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

W. Wulfhekel,a) H. F. Ding, and J. Kirschner
Max-Planck-Institut fu¨r 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 Co~0001! 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.
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It is one of the challenges of experimental microma
netism to image magnetic structures down to scales be
the exchange length. With techniques like scanning elec
microscopy with polarization analysis~SEMPA!, spin-
polarized low-energy electron microscopy~SPLEEM! or
magnetic force microscopy~MFM! resolutions of several 10
nm have been achieved. These resolutions, however, ar
sufficient to study hard magnetic materials like Co~0001! in
that detail. Additionally, SEMPA and SPLEEM do not allo
dynamic studies due to long acquisition times or limitatio
in the use of an applied magnetic field. An alternative sc
ning technique that intrinsically offers atomic resolution
scanning tunneling microscopy~STM!. By using a spin-
polarized tunneling current, STMs high topographic reso
tion can be extended to spin sensitivity to the sample e
trons as has been reported by several groups.1–7 However, in
most of these experiments, no magnetic images were
tained and only in the work of Suzukiet al.5,6 and Bode
et al.,7 lateral imaging with a contrast due to tunneling w
reported. However, no rigorous proof for a magnetic orig
of the contrast was given and in some cases, an optical
trast could not be excluded.5,6 In this work, we use a mag
netic tip to image the sample in the spirit of Johnson a
Clarke.1 We separate the spin-dependent part of the tun
current by rapidly changing the magnetization of the tip a
detecting the variations in the tunnel current due to the m
netotunnel effect8 with a lock-in amplifier.9 This technique
offers a high spin contrast, fast data acquisition times in
range of ms/pixel and allows dynamic studies. Even m
netic susceptibility can be measured when an appropriate
sample combination is used.

Experiments were performed in an ultrahigh vacuu
chamber (p55310211mbar) equipped with an Auger elec
tron spectrometer~AES!, low-energy electron diffraction
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~LEED!, and a room-temperature STM. To allow the ope
tion of the STM in an applied magnetic field, magnetic pa
in the sample stage and scanning unit were avoided.
Co~0001! sample as well as magnetic tips were cleanedin
situ by argon sputtering. The sample was annealed af
wards by heating to 570 K. In AES spectra, no traces
contaminations could be found. LEED images showed
expected sixfold diffraction pattern with sharp spots and l
background intensity. After sample and tip preparation, t
nel images of the topography were recorded at room te
perature. During imaging, an alternating current of frequen
f was passed through a small coil wound around the m
netic tip to periodically switch the longitudinal magnetiz
tion of the tip. This results in variations of the tunnel curre
due to the magnetotunnel effect,8 that were detected with a
lock-in. To allow a rapid switching of the magnetization
the tip without mechanical vibrations due to magnetostr
tion, magnetic forces or magnetization losses, the tip m
rial was chosen to have a low coercivity, vanishing mag
tostriction and a low saturation magnetization.9 The
frequencyf was set to 40–80 kHz, i.e., well above the cu
off frequency of the feedback loop, to avoid reactions of t
z control on the magnetically induced variations of the tu
neling current.9 Tests of the setup on paramagnetic Cu~100!
showed no variations of the tunneling current due to vib
tions or magnetostriction. Since the tip is magnetized alo
its axis and perpendicular to the sample surface, sensiti
mainly for the perpendicular magnetic component of t
sample is obtained. However, the geometry of the very
of the tip is unknown and a small sensitivity to in-plan
components cannot be excluded. Hence, the output sign
the lock-in is mainly proportional to the perpendicular com
ponent of the magnetization.

Figure 1~a! displays the topography of the Co~0001! sur-
face. Due to a slight and practically unavoidable miscut
the sample, steps are present on the surface that bunch d
annealing to form step bunches 1–2 nm high separated
5 © 2000 American Institute of Physics
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flat terraces'500 nm wide. This leads to some roughness
the surface. Keeping in mind that the presented scans ex
over severalmm, i.e., are rather large for a high-resolutio
technique like STM, the observed roughness of few nm s
corresponds to a very flat surface. Figure 1~b! shows the
magnetization of the very same area of the sample, as
with the spin-polarized STM. The expected closure dom
pattern with domains of the order of 500 nm is observed.10,11

Many of the closure domains are pinned at the step bunc
giving alternating magnetization on adjacent flat regions
the sample. The influence of the topography on the lo
arrangements of closure domains is not unknown and
been reported for structures on larger scales.10 However,
there are also domains that are not correlated to the morp
ogy @upper right corner of Fig. 1~b!#. The contrast in the
magnetic image, i.e., the tunneling magnetoresistance
mostly smaller than that corresponding to tunneli
experiments.12,13 This is probably due to the fact that th
majority of surface domains on Co~0001! show only a small
perpendicular component11,14 and are oriented almost in
plane giving a small projection of the magnetization onto
tip axis.

