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Bubble domains in garnet films studied by magnetic force microscopy
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Institute of Applied Physics, University of Hamburg, 20355 Hamburg, Germany

P. Novotny
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(Received 30 March 1995; accepted for publication 9 August 1995)

We have studied magnetic domain structure in (YSmi.uCa),(FeGe);O,, garnet thin film by using
magnetic force microscopy (MFM). Domain wall contrast of bubble domains has been revealed
using Permalloy—Fe double-layer thin-film tips. We have also observed that nanometer scale
deformations of the surface disturb a magnetic bubble structure by introducing stripe domains.
MFM images have shown that stripe domains pin their domain walls to surface scratches. The
domains can change their location with respect to a scratch by switching a domain wall pinned to

a scratch. © 1995 American Institute of Physics.

Development of vertical Bloch line (VBL) memories in
garnet films requires among many others also good observ-
ability of domain wall structures.! Domains and domain
walls are usually observed by means of optical methods.>?
Partial grooving of bubble gamets, necessary to stabilize
stripe and bubble domains, is the other factor required to
control a good performance of VBL memories.*~® The to-
pography of the surface has to be then precisely defined. The
two important features, domain wall contrast and the topog-
raphy of the same area, can be simultanecusly measured with
magnetic force microscopy (MFM). Using MFM we have
found that scratches of a depth of few nanometers disturb a
bubble structure in magnetic garnet film by introducing
stripe domains. This opens the possibility of modifying the
domain structure by nanometer scale surface deformation.

In this communication, we present the first result ob-
tained on bubble domains in magnetic gamet films with mag-
netic force microscopy (MFM). MFM is the method which
relies on the magnetostatic interaction between the magnetic
sample and the magnetic sensor (tip) attached to a cantilever
placed tens of nanometers over the sample.” Scanning the
sample at a specific height, we have monitored the deflection
of the cantilever due to magnetic tip—sample interaction.
This has provided a map of forces sensed over the sample,
The magnetic force exerted on the tip is the convolution of
the sample field gradient and the tip magnetization over the
volume of the tip.?

dc operation of MFM, as we have previously described,
gives the opportunity to acquire magnetic and corresponding
topographic images of the same area simultaneously.”'” This
is an important advantage over optical methods used to study
domain walls. The most difficult task necessary to solve has
been to establish the reliable and most sensitive magnetic
sensor able to reflect the domain wall structure. We have
previously found that the iron thin films deposited on com-
mercially available Si;N, pyramidal tips form magnetically
sensitive tips which are able to obtain domain wall contrast
on a stripe domain structure in magnetic gamet.” However, a
similar single-layer magnetic thin-film tip has not given
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well-reproducible domain wall contrast on bubble domains.
The problem with a single-layer thin-film tip has been its too
high coercivity and small signal-to-noise ratio,

These remarks are valid with respect to MFM data ob-
tained on bubble domains. In order to overcome these diffi-
culties, mainly to decrease the coercive force H, of magnetic
tips, we have used laminated tips.'® Laminated magnetic
films deposited on flat surfaces have been studied for many
years.'®~'> Among other features it was found that laminated
80-20 nickel—iron films exhibit about ten times lower coer-
cive force than a single layer of the same thickness. Similar
H_ reduction was also observed in double films.'*!? Accord-
ing to the theory the reduction of H_ is related to a reduction
of the energy of walls in such double films.'® Small thickness
of a spacer helps to form ferromagnetic microbridges which
might influence the interaction between magnetic layers.”
Since Si;N, tips have pyramidal shapes we did not have the
same deposition conditions as for previously studied lami-
nated fiims. After testing different compositions of laminated
tips we have achieved the best MFM images with
Permalloy-Fe double films separated by 3 nm of Au. The
thickness of the Permalloy layer has been in the range from
12 to 18 nm. The second magnetic layer, Fe, has been de-
posited with a thickness of 10-15 nm. We have also used Cr
as a spacer between magnetic layers. Usually the signal-to-
noise ratio in MFM data obtained with these tips is slightly
lower than with Au spacer. The last layer evaporated on the
magnetic double-film tip against oxidation and mechanical
wear has been thin layer of 10 nm of Au. Tips were not
magnetized prior to the experiment.

We  have studied an  epitaxially grown
(YSmLuCa),(FeGe)s0,, garnet film on Gd,Gas0,, substrate.
The garnet film has a thickness of 4.7 um and a quality
factor ¢=2.5. The bubble structure has been obtained by
applying a nearly in-plane constant magnetic field.

Figure | is an example of MFM data obtained with a tip
that was coated with 12 nm of Permalloy, 3 nm of Au as a
spacer, and 10 nm of Fe as a second layer. It shows a 15X 15
pm’ scan. The pominal tip-sample separation was 100 nm
for this image. The bright rings represent the domain wall
contrast in the bubble garnet film. The diameter of a bubble
domain is about 3 um. Having a magnetically soft tip we

© 1895 American Institute of Physics
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FIG. 1. Magnetic bubble domain structure of a gamet film obtained with a
Permalloy-Fe thin-film tip. Bright rings represent domain wall contrast. The
tip—sample separation was 100 nm.

expect that the tip has been always attracted over the do-
mains regardless of the domain polarization, when the coer-
cive force of the tip is smaller than the stray field arising
from the domains. We have observed lower {attraction) con-
trast over the domains and higher {bright rings) due to do-
main walls.

