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ABSTRACT Spin-polarized scanning tunneling microscopy has produced a great amount of
images presenting magnetic contrast between different magnetic domains with an unsurpassed
spatial resolution but getting values like the surface polarization has proven to be a difficult task.
We will discuss in detail how to extract this information for the case of manganese layers grown on
Fe(001) whiskers. Mn layers adopt a body-centered-tetragonal (bct) structure when they are grown
on the Fe(001) surface at room temperature. The Mn layers show an antiferromagnetic coupling
between the layers. Comparing our spin-polarized scanning tunneling spectra measured with
Fe-coated W tips with spin-resolved band structure calculations, we are able to find the value of
the sample surface polarization. Also discussed is a method to change the tip magnetization.
Finally, the magnetic structure around a screw dislocation on the surface is reviewed. Microsc. Res.
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INTRODUCTION

Since its invention by Binnig et al. (1982), the scan-
ning tunneling microscope (STM) has revolutionized
surface physics research due to its unprecedented spa-
tial resolution combined with its spectroscopic capabil-
ities. Very soon after, there were some first attempts to
develop an STM with spin sensitivity. The knowledge
about the magnetic structures on very small scales is
believed to be crucial for the fundamental understand-
ing of micromagnetism and the controlling of magnetic
media and devices in the future. To overcome the
obstacles of the established magnetic imaging techni-
ques, the development of the spin-polarized scanning
tunneling microscope (SP-STM) to map the spin struc-
ture at surfaces down to the atomic level has been the
aim of many studies in the past. An instrument with
this high resolution would offer fundamentally new
insights into the real space order of antiferromagnets,
ferromagnets, and ferrimagnets at irregular defects
such as dislocations, steps, or atomic point defects,
which are inaccessible to scattering techniques, or the
transmission of spin-polarized electrons across ferro-
magnetic/nonferromagnetic interfaces.

The first SP-STM experiments in ultra-high vacuum
(UHV) on a clean and well-characterized surface were
done by Wiesendanger et al. (1990) using a CrO, tip.
Since then, several experimental approaches to per-
form SP-STM measurements have been proposed
(Alvarado and Renaud, 1992; Bode et al., 1998; Prins
et al., 1996; Suzuki et al., 1997; Vazquez de Parga and
Alvarado, 1994; Wulfhekel and Kirschner, 1999). The
more successful approach so far is the one proposed by
Bode et al. (1998). In this approach, a clean tungsten
tip is covered with a layer of magnetic material (ferro-
magnetic or antiferromagnetic) and the tunneling cur-
rent depends on the relative orientation of the
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magnetization of tip and sample. With this method, it
has been possible to take images of magnetic structures
down to the atomic level (Heinze et al., 2000) surpass-
ing the lateral resolution of any other magnetic sensi-
tive technique. The main limitation in the SP-STM
experiments until now is that it is very difficult to
obtain quantitative information about the surface mag-
netism. In this article, we will discuss how to overcome
this difficulty using as sample Mn layers grown on an
Fe(001) whisker. We will compare our spin-polarized
spectra measured with the STM with spin-resolved
band structure calculations in order to find the polar-
ization of the sample surface. We will also discuss in
detail an experimental procedure to change the tip
magnetization. Finally, we will discuss the magnetic
structure of the Mn layers around a screw dislocation
present on the surface. Comparing the results obtained
for the flat areas of the Mn films with the ones obtained
around the screw dislocation, we are able to determine
the magnetization directions on the surface.

EXPERIMENTAL PROCEDURES

STM and scanning tunneling spectroscopy (STS) mea-
surements were performed in UHV (~5 x 10! mbar)
at room temperature (RT). The UHV chamber is
equipped with a cylindrical mirror analyzer that allows
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us to do Auger electron spectroscopy measurements,
ion gun, sample and tip heating facilities, low-energy
electron diffraction optics (LEED), and different evapo-
rators cooled with liquid nitrogen that allow us to
deposit material on the sample or tip, keeping the pres-
sure below 5 x 10~'* mbar.

