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High-resolution study of magnetization and susceptibility by spin-polarized
scanning tunneling microscopy

W. Wulfhekel,® H. F. Ding, and J. Kirschner
Max-Planck-Institut fu Mikrostrukturphysik, Weinberg 2, 06120 Halle, Germany

We present static measurements of the domain structure and dynamic results on domain wall motion
and local susceptibility obtained by spin-polarized scanning tunneling microscopy. The topography
and the magnetic structure of the sample are recorded simultaneously with down to 10 nm
resolution. With this technique, domain wall movement on(@00J) is studiedin situ. In some

cases, the magnetization of the sample is locally influenced by the stray field of the tip. Measuring
higher harmonics in the tunneling current allows one to quantify this influence and measure
magnetic susceptibilities on similar scales. 2000 American Institute of Physics.
[S0021-897€00)19908-9

It is one of the challenges of experimental micromag-(LEED), and a room-temperature STM. To allow the opera-
netism to image magnetic structures down to scales belowion of the STM in an applied magnetic field, magnetic parts
the exchange length. With techniques like scanning electrom the sample stage and scanning unit were avoided. The
microscopy with polarization analysi$SEMPA), spin- Co(000) sample as well as magnetic tips were cleaired
polarized low-energy electron microscog@PLEEM or  Situ by argon sputtering. The sample was annealed after-
magnetic force microscopf§MFM) resolutions of several 10 wards by heating to 570 K. In AES spectra, no traces of
nm have been achieved. These resolutions, however, are n@@ntaminations could be found. LEED images showed the
sufficient to study hard magnetic materials like(@@01) in  expected sixfold diffraction pattern with sharp spots and low
that detail. Additionally, SEMPA and SPLEEM do not allow background intensity. After sample and tip preparation, tun-
dynamic studies due to long acquisition times or limitationsnel images of the topography were recorded at room tem-
in the use of an applied magnetic field. An alternative scanperature. During imaging, an alternating current of frequency
ning technique that intrinsically offers atomic resolution is f was passed through a small coil wound around the mag-
scanning tunneling microscop§STM). By using a spin- netic tip to periodically switch the longitudinal magnetiza-
polarized tunneling current, STMs high topographic resolu-ion of the tip. This results in variations of the tunnel current
tion can be extended to spin sensitivity to the sample elecdue to the magnetotunnel effécthat were detected with a
trons as has been reported by several gréupslowever, in  lock-in. To allow a rapid switching of the magnetization of

most of these experiments, no magnetic images were oibe tip without mechanical vibrations due to magnetostric-
tained and only in the work of Suzukit al>® and Bode tion, magnetic forces or magnetization losses, the tip mate-

et al,” lateral imaging with a contrast due to tunneling was/ @ Was chosen to have a low coercivity, vanishing magne-

reported. However, no rigorous proof for a magnetic origintostriction and a low saturation magnetizatibnThe

of the contrast was given and in some cases, an optical coff€duencyf was set to 40-80 kHz, i.e., well above the cut-
trast could not be excludéd In this work, we use a mag- off frequency of the feedback loop, to avoid reactions of the

netic tip to image the sample in the spirit of Johnson and? control on the magnetically induced variations of the tun-

Clarke! We separate the spin-dependent part of the tunné?e”ng current. Tests of the setup on paramagnetic(to)

current by rapidly changing the magnetization of the tip andigglvi? rrr]:; Vr?gtitgt)rncst'g; th;;gg?ﬁgntg c_l;rrmegt ggﬁ g:jvalﬁjc:ﬁ_
detecting the variations in the tunnel current due to the mag.—I 9 ction. i P! gnetiz 9

netotunnel effewith a lock-in amplifier This technique its axis and perpendicular to the sample surface, sensitivity

offers a high spin contrast, fast data acquisition times in themalnly for the' perpendicular magnetic component of the
. . . Sample is obtained. However, the geometry of the very end
range of ms/pixel and allows dynamic studies. Even mag-

; . . of the tip is unknown and a small sensitivity to in-plane
netic susceptibility can be measured when an appropriate tIE’omponents cannot be excluded. Hence, the output signal of
sample combination is used. '

. . , the lock-in is mainly proportional to the perpendicular com-
Experiments were performed in an ultrahigh vacuum

_ R : ) ponent of the magnetization.
chamber p=5Xx10"""mbar) equipped with an Auger elec- Figure 1a) displays the topography of the @®01) sur-

tron spectrometerAES), low-energy electron diffraction 506 pue to a slight and practically unavoidable miscut of
the sample, steps are present on the surface that bunch during
dElectronic mail: wulf@mpi-halle.mpg.de annealing to form step bunches 1-2 nm high separated by
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FIG. 3. STM image of(a) the domain structure an) topography of the
same area of the surface of ©001). When applying external magnetic
field pulses of 50 Oe during scannifigdicated by the arrowsthe domain
wall can be moved to the leftl) or right (2), depending on the direction of
the field. No movement is observed in the topography.