In Fig. 2 we show an example of the direct dependence
of the domain structure on a surface deformation. The MFM
image is in Fig. 2(a). The lower part of Fig. 2 is a topo-
graphic image with a scratch with a width of 440 nm and
depth of 11 nm. Exactly along the scratch lies the stripe
domain. The bright line which encircles the domain repre-
sents the domain wall contrast. Two rows of bubble domains
arrange themselves along the stripe domain as pinned to the
stripe. Although surface grooving is a common method to
stabilize stripe and bubble domains a relation between a do-
main structure and surface deformation on nanometer scale is
still not known in detail.” Thorough inspection of Fig. 2 and
other images (not shown because of space) reveals that a
domain wall of the stripe domain sits exactly at the position
of a scratch. If a domain wall is in the middle of the scratch,
then the magnetic charges induced on opposite side surfaces
have different signs and thus the scratch serves as a mini-
source of an inhomogenous magnetic field. The surface den-
sity of a magnetic charge is described by M (« — 8) where M
is the magnetization of the garnet, S is the angle between
magnetization M and the easy axis (z), and a denoctes the
slope of the side of the scratch.

According to our knowledge such an effect of a nanom-
eter scale surface deformation on a bubble magnetic structure
has not yet been reported. This direct correlation between a
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FIG. 2. The upper part is a magnetic bubble structure with a stripe domain
observed by MFM. The topographic image of the same area with a scratch
which generated the stripe domain is below the MFM image. One of the
domain walls of the sinpe domain is pinned o the scratch.

domain structure and a nanometer scale modification of the
surface is a very important effect which might be used in
magnetic recording.

As we have mentioned at the beginning of this commu-
nication we did not magnetize MFM tips before an experi-
ment. According to our experience, magnetizing the tip usu-
ally leads to MFM image without domain wall contrast, for
example shown in Fig. 3{a). Then the tip was magnetized
perpendicular to the sample surface. The MFM image shows
a very weak domain wall contrast but quite a strong domain
contrast. The bubble domains appear as white circles. There
are also two stripe domains pinned to narrow scratches vis-
ible in the topographic image {Fig. 3(b}] with a width of 400
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FIG. 3. Magnetic bubble structure observed by MFM with a magnetized tip.
There are no rings but only circles, One of the stripe domains changes its
position with respect to the scratch by switching the pinned domain wall,
Two parallel scratches are visible on the topographic image.

nm and a depth of 10 nm. One of these stripe domains
switches its position on the scratch sitting on it first with one
domain wall pinned to the scraich and then with the other
one.
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It is also important to notice that at the left-hand-side
upper corner of the MFM image some bubble domains har-
bored to the scratch are flattened. This might be the primary
and necessary status before they build up a ‘stripe domain.
Two of these domains are already connected with each other.
They form a new stripe domain which will lie along on both
sides of the scratch if a process of building up proceeds in
the opposite directions.

In summary, we have used MFM to study bubble do-
mains on garnet film. Using Permalloy-Fe double thin-film
tips we have imaged walls of bubble domains. Simulta-
neously acquiring MFM images and topographic scans has
given us an opportunity to investigate the direct dependence
of magnetic domain structure on surface morphology. Fur-
thermore, we have observed that nanometer-deep scratches
on the surface have caused significant changes in a bubble

" domain structure.

Comparing MFM data with the corresponding topo-
graphic scan we have found that stripe domains pin their
domain walls to surface scratches. These correlations be-
tween topography and magnetic structure open the possibil-
ity to introduce and manipulate stripe domains within bubble
structure by controlled surface modification on a nanometer
scale,

A.W. would like to thank Shuheng Pan for many discus-
sions of different aspects of this work.
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Observation of Vacuum Tunneling of Spin-Polarized Electrons
with the Scanning Tunneling Microscope
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Vacuum tunneling of spin-polarized ¢lectrons from a ferromagnetic CrO; tip into a Cr(001) singie
crystal has been observed by means of a scanning tunncling microscope (STM) operated in UHV. Top-
ographic STM images of the Cr{(001) surface using a tungsten tip confirm the model of topological anti-

ferromagnetism between ferromagnetic terraces se

parated by monatomic steps of 0.144-nm height.

With CrO; tips, the measured step-height values alternate around the mean value of 0.144 nm due to an
additional contribution from spin-polarized-electron tunneling.