An Fe(001) whisker was used as a substrate and was
cleaned by cycles of Ar' sputtering (750 eV) and
annealing (up to 730°C). After this cleaning process,
around 1% oxygen contaminants were measured by
Auger spectroscopy and also in atomically and chemi-
cally resolved STM images.

In order to produce a clean Mn(001) surface, about
7 mono-layers (ML) of Mn (purity 99.999%) were grown
on the Fe(001) whisker, which was kept at 370 K. The
evaporation rate was 0.06 nm/min. After the deposi-
tion, more than two Mn layers were exposed on the sur-
face. Using atomically and chemically resolved STM
images, we determined that the level of contaminants
was below 1% on the Mn surface. Mn layers grown on
Fe(001) have a bct structure with the same in-plane
lattice constant as Fe(001) and an interlayer distance
of 0.165 nm (Yamada et al., 2002).

In this study, we use W tips that were prepared as
follows. A W polycrystalline wire (purity 99.99%) with
a diameter of 0.5 mm was chemically etched with
5 M KOH agq., then washed with distilled water and
introduced in UHV. Once in UHYV, the tips were sput-
tered with Ar" (1 kV) and heated by electron-bombard-
ment (2300 K). After this procedure, a clean and blunt
W tip is produced.

To get spectroscopic information from the sample sur-
face, STS measurements were performed at every pixel
of a constant current topographic image by opening the
feedback loop. In a typical measurement, the STM tip
stays at every pixel around 100 ms. During 20 ms, the
feedback loop is connected and the tip height is recorded
to construct the topographic image. During 80 ms, the
feedback loop is disconnected and the tunneling current
as function of the bias voltage is measured. The voltage
range explored was from —2 Vup to +3 V with a voltage
step of at least 25 mV. The dI/dV curves were obtained
by numerically differentiation of the I(V) curves.

THEORETICAL MODEL

STM is based on the quantum mechanical tunnel
effect. The first and most simple approximation to get a
quantitative understanding of the STM is a one-dimen-
sional model. Let’s consider two metallic electrodes (tip
and sample) separated by a vacuum gap of a few ang-
stroms. We will assume that the work function of both
metals is identical, that their electronic states can be
described in terms of a free electron gas and the tem-
perature is 0 K. The probability density of an electron
of one electrode to be located at the position of the
other, i.e., at z = d with d being the barrier width, is
given by the square of its wave function:

w = () = [(0)* exp(~2xd)

The tunneling current flowing between both electro-
des is proportional to the sum of all electron states avail-
able within the energy interval relevant for tunneling:

Ep

by

E,=Ep—eV

I(d,V) x exp(—2«d) |W;(0)[2

The sum is taken over the different electronic states
i of one of the electrodes and the energy interval is set
by the voltage applied between the electrodes. This
equation is expressed in terms of the local density of
states (LDOS) by replacing the summation over dis-
crete states by energy integration:
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The quantity n(d,E) is the LDOS of one electrode at
the position d of the other. If we differentiate the pre-
vious equation with respect to the energy, we see that
the differential conductivity (dI/dV) is related to the
LDOS of one of the electrodes:

%(d, V) x n(d,Ep +eV)

In the 1960s, Bardeen (1961) developed a theoretical
method for treating more realistic the tunneling
process between two planar electrodes. The basic
idea was that the interaction between the electrodes
was very weak and the electronic structure of both
can be calculated independently. Following this
approach, the tunneling current between two weakly
bounded electrodes using first-order perturbation
theory is:

1. V) =2 S M5 B, — B (B, —oV) ~ f(E)

where V is the sample bias voltage, z is the tip-sample
separation, M, is the tunneling matrix element
between states of the tip and of the sample, f(E) is the
Fermi-Dirac function and E; and E, are the energy of
the states on the tip and sample, respectively. In the
semi-classical WKB approximation, the density of the
tunneling current between two planar electrodes can
be written as follows:

2 2 00
J(Z,V)Ei:e(;m> [ T(z,V,E)[f(E —eV)

