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Vacuum tunneling of spin-polarized electrons from a ferromagnetic CrO; tip into a Cr(001) single
crystal has been observed by means of a scanning tunneling 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 separated 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.+z, 75.50.Ee

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 energy 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
tunneling 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 either be
superconductor-oxide-ferromagnet 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 Blugel, 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)-2x1 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)-
2x1 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.®
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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 l-um-
thick CrO, 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 CrO,
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 Er."" The large value of the spin polarization may
be explained by a spin-filter effect of CrO; as a conjec-
tured half-metallic ferromagnet'? or a more semiconduc-
torlike fcrromagnet.” 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
electrochemically 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.)
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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
energy- 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
steps can be seen. A screw dislocation appears in the upper
right-hand part of the image. (Tunneling 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=+2.5V.)
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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 nm, 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
to 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
1 nA. The I vs V characteristics, which were recorded
to investigate the bias-voltage dependence in more detail,

012 nm
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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 Ef."!

Second, a periodic alternation of the measured mona-
tomic step heights between larger and smaller values
compared to the mean single step-height value 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 hav-
ing the same direction of magnetization as the front part
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FIG. 4. Schematic drawing of a ferromagnetic 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 h;=h+As,;+As, and
ha=h—As| —As>.
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of the CrO; tip. The tunneling current /1y will then be
increased due to a contribution from SP tunneling:®

In“'lo(l‘i"P), n

where Ip 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 Iy, will be decreased:

I1,=1,(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 h,=h — As| — As3, where h is the topographic
monatomic step height. The relationship between

Iy —1y

P=— 3)
Iy +1y,

and As},As; is given by

exp(AvV/pAs|) —exp(— AVpAs>)

P-
exp(AvV/pAs ;) +exp(— A/pAs>)

_ exp(4v/opAs) —1 )

exp(4vVoAs)+1

where ¢ is the mean local tunneling barrier height, As
=As,+Asy, and A=1 eV~ 2A 7!, 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 In/ vs s characteris-
tics. The value of ¢ lies between 3 and S eV for all of
over one hundred In/ 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 either tip or sample.'’
Therefore, we have confidence that the derived values for
the polarization P cannot greatly be affected by surface
contamination. Taking As=0.021+0.01 nm and an
average value of 4+0.5 eV 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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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
steps can be seen. A screw dislocation appears in the upper
right-hand part of the image. (Tunneling 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=+2.5V.)