PACS numbers: 75.30.Pd, 61.16.Di, 75.25.+2, 75.50.Ec

Over the past two decades, a number of experimental
techniques has been developed to investigate surface
magnetism, such as spin-polarized (SP) field emission,
SP photoemission, SP tunneling, electron-capture spec-
troscopy, SP-LEED, Lorentz microscopy, scanning elec-
tron microscopy with polarization analysis (SEMPA),
and, more recently, magnetic force microscopy (MFM). !
These techniques can be used, for instance, to measure
the spin polarization averaged over surface regions deter-
mined by the spatial extension of the probe, to investi-
gate magnetic domain structures, and to probe spin-
dependent encrgy states. Although some of the above-
mentioned experimental techniques, such as SEMPA or
MFM, simultaneously offer a high spatial resolution of
the order of 10 nm, an experimental tool probing real-
space magnetic structures down to the atomic scale has
not been demonstrated. Since the invention of scanning
tunncling microscopy’ (STM), which allows the deter-
mination of real-space atomic structures, the question
arose whether this technique can also be made sensitive
to the electron spin and therefore to magnetic structures
on the atomic scale. It has already been shown that SP
secondary electrons, generated by STM in the field-
emission mode, may be used in the future for magnetic
imaging on a nanometer scale® and that a direct observa-
tion of the precession of individual paramagnetic spins
on oxidized silicon surfaces is possible by STM.* How-
ever, evidence has not yet been obtained for tunneling of
SP electrons in a STM experiment, offering the oppor-
tunity to investigate real-space magnetic structures down
to the atomic scale. In contrast to SP tunneling studies
using planar tunneling junctions, which can cither be
superconductor-oxide-fecromagnet junctions® or ferro-
magnet-oxide-ferromagnet junctions,® the STM tech-
nique promises to allow the determination of the local

spin polarization. Here, we report on the first vacuum
tunneling experiments of SP electrons from ferromagnet-
ic CrO; tips into a Cr(001) surface by means of a STM.
We first show that topographic STM measurements per-
formed with a tungsten tip on the Cr(001) surface sup-
port the microscopic model by Bligel, Pescia, and Deder-
ichs” of topological antiferromagnetism between fer-
romagnetic terraces separated by single steps. After re-
placing the tungsten tip by a ferromagnetic CrO, tip, a
characteristic alternation of the measured monatomic
step-height values is observed which we attribute to an
additional contribution from SP tunneling. An expres-
sion is derived relating the spin polarization with quanti-
ties directly measurable with the STM.

The experiments were performed in a multichamber
UHY system (Nanolab) with several surface preparation
and analysis facilities.® The pressure in the STM
chamber was 1x10 ™' mbar during all the STM studies
reported in this Letter. The calibration of the STM
scanning unit was performed laterally by imaging the
Si(111)-7x7 (Ref. 9) and the Si(001)-2x1 (Ref. 10)
surface structures and perpendicular to the surface by
imaging monatomic steps on the Si(001)-2x 1 surface.
It is important for our analysis of the step structure of
the Cr{001) surface that a clear distinction between
monatomic and biatomic steps can be made by compar-
ing with the step-height values found on the Si{001)-
2x| surface. On this surface, monatomic steps separate
terraces with the dimer rows oriented at 90° relative to
each other, whereas a parallel orientation of the dimer
rows is observed on terraces separated by biatomic steps.
The noise level of the STM instrument is well below 0.01
nm, which has been proved by imaging the atomic struc-
ture of the hexagonally close-packed Au(111) surface
with a measured corrugation of the order of 0.02 nm.*

© 1990 The American Physical Society 247
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All STM data presented in this Letter represent raw
data.

For comparison of STM studies with nonmagnetic and
magnetic probes, we used electrochemically etched
tungsten tips and ferromagnetic CrO; tips, respectively.
These CrO; tips were obtained by first growing 1-pm-
thick CrQ; films with in-plane magnetization on Si(111)
substrates covered with a 35-nm-thick TiO, nucleation
layer. The CrO, was deposited by decomposing CrO;
vapor on a heated substrate in a convection reactor
operated in ambient air. The Si(111) substrates were
scribed and cleaved on (111) planes after the deposition
of the CrO; films. The cleavage cracks propagate
through the brittle CrO; film to give a tip shape at the
intersection of particular cleavage planes. The Si sub-
strate at the front end of each tip is etched back in HF-
HNOj solution which preferentially dissolves the silicon.
The overhanging CrO, film is used as a magnetic probe.
The films have a large remanent magnetization (~90%
of saturation) so the tip is likely to be in a single domain,
saturated state. The in-plane magnetization of the CrQ,
films together with the shape anisotropy of the tip lead to
a preferred magnetization direction perpendicular to the
sample surface in the STM experiment. Recent spin-
resolved photoemission experiments on similar ferromag-
netic CrO; films showed a spin polarization of nearly
100% for binding energies near 2 eV below the Fermi
level Ef.'! The large value of the spin polarization may
be explained by a spin-filter effect of CrQ; as a conjec-
tured half-metallic ferromagnet'? or a more semiconduc-
torlike ferromagnet.'' The CrO; tips were therefore
favored for SP tunneling experiments with the STM, al-
though they could not so far be prepared as sharp as
clectrochemically etched tungsten tips.

Apart from the problem of choosing the appropriate
SP electron source, a magnetic test structure was needed.
We have chosen the Cr(001) surface for the following
reason. Recently, Bliigel, Pescia, and Dederichs” showed
on the basis of self-consistent total-energy calculations
that topological antiferromagnetism between ferromag-
netic terraces separated by single steps (Fig. 1) is the en-
ergetically most favorable structure of this surface. This
topological antiferromagnetism of the Cr{001} surface is

§

FIG. 1. Topological antiferromagnetic order of the Cr{001)
surface with terraces separated by monatomic steps. Different
terraces are magnetized in opposite directions. Only surface
spins are indicated. (Figure taken from Ref. 7.)