FIG. 1. STM images ofa) the topography andb) the magnetic closure

domain structure of the same area of({@1). Sample bias: 0.2 V, tunnel-

ing current: 0.5 nA(a) height variations 4 nm(b) spin contrast: 3.6%.
~17nm which is in good agreement with the estimated

width of a 180° Bloch wall for Co of 15.7 nriv. However,

flat terraces=500 nm wide. This leads to some roughness ofoN€ has to keep in mind that in the closure domain pattern of
the surface. Keeping in mind that the presented scans exter%o(oor?t? ,14mﬁny dlffehrent tyPeS ﬁf walls O,f IOW?Ir ar]ngILeS are
over severalum, i.e., are rather large for a high-resolution Present ™ that might modify the domain wall thickness.
technique like STM, the observed roughness of few nm stiIIThe linescan reveals a lateral spin resolution of about 10
corresponds to a very flat surface. Figuré)lshows the nm.1® This high lateral resolution is obtained in combination

magnetization of the very same area of the sample, as sedfith @ high contrast and low data aquisition times ms/

with the spin-polarized STM. The expected closure domairfP™x€)- The resolution in the topography channel, however, is
pattern with domains of the order of 500 nm is obsertfeld. better ¢~1nm) and in principle, the magnetic resolution
Many of the closure domains are pinned at the step bunchesohould be of similar size. Unfortunately, magnetic domain

giving alternating magnetization on adjacent flat regions 01W""”S are usua!ly much t?roade.r than that. Hence, the demon-
the sample. The influence of the topography on the |Oca§trated resolution is basically limited by the sharpness of the

arrangements of closure domains is not unknown and ha%va'_ll_ible rtr)wagne';!c strl;ctures.t - e channel
been reported for structures on larger sc&leslowever, € observation of a contrast in the magnetic channel,

there are also domains that are not correlated to the morphdfVen if the expected domain structure is seen, is no rigorous
ogy [upper right corner of Fig. (b)]. The contrast in the proof for a magnetic origin of the signal. To exclude all other

magnetic image, i.e., the tunneling magnetoresistance, grigins, we did a proper magnetic experiment. We carried
mostly smaller than that corresponding to tunnelingOUt dynamic measurements and studied the influence of a

experiment$213 This is probably due to the fact that the magnetic field on the features in the spin. signal. On
majority of surface domains on @001 show only a small Co(000)), the observed features show only minor changes
perpendicular componédt and are oriented almost in- €VEN after extended scanning of the same area over hours.

plane giving a small projection of the magnetization onto the!'/NeN applying a short pulse of a homogeneous magnetic
tip axis. field of the order of 50 Oe perpendicular to the sample sur-

To estimate the lateral resolution of the spin signal, welaC€ as |Ir|1d|catebd by thedarrows Iln Fig. ?(’j the observed do-
focus on the observed domain walls. Figure 2 displays ain wall can be moved a couple pim during Scanning
linescan across a domain wall separating two domains df€€ Fig- 8], while no movement is observed in the topo-

opposite contrast. The scémw data reveals a wall width of ~ 9raPhic image(see Fig. 8)]. This unambiguously proves
the magnetic origin of the spin signal. The observed struc-

tures are indeed magnetic domains and domain walls on the
surface. Additionally, this illustrates that spin-polarized STM
can be used to study the domain wall movement dynamically

during scanning.

Spin-polarized STM using a ferromagnetic tip poses

|1% some constrains on the shape of the tunneling tip. To obtain
a good and possibly atomic resolution, the very end of the tip

has to be atomically sharp. This also determines the mag-
netic resolution. When imaging domain walls or soft mag-
netic materials, however, the stray field of the magnetic tip

0 20 40 60 80 100 cannot be neglected, since it might influence the structures

position (nm) under investigation. Freshly prepared tips that are also sharp

FIG. 2. Linescan across a domain wall between two domains of opposit&" the meSOSC_OPiC scale produce a r_ather |0?a|iz’3d stray
contrast on C(001) revealing a resolution of 10 nm. field; the domain walls of hard magnetic materials are not

spin-dependent current (%)
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In conclusion, we have demonstrated that spin-polarized
STM using a magnetic tip is a suitable technique to image
hard magnetic structures with superb resolution. We have
presented dynamic observations of domain wall movement
and by this unambiguously proven the magnetic origin of the
observed contrast. Further, magnetic susceptibility can be re-
corded simultaneously together with the magnetization and
the topography. This technique might be used to study the
switching behavior of individual magnetic nanostructures
and allows the investigation of the local susceptibility in soft
magnetic materials or domain walls.

FIG. 4. STM images ofa) the magnetic domain structure afil magnetic
susceptibility of the same area on (©0602).
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