To estimate the lateral resolution of the spin signal,
focus on the observed domain walls. Figure 2 display
linescan across a domain wall separating two domains
opposite contrast. The scan~raw data! reveals a wall width of

FIG. 1. STM images of~a! the topography and~b! the magnetic closure
domain structure of the same area of Co~0001!. Sample bias: 0.2 V, tunnel
ing current: 0.5 nA,~a! height variations 4 nm,~b! spin contrast: 3.6%.

FIG. 2. Linescan across a domain wall between two domains of oppo
contrast on Co~0001! revealing a resolution of'10 nm.
f
nd

ll

en
n

es
f

al
as

ol-

is

e

e
a
of

'17 nm which is in good agreement with the estimat
width of a 180° Bloch wall for Co of 15.7 nm.15 However,
one has to keep in mind that in the closure domain patter
Co~0001!, many different types of walls of lower angles a
present11,14 that might modify the domain wall thickness
The linescan reveals a lateral spin resolution of about
nm.16 This high lateral resolution is obtained in combinatio
with a high contrast and low data aquisition times~3 ms/
pixel!. The resolution in the topography channel, however
better ('1 nm) and in principle, the magnetic resolutio
should be of similar size. Unfortunately, magnetic doma
walls are usually much broader than that. Hence, the dem
strated resolution is basically limited by the sharpness of
available magnetic structures.

The observation of a contrast in the magnetic chann
even if the expected domain structure is seen, is no rigor
proof for a magnetic origin of the signal. To exclude all oth
origins, we did a proper magnetic experiment. We carr
out dynamic measurements and studied the influence
magnetic field on the features in the spin signal. O
Co~0001!, the observed features show only minor chang
even after extended scanning of the same area over ho
When applying a short pulse of a homogeneous magn
field of the order of 50 Oe perpendicular to the sample s
face as indicated by the arrows in Fig. 3, the observed
main wall can be moved a couple ofmm during scanning
@see Fig. 3~a!#, while no movement is observed in the top
graphic image@see Fig. 3~b!#. This unambiguously proves
the magnetic origin of the spin signal. The observed str
tures are indeed magnetic domains and domain walls on
surface. Additionally, this illustrates that spin-polarized ST
can be used to study the domain wall movement dynamic
during scanning.

Spin-polarized STM using a ferromagnetic tip pos
some constrains on the shape of the tunneling tip. To ob
a good and possibly atomic resolution, the very end of the
has to be atomically sharp. This also determines the m
netic resolution. When imaging domain walls or soft ma
netic materials, however, the stray field of the magnetic
cannot be neglected, since it might influence the structu
under investigation. Freshly prepared tips that are also sh
on the mesoscopic scale produce a rather localized s
field; the domain walls of hard magnetic materials are

ite

FIG. 3. STM image of~a! the domain structure and~b! topography of the
same area of the surface of Co~0001!. When applying external magneti
field pulses of 50 Oe during scanning~indicated by the arrows!, the domain
wall can be moved to the left~1! or right ~2!, depending on the direction o
the field. No movement is observed in the topography.
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effected and are resolved with high resolution like in Fig.
When a dull tip is used,17 however, domain walls are
smeared out like in Fig. 3 or Fig. 4~a!. This is due to a
periodic domain wall movement induced by the alternat
field of the tip. The walls rapidly vibrate with the magne
zation frequencyf , such that the resolution is limited t
'1000 nm@see Fig. 4~a!#. However, this interaction can als
be used to locally measure the magnetic susceptibility o
sample. Since the magnetization cannot follow instan
neously the stray field of the tip, a phase difference betw
the magnetization of the tip and the sample exists and du
the nonlinearity of the magnetization process, higher h
monics in the tunneling current are produced that can als
detected with a lock-in amplifier. This mechanism may
used to obtain domain wall contrast as shown in Fig. 4~b!
~2 f signal!. From the observed width of the susceptibili
signal around the wall and the switching frequencyf , a local
domain wall speed of'10 cm/s can be estimated. This tec
nique in combination with higher switching frequenci
might even allow the local study of the switching behavior
individual magnetic nanostructures.

FIG. 4. STM images of~a! the magnetic domain structure and~b! magnetic
susceptibility of the same area on Co~0001!.
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In conclusion, we have demonstrated that spin-polari
STM using a magnetic tip is a suitable technique to ima
hard magnetic structures with superb resolution. We h
presented dynamic observations of domain wall movem
and by this unambiguously proven the magnetic origin of
observed contrast. Further, magnetic susceptibility can be
corded simultaneously together with the magnetization
the topography. This technique might be used to study
switching behavior of individual magnetic nanostructur
and allows the investigation of the local susceptibility in s
magnetic materials or domain walls.
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