248

compatible with both the absence of magnetization ob-
served by spin-resolved photoemission'? which arises
from the cancellation between oppositely magnetized ter-
races within the diameter of the light spot, as well as
with the existence of spin-split surface states detected by
encrgy- and angle-resolved photoemission'® which are
due to majority- and minority-spin states inside each fer-
romagnetic terrace. The topological antiferromagnetism
of the Cr{001) surface with terraces alternately magnet-
ized in opposite directions provides an ideal test structure
for SP-STM experiments.

Our topographic STM studies of the Cr(001) surface
also strongly support this microscopic model with ter-
races separated predominantly by monatomic steps [Fig,

(a)

(b)

FIG. 2. (a) Constant-current STM image (perspective
view) of the Cr{001) surface (128 nm)? obtained with a
tungsten tip. Terraces separated predominantly by monatomic
sleps can be seen. A screw dislocation appears in the upper
right-hand part of the image. (Tunncling current /=1 nA.
sample bias voltage U = +0.05 V.} (b) Constant-current STM
image (top view) of the Cr(001) surface (32 nm)? obtained
with a CrO: tip showing again terraces separated by monatom-
ic steps with different gray levels for each terrace. (Tunneling
current /=1 nA, sample bias voltage U/ = +2.5 V.)
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2(a)l. The mechanically and electrolytically polished
Cr(001) surface was prepared in situ over a time period
of several months by cycles of Ar-ion etching and an-
nealing. A p(1x1) LEED pattern was obtained, charac-
teristic of a clean Cr(001) surface.'* Only small traces
of oxygen and nitrogen could be detected by x-ray photo-
electron spectroscopy. The average width and shape of
the observed terraces were found to depend on the an-
nealing conditions, whereas the preferred occurrence of
monatomic steps was independent of the preparation
conditions. The experimental determination of the
monatomic step-height value yields 0.149 + 0.008 am, in
good agreement with half of the cubic unit-cell height of
0.144 nm for bee Cr.

After replacing the tungsten tip by a CrO; tip, the
STM images of the Cr(001) surface showed qualitatively
the same topographic structures, i.e., terraces separated
by monatomic steps [Fig. 2(b)]. Surprisingly, these
monatomic steps could still be imaged with a remarkably
high spatial resolution, although the CrO, tips appear
macroscopically rather blunt, However, we find two
different experimental results with CrO; tips compared
1o tungsten tips,

First, a positive sample bias voltage of at least 2 V had
to be applied in order to get a stable tunneling current of
I nA. The I vs ¥V characteristics, which were recorded
to investigate the bias-voltage dependence in more detail,

0.12 nm

0416 nm

S——

FIG. 3. Arbitrarily chosen {not successive) single-line scans
over the same three monatomic steps taken from the STM im-
age of Fig. 2(b), which was obtained with a CrO, tip. The
same alternation of the step-height values (0.16, 0.12, and
again 0.16 nm) in all single-line scans is evident. The line
scans are 22 nm long. Inset: For comparison, a single-line
scan over two monatomic steps taken from the STM image of
Fig. 2(a), which was obtained with a tungsten tip. In this case,
the measured step-height value is constant and corresponds to
the topographic monatomic step height. This line scan is 70
nm long.

showed the typical appearance of semiconductor-
vacuum-metal tunneling rather than that for metal-
vacuum-metal tunneling. This observation is consistent
with results from spin-resolved photoemission from simi-
lar CrO; films showing low intensity in the photoemis-
sion spectra near Er.!! We therefore operated the STM
always in a regime of maximum spin polarization of the
CrO,, which is found at about 2 eV below E P

Second, a periodic alternation of the measured mona-
tomic step heights between larger and smaller values
compared to the mean single step-height valuc of 0.144
nm is observed (Fig. 3). To support this experimental
result, we have analyzed the step heights from individual
line scans of over twenty STM raw data images obtained
in the constant-current mode. Care was taken to analyze
only measured line scans (line scans in the x or y direc-
tion) and not oblique line scans where the exactness of
the determination of the step-height values can suffer
from the interpolation procedure necessary to get the
topographic height values along these oblique line scans.
It should be noted that the step-height values determined
from topographic STM images might sometimes fluctu-
ate within a few percent; however, a periodic alternation
of the step-height values, as reproducibly observed in
different line scans (independent measurements) with
the CrO; tip on the Cr(001) surface, has never been
found in topographic STM images measured with a
tungsten tip. Furthermore, the deviation from the single
step-height value determined with a CrO, tip can be as
large as =+ 15% which is outside the range of scatter of
the monatomic step-height values measured with a
tungsten tip. Therefore, we conclude that the observed
periodic alternation of the single step-height values is
characteristic for STM experiments performed with
CrO; tips on a Cr{001) surface.

