ideas of
Johnson and ClarkeAs the stray field of an ideal ring is

zero, rings used as STM tips should have no or little influ- i (c)
ence on the sample magnetization. Ezo
The rings are electrochemically etched from a CoFeSiB Z..
foil (25 um thick). The foil is of the same CoFeSiB amor- %40
phous material as in our previous wdrkAfter etching, the £
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rings were polished on their outer perimeter. The grain size Al

FIG. 1. (a) Optical image of a rindouter diameter: 2 mm, inner diameter:
0.7 mm with a small coil and a W wire(b) SEM image taken at the outer
perimeter of a ring, angc) a Kerr loop of a ring.
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FIG. 2. Sp—STM image ofa) the topography anb) the spin signal of an =3 0.4
Fe whisker. Images were recorded at the same time at a bias voltage of 0. & 8%
V and a feedback current of 1 nA. .‘é 0.1
'g 0.0

microscope to crosscheck the domain pattern of the crystal ir
the UHV chamber. Some experiments were performed on
Mn films grown on the Fe whisker. Mn was deposited by
electron-beam evaporation with growth rates of 0.5 ML/min
at 370 K. The evaporation rate of Mn was determined by
medium-energy electron diffraction.

We chose Fe whiskers as test samples since they hav

been extensively studied in the past. Perfectly grown, defec ¥ - - Mag"eﬁzaﬁ°“|

) ) ) _ direction of
free Fe whiskers have simple domain pattérig., 180° = 5d e p o ring. |
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electron microscopy with polarization analy(iSEMPA),’
Kerr-microscopy, and magnetic force microscopyeurther-
more, Fe whiskers have flat surfadésrrace sizes of several FIG. 4. Sp—STM image ofe) the topography anct) the spin contrast of 7

L L . . - ML Mn grown on Fe whisker. In the spin signal, the alternating contrast
100 nm which is a necessary condition for imaging with a represents the antiferromagnetic coupling between adjacent Mn ldyefs.

ring as a dull STM tip. Figure 2 shows the topography andine profile of the topographffine in ()] and(d) a line profile of the spin
the spin contrast of an Fe whisker, imaged with Sp—STM. Irsignal averaged over 12 lingsectangular inc)]. The spin contrast is about
the topography[Fig. 2(@] monoatomic steps and terrace 0.4%. Images were recorded at the same time at a bias voltage of 0.1 V and
: . . .. a feed back current of 3 nA.
widths between 200 and 400 nm are visible. Tunneling with
an ideal ring with an outer diameter of 2 mm should not
result in high lateral resolution. The ring, however, showssimulated line profile across the 180° domain Watlshows
small protrusions from polishingsee Fig. 1)] and possibly  the in-plane component of the magnetization pointing along
tips on the nanometer scale. Tunneling from these tips resulthe domain wall #||) normalized to the saturation magneti-
in the observed hlgh lateral resolution. In the image of thezation (NIS) The measured wall prof"e perfect|y agrees with
spin signal, clearly two domains separated by a 180° domaighe calculated data within the lateral calibration error of the
wall running along the(100 direction [Fig. 2b)] can be  scanner £10%). Therefore, we indeed imaged the in-plane
seen. The spin signal contains no crosstalk of the topographyagnetization. The profiles are not always in such a good
and no magnetic structure of the 180° domain wall is foundygreement. With some rings, the domain wall could be some
in the topography. A line profile across the domain wall ob-54 nm proader. This may be due to the very soft magnetic Fe
tained by averaging over 29 line scans is presented in Fig. §/hisker, where 1 Oe is enough to move an Fe whisker do-

main wall by some 100 nm. Therefore, the occasional broad-

_ i < ening is likely due to a small residual stray field of some of

= 1= the rings.

< = . L

- ] a Further, |nvest|gat|on§ were perform.ed on the system

g Lo [a177=4% 3 Mn/Fe whisker. We studied the magnetic behavior of the
8 3 topological antiferromagnetic Mn on a ferromagnetic sub-

£ g strate (Fe whiskey. On this system, SEMPA and spin-

@ - 118 polarized electron energy loss spectroscopy measurements
03 iy o1 03 showed that the Mn layers couple layer-wise

position [um] antiferromagnetically®'! We deposited 7 ML Mn on an Fe
whisker at 370 K. The layer-by-layer growth of Mn on Fe

FIG. 3. Measuredsquareys and calculatedsolid line) (see Ref. 9 line whiskers chanages to a laver-plus-island growth for lavers
profile across a 180° domain wall of an Fe whisker. The measured line 9 yerp 9 y

profile is taken along the line indicated in Figb2 The error bars are the thicker than 3 _ML-_ In Fig. 4, the tOpOQra_‘phy and the CQI’-
standard deviation of the mean of the 29 line scans. responding spin signal are presented. Since we deposited 7

ML Mn, many levels are exposed on the surface. In Fig),4
(squares The solid line represent the micromagnetically three different Mn layers on one Fe-whisker terrace are vis-

ible which are separated by monoatomic steps as seen from
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the line profile[Fig. 4(b)]. In the spin signalsee Fig. 4c)], In conclusion, we showed a simple way to image one
an alternating contrast between adjacent Mn layers can beell defined in-plane component of the sample spin polariza-
seen. The spin signal of the first and third layer is the saméon with a lateral resolution of 1 nm by using a ring as a
but it is different from the one of the second laysee line  Sp—STM tip. We demonstrated the capability of this method
profile Fig. 4d)]. The topography line profile shows that the by resolving a 180° domain wall of a ferromagnetic Fe whis-
signals derive from three different layefBig. 4(b)]. The  ker and the antiferromagnetic coupling of Mn layers grown
alternating spin signal represents the antiferromagnetic colpn an Fe whisker. Since the stray field of the rings is small,
pling. The spin contrast on Mn strongly depends on the biag was possible to image domain walls of a soft magnetic
voltage; a high spin contrast was measured around 0.1 V. Th@yaterial. With all rings that showed easy magnetic switching
two dips in the line profile[Fig. 4(d)] correspond to a [similar to the Kerr loop of Fig. (c)], we were able to obtain
crosstalk of the topography at the step edges. This may bgagnetic contrast after ring preparation by sputtering and/or

due to the flnlte_ response sp_eed of the feed bac_k loop or dygs coating. Rings could be used for several months.
to nonperpendicular tunneling between the ring and the
sample at the step edges. For this measurement the magneti- The authors would like to thank M. Scheinfein for kindly
zation of the ring was along th€100) direction of the Fe providing the calculated line profile in Fig. 3.
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signal corresponds to the spin component of the Mn along
the (100) direction. Line profiles(not shown across topo-
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