We interpret this periodic alternation of the monatom-
ic step-height values as being due to an additional contri-
bution from SP tunneling. Assume, as sketched in Fig.
4, that the CrO; tip is first scanning over a terrace hay-
ing the same direction of magnetization as the front part

iasz Ho 1

1A
-

4
Al 7

FIG. 4. Schematic drawing of a ferremagnetic tip scanning
over alternately magnetized terraces separated by monatomic
steps of height h. An additional contribution from SP tunnel-
ing leads to alternating step heights k1 =h+As,+As; and
ho=h—As| —Asa.
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of the CrO; tip. The tunneling current /11 will then be
increased due to a contribution from SP tunneling:$

L1 =1,(1+P), a)

where /o would be the tunneling current without this
contribution and P is the effective spin polarization of
our tunneling junction. Since the STM is operated at
constant current, an additional contribution to the tun-
neling current leads to a corresponding increase As, of
the mean distance s between the tip and the sample sur-
face. If the CrO; tip is scanning over a terrace having
the opposite direction of magnetization, the tunneling
current /;; will be decreased:

Iy =I(1—-P), (2)

leading to a corresponding decrease As, of the distance
between tip and sample. The measured single step-
height values therefore alternate between h; =h+As,
+As; and hy=h —As| — As,, where h is the topographic
monatomic step height. The relationship between

In—1Iy
T+ ®
and As;,As; is given by
p= exp(A4VpAs|) —exp(— ApAs))
exp(AVpAs,) +exp(— AVpAs;)
—exp(4/gAs) —1 @

exp(AVpAs)+1

where ¢ is the mean local tunneling barrier height, As
=As|+As;, and A= 1 ¢V~ 2A "' Equation (4) rep-
resents a relationship between the effective spin polariza-
tion P and the quantities ¢ and As which are directly
measurable with the STM. Apart from the determina-
tion of the changes of the single step-height value, mea-
surements of ¢ are necessary to derive P. We have
determined ¢ from the slope of local Inf vs s characteris-
tics. The value of ¢ lies between 3 and 5 eV for all of
over onc hundred Inf vs s characteristics which were
measured with different sample bias voltages between
+2.5 and +3.5 V. These ¢ values indicate that clean
conditions for the tip and the sample surface were
achieved, whereas anomalous low ¢ values were reported
for contaminated surfaces of cither tip or sample.'’
Therefore, we have confidence that the derived values for
the polarization P cannot greatly be affected by surface
contamination. Taking As=0.02+0.01 nm and an
average value of 4 0.5 ¢V for ¢, we derive values for P
of (20 10)%. The tip-to-sample distance at 1-nA tun-
neling current and a sample bias voltage of +2.5 V was
determined to be about 0.5 nm. Measuring the distance
and the bias-voltage dependence of the local spin polar-
ization will both be interesting topics for future investi-
gations.

In summary, we have demonstrated that SP tunneling
can be detected and the local spin polarization P can be
determined by the STM using ferromagnetic CrO; tips.
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This opens the door for studies of magnetic structures on
the atomic scale by STM. Improvements in the sharp-
ness of the ferromagnetic probing tips might lead, for in-
stance, to the first real-space images of in-plane antifer-
romagnetic structures in the future.
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We show that the scanning tunneling microscope (STM), operated in ultrahigh vacuum, can be
made sensitive to the electron spin and therefore to magnetic structures down to the atomic scale.
The experiments were performed with a ferromagnetic CrO, tip providing electrons of high spin
polarization. As sample, we used a Cr(001) single crystal which offers an ideal magnetic test
structure. The experimental results obtained with the ferromagnetic CrQ, tip characteristically
differ from those obtained with a nonmagnetic tungsten tip. We give an expression, relating the
local electron spin polarization of the tunneling junction with quantities directly measurable with
the STM. We also discuss possible contributions from magnetic dipole and exchange forces as
well as the feasibility of magnetic exchange force microscopy.

. INTRODUCTION

It was already at the First International Conference on Scan-
ning Tunneling Microscopy when “magnetic tunneling” ex-
periments with a scanning tunneling microscope (STM)
were mentioned as a promising extension of atomic resolu-
tion studies to the field of surface magnetism.' In the mag-
netic version of the force microscope, where the long-range
magnetic dipole forces are probed,” the lateral resolution is
limited to some tens of nanometers due to the slow decay of
the magnetic dipole forces with increasing tip-surface sepa-
ration. In contrast, STM involving tunneling of spin-polar-
ized electrons offers the opportunity to probe real-space
magnetic structures down to the atomic scale. However, the
smallness of the expected change of the current due to tun-
neling of spin-polarized electrons leads to stringent experi-
mental requirements which have not been met before.

First, a highly stable STM operating in the low 10 "
mbar range is necessary since surface magnetism is known to
be influenced by only slight surface contamination. Second-
ly, a source of electrons with high spin polarization ( prefera-
bly near 1009%) is needed to ensure the maximum possible
effect. Thirdly, an appropriate magnetic test structure is re-
quired.

In the following, we first describe our experimental setup
together with our choice of tip and sample (Sec. 11). We then
present the experimental results (Sec. 111} and their inter-
pretation (Sec. IV). Finally, we discuss the possible influ-
ence of forces (magnetic dipole and exchange forces) on the
experimental results (Sec. V). We also comment on the fea-
sibility of a magnetic exchange force microscope which, in
contrast to conventional magnetic force microscopy, would
also offer the opportunity to study magnetic structures down
to the atomic scale.
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. EXPERIMENT

The tunneling microscope used for the present investiga-
tions is part of a multichamber UHV system (NANOLAB)
with several surface preparation and analysis facilities which
has previously been described in detail.** All experiments
reported here were performed at 1 X 10 "' mbar. The cali-
bration of the STM scanning unit was accomplished by
imaging the atomic structure of $i¢ 111) 7 7° and Si(001)
2 17 surfaces. The noise level of the STM instrument is well
below 0.1 A which was proven by imaging the atomic struc-
ture of the hexagonally close-packed Au(111) surface witha
measured corrugation of 0.2 A.** The quality of STM im-
ages obtained with our instrument is also demonstrated by
another contribution in these Proceedings.”

As source of electrons with a high spin polarization, we
have chosen ferromagnetic CrQ, tips. These CrQ, tips con-
sist of a 1 gm thick CrO, film with in-plane magnetization
deposited on Si(111) substrates covered with a TiO, nuclea-
tion layer. The silicon substrates were cleaved in such a way
that tips were obtained. Finally, the substrates were etched
back in HF-HNO, solution leading to overhanging CrO,
filmis which can be used as magnetic probes. The films have a
large remanent magnetization (~90% of saturation).
Therefore, the tips are likely to be in a single domain, satu-
rated state. It has recently been shown by spin-resclved pho-
toemission on similar CrQ, films that the spin polarization is
nearly 100% for electrons emerging from states with binding
energies near 2 eV below the Fermi level.” Although the
electron spin polarization as measured by spin-resolved pho-
toemission is not necessarily the same as in tunneling experi-
ments, it was hoped that the spin polarization of electrons
tunneling out of the occupied states of the CrQ, tip would be
high encugh to detect a sign for spin-dependent tunneling,
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Magnetic test structures on the atomic scale are offered by
antiferromagnets. This choice has two advantages. First, the
antiferromagnetic coupling allows the spins to be in opposite
directions over interatomic distances which provides the
most challenging structure for atomic resolution magnetic
microscopies. Secondly, in contrast to ferromagnets, the
long-range magnetic dipole field of an antiferromagnet is
almost canceled by the alternating spin alignment. This is
important for excluding the possible influence of magnetic
dipole forces on the experimental results as will be discussed
in Sec. V. As an electrically conducting antiferromagnet, we
have chosen Cr with bulk bec structure, The magnetic butk
structure of Cris well known from neutron scattering experi-
ments and is shown in Fig. 1(a). Depending on the type of
surface [e.g., (001), (110) or (111)], different magnetic
surface structures of Cr can be studied. Since the CrO, tips
could not be prepared as sharp as electrochemically etched
W tips so far, we did not believe to get in-plane atomic reso-
lution with such tips right at the beginning. However, a high
resotution perpendicular to the surface plane can always be
expected. Therefore, we have not chosen the Cr(111) sur-
face with in-plane antiferromagnetic structure but the
Cr(001) surface which provides a simpler magnetic test
structure. In Fig. 1(b) we present the structure of the
Cr(001} surface as proposed on the basis of self-consistent
total-energy calculations'® and consistent with experimen-
tal results from spin-resolved'' and angle-resolved photoe-
mission.'*'"* Characteristic for the proposed surface struc-
ture of Cr(001) is the occurrence of ferromagnetic terraces
which are separated by monatomic steps and alternately
magnetized in opposite directions. [t is important that the
surface Néel temperature of about 800 K for Cr(001)'? s

(b)

FiGo 1. (4) Spin-luttice of antiferromagnetic Cr. (h) Alternately magne-
tized terraces of a Cr(001) surface. The terraces are sepuarated by moanate-
mic steps of 0.144 nm height (from Ref. 10).
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well above room temperature at which the STM experiments
were performed.

ll. RESULTS

The mechanically and electrolytically polished Cr(001)
surface was prepared in situ over a time period of several
months by cycles of Ar* ion etching and annealing. A
p(1X1) low-energy electron diffraction pattern was ob-
tained, characteristic of a clean Cr(001) surface.'*'3 Only
small traces of oxygen and nitrogen were finaily detected by
x-ray photoelectron spectroscopy.

Topographic STM studies performed with a nonmagne-
tic, electrochemically etched W tip support the microscopic
model of terraces separated predominantly by monatomic
steps as shown in Fig. 2. The shape of the terraces as well as
their average width depend on the surface preparation con-
ditions. However, the preferred occurrence of monatomic
steps was found to be independent of the surface preparation
and the experimentally determined value of the monatomic
step height (1.49 + 0.08 A} is in good agreement with half
of the cubic unit cell height of bee Cr (1.44 A ).

The terrace structure of the Cr(001) surface also appears
in STM images obtained with a ferromagnetic CrO, tip as
shown in Fig. 3(a). However, several differences between W
and CrQ, tips became evident. First, a positive sample bias
voltage of at least 2 V had to be applied in the STM experi-
ments with the CrO, tip in order to get a stable tunneling
current of | nA. The /-V characteristics showed the typical
appearance of semiconductor-vacuum-metal tunneling.
This observation is consistent with the low intensity in the
photoemission spectra of CrQ, near the Fermi level.” There-
fore, the possible explanation of the high spin polarization of
electrons from CrO, as being a half-metallic ferromagnet'*
is questionable. Tt now seems more likely that CrQ, must be
regarded as a semiconductor-like ferromagnet.

Fii. 2. Overview STM image (128> 128 nm™) of the Cr{001) surface ob-
taied with a tungsten tip at a constant tunneling current. The terraces.
which are predominantly separated by monatomic steps, appear in different
grey levels according to their relative height. The tunneling parameters
were = I nAand /= +0.05V.
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(b}

F16. 3. (a) Top-view STM image (32> 32 nm’} of the Cr((1) surface
obtained with a CrO, tip at a constant tunneling current. Again. rerraces
separated by monatomic steps can be seen which show up in different grey
levels. The tunneling parameters were /=1 nA and &= + 2.5 V. (h)
Arbitrarily chosen (not successive) single line scans over the same (hree
monatomic steps taken from the STM image of {a), which was obtained
with a CrQ), tip. The same aliernation of the step-height values (0.16, 0,12,
and again 0.16 nm} in all simgle tine scans is evident, The line scans sre 22
nm long. Inset: For contparison. a single line scan over (wo monatomic steps
taken from the STM image of Fig. 2, which was obtained with a tungsten tip.
It this case, the measured step-height value is constant and corresponds
the topographic monatomic step height. This Iine sean is 70 om long

Second, while scanning over the alternately magnetized
terraces, a characteristic periodic alternation of the mea-
sured monatomic step-height values around the mean value
of 1.44 A can be observed with a ferromagnetic CrQ, tip
which has never been found with a nonmagnetic W tip [ Fig.
3(b}]. This periodic alternation of the measured monatomic
step-height values cannot be explained by a statistical fluctu-
ation of the measured step-height vaiues since the same alter-
nation (including the sequence of larger and smaller mea-
sured step-height values as well as the amount of the
deviation from the mean monatomic step-height value) is
reproducibly observed in different line scans which can be
regarded as independent measurements. The reproducibility
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is not only given within a single STM image but also for
successive STM images of the same surface area. In Fig. 4(a)
we present another STM image obtained at the same loca-
tion as the image presented in Fig. 3(a). Note that the
imaged surface areas in Figs. 3(a) and 4(a) have a different
size. If we now analyze the measured step-height values for
the same three monatomic surface steps, we find the identi-
cal periodic alternation (including the sequence as well as
the amount of deviation) of the measured step-height values.

In the following Sec. IV, we will give an explanation for
this observed periodic alternation of the measured step-
height values based on vacuum tunneling of spin-polarized
electrons from the ferromagnetic CrO, tip into the Cr(001)

016 nm

012 nm
0186 nm

{6}

Fio. 4. (1) Another STM image (50 - 50 nm’) of the Cri001) surface
ohtained with the CrQ. tip at the same location as for the image presented in
Fig. 3¢y The tunneling parameaters were the same as for Fig. 3ta). (h) The
identical periodic alternation of the measured step-height values is found in
the STM image of (a) for the same three monatomic surfuce steps which
have already been analyzed in Fig. 3(h).
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sample. In Sec. V, we will show that alternative explanations
based on the influence of magnetic forces can be ruled out.

IV. INTERPRETATION

Slonczewski'*'® has already shown that the conductance
G of a tunneling junction consisting of two ferromagnets is
dependent on the relative orientation of the magnetization
vectors within the two electrodes. A magnetic valve effect is
predicted consisting of an increased conductance
G = G, (1 + P} in the case of parallel magnetization vectors
and a reduced conductance G = G, (1 — P) in the case of
antiparallel magnetization vectors. (We denote P as the ef-
fective polarization of the magnet—barrier—-magnet junction
and G, as the conductance of the tunneling junction without
considering spin-dependent tunneling.) In our experiment,
the tip magnetization vector is known to lie in the plane of
the CrQ, film. Within this plane, the shape anisotropy of the
tip leads to a preferred direction of the magnetization along
the tip axis. Therefore, the tip magnetization vector is per-
pendicular to the sample surface plane. Assume, as in Fig. 5,
that such a tip is scanning over the alternately magnetized
terraces of the Cr(001) surface. According to the theory of
Slonczewski, the tunneling current would alternately in-
crease and decrease while scanning over the different ter-
races at a constant height 5,. However, since we are operat-
ing our STM at constant tunneling current, the tip has to
withdraw from or come closer to the surface depending on
the magnetization direction of the terraces. This automati-
cally leads to a periodic alternation of the measured monato-
mic step-height values between larger and smaller values as
observed experimentally. One can easily show that the rela-
tionship between the effective polarization P of the magnet—
barrier-magnet junction and the deviation As of the larger
and smaller measured step-height values from the topo-
graphic step-height value is given by'”

_exp{4 VoAs) — 1

exp(A ydAs) + 1
where ¢ is the mean local tunneling barrier height and 4 = 1
eV YA ' Since As and ¢ can directly be measured by
STM, the local effective spin polarization of the tunneling
Junction can be determined. From Figs. 3(b) and 4(b) we

P

145

FiG. 5. With a ferromagnetic tip scunned over alternately magnetized ter-
races, the measured step-height values are not identical with the topograph-
ic step-height /& but alternale between J, = h + As, + Ay, and
Ao =k — &s; - Ay, due to an additional contribution from spin-dependent
tunneling.
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derive As = (0.2 + 0.1) A. We also measured ¢ from the
slope of local log I-s characteristics and obtained values
around (4 + 0.5) eV. Therefore, we derive a value for P of
about (20 + 10)%,

Assuming a spin-dependent tunneling probability
T(s),s,) =6, ,,wheres, and s, denote the spin directions
of the initial and final state, we calculated P based on pub-
lished density-of-states calculations.'*'® Generally, P can-
not be expressed as a product of the spin polarizations of the
two independent electrodes. The value of P turns out to be
characteristic for a special tunneling junction at a particular
bias voitage. Varying the bias voltage can change the value
and even the sign of Pas shown in Fig. 6. The experimentaily
obtained value of P at a sample bias voltage of + 2.5 V is in
good agreement with the result of the calculation. Future
bias and distance dependent measurements of P as well as
spatially resolved measurements of Pare particularly prom-
ising.

V. FORCES

One might argue that the influence of magnetic forces
could also lead to the observed alternation of the monatomic
step-height values when measuring with a ferromagnetic tip.
We first consider magnetic dipole forces. In Fig. 7, we pres-
ent a calculation of the z component of this force for a tip
magnetized along the tip axis (z direction), while the tip is
scanned over alternately magnetized surface regions. We as-
sumed a magnetization field of 500 Oe for the tip and a width
of the homogeneously magnetized surface regions of 10 nm.
From experiments observing the transition from the tunnel-
ing regime to the formation of point contact, we know the
distance between the CrQ, tip and the Cr(001) surface for a
tunneling current of 1 nA and a sample bias voltage of 2.5 V.
This distance 4 was determined to be about 5 A. The calcula-
tion of the magnetic dipole force was performed ford, =5 A
and d, = 3 A. The value of this force came out to be of the
orderof 10 '' N. However, the force is largely overestimat-
ed in our calculations since we assumed the shape of the tip

[
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Fic.. 6. Effective spin polarization of the CrQ, ~vacuum-Cr{001) Junction
as & function of sample bias voltage. The insets show the spin-up (upper
part) and the spin-down (lower part) density-of-states of CrO. and the
Cri001) surface.
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Fii. 7. Magnetic dipole force acting on a ferromagnetic tip while scanning over alternately magnetized surface regions in a distance of 3 A (solid fine) and 5 A
{dotied line). A magnetization of 500 Oe with direction along the tip axis was assumed.

to be a truncated pyramid (height: 10 um, base areas: 0.16
and 243.36 um’}), whereas in reality, the CrQ, tip consisted
of a thin film of | 4m thickness overhanging for about 10 zm
aver the Si(111) substrate. Estimates of the spring constant
of the overhanging CrO, film yield values of at least 500
Nm ' This spring constant is, however, effective only for
forces acting parallel to the surface plane. Even if we calcu-
late the resulting deflections by taking this spring constant of
500 Nm ' and forces of the order of 10 '' N, we obtain
values of the order of 10 * A_ This is far below the deviation
of the measured step-height values from the topographic
step height which can be as large as 0.2 A [Figs. 3(b) and
4(b)]. In conclusion, magnetic dipole forces acting between
the ferromagnetic CrO, tip and the antiferromagnetic Cr
sample can be neglected in our experiment.

We finally consider the possible influence of magnetic ex-
change forces. We have not exactly calculated these forces
for the STM-type geometry. However, we have estimated
the magnetic exchange force per unit area as a function of the
distance between the two electrodes according to a recent
theoretical work by Slonczewski.'® The results are presented
in Fig. 8. For a tip-surface distance of 5 A, we obtain a force
ofabout 5 10 "N A > From the sharpness of the mona-
tomic steps imaged with the CrQ, tip, we estimate the effec-
tive radius of this tip not to be larger than 20 A. Only this
effective tip radius 1s important when considering the short-
range exchange forces in contrast to the long-range dipole
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forces. The exchange force is therefore of the order of
10 "-10 "' N. Again, the derived deflections, even by as-
suming an effective spring constant of 500 N m ', are negli-
gible. The situation would, however, change if, instead of a
CrQ, tip, a cantilever beam with a spring constant of about |
Nm 'or even less is used in an AFM-type experiment.

.
ForcetN/A")

a i P 3 ¢ < s
%Ry

Fia. 8. Magnetic exchainge force per A7 as a function of the separation
between the two clectrodes.
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Magnetic exchange forces should then easily be detectable at
smaller tip-surface separations (less than 5 A ) where these
forces strongly increase (Fig. 8). To exclude a dominant
contribution from magnetic dipole forces, either the tip or
the sample has to be an antiferromagnet. With such a mag-
netic exchange force microscope, high spatial resolution can
be expected due to the large force gradient.

VI. CONCLUSIONS

We have presented STM experiments involving a ferro-
magnetic CrO, tip and a Cr(001) surface. A characteristic
periodic alternation of the measured monatomic step-height
values can be observed which has never been found when
measuring with a nonmagnetic W tip. We can explain these
experimental results only by assuming vacuum tunneling of
spin-polarized electrons from the CrQ, tip into the Cr(001 )
sample. Estimates of magnetic forces acting in our experi-
ment show that these forces can be neglected. However, the
calculations indicate that magnetic exchange force micros-
copy involving at least one antiferromagnetic electrode and
tip-surface distances of less than 5 A should be feasible.
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