—[(E)]ps(E)p,(E —eV)dE

where T(z,V,E) is the tunneling transmission probabil-
ity, p,(E) and p,(E) are the sample and tip density of
states, respectively. For low surface temperature the
expression for the density of tunneling current can be
written as follows:
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Fig. 2. dI/dV curves measured at layers above the third layer (dots).
The set point of Vg = —0.5 V, I = 0.5 nA was used and the curve is an
average of typically 20 single curves. A fit of the tunneling probability
function to the dI/dV curve is also shown (T grey solid curve). The
dI/dV curve normalized by this 7, i.e., (dI/dV)/T (black solid curve),
reveals a strong peak around +0.8 eV. Also, besides this +0.8 eV peak,
a weak peak at —0.6 eV is observed in the (dI/dV)/T curve.
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Assuming a strong preference for tunneling of elec-
trons with the parallel component of the wave vector
equal to zero, the transmission probability can be writ-
ten in the following way:

2m (- eV
T(z,V,E) = exp [_ZZ\/F <<I) to Eﬂ

where ¢ is the tip and sample average work function,
and E is the electron energy.

The dI/dV curves reflect not only the sample surface
LDOS but also the tip LDOS and the tunneling proba-
bility. In the dI/dV curves, these two contributions
show up as an exponential background if the tip LDOS
is featureless in the energy range measured. The exact
energy position of the LDOS peaks obtained from this
method depends strongly on the exponential back-
ground. Several methods have been proposed to over-
come this problem (Lang, 1986). Ukraintsev (1996)
proposed to normalize the dI/dV curves with a tunnel-
ing probability function (7)) given by:

Fig. 1. STS measurement on Fe(001) covered with 7.2 ML Mn at
370 K. (a) Topographic image obtained at a set point of Vg = —0.5V,
I = 0.5 nA. Scan size is 150 x 150 nm? Five different levels are
exposed on the surface. (b) The dI/dV map at +0.2 V measured at the
same area as a. Numbers in a and b denote the stacking number of
the Mn layers. (¢) The dI/dV curves representative of each level.
These curves are averages of typically 10 single curves.
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Fig. 3. SP-STM and SP-STS measurements on Fe(001) covered
with about 10 ML Mn at 370 K. These measurements were performed
with an Fe-coated W tip. (a) The topographic image that was obtained
at Vg = —0.5 V, I = 0.5 nA. Scan size is 100 x 100 nm?. Five layers are
exposed. The numbers in a and b denote the local thickness of the Mn
film. (b) The dI/dV map at +0.2 V measured at the same area as a.
(e) dI/dV curves as a function of the sample bias voltage obtained on
the area shown in a. dI/dV curves obtained on even (odd) Mn layers
are shown as solid (dashed) curves, which were numerically obtained
from I(V) curves measured at a set point of Vg = —0.5 V, I = 0.5 nA.
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Fig. 4. dI/dV curves normalized by the voltage-dependent tunnel-
ing probability function, which were obtained with an Fe-coated W tip
on Mn films thicker than three layers. Solid and dotted curves are the
dI/dV and the (dI/dV)/T curves, respectively. Tunneling probability
function (dashed curves) was obtained by a fit to the dI/dV curve.
Black and grey curves are representatives of the odd and the even
layers, respectively.
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where z = d (a constant tip-sample separation) since
the separation is fixed during a spectroscopy measure-
ment. The first (second) term of T' describes tunneling
from the tip (sample) Fermi level to unoccupied sample
(tip) states. a, and a, are proportionality coefficients
related to the tip-surface effective contact area and are
proportional to the tip and sample LDOS at the Fermi
level, respectively. Normalizing the dI/dV curves with
the function T, we found two different expressions for
positive and negative bias voltages:

% ~p.(eV)p,(0) for V>0
% =~ p (0)p,(eV) for V<0

This result means that STS is mainly useful to find
the empty density of states of the tip or sample while
for the occupied density of states the technique quickly
looses sensitivity going below the Fermi level.

In order to get magnetic information from the sample
surface it is necessary to include the spin orientation of
sample and tip in the tunneling current expressions.
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Fig. 5. (a) Band structure of an eight-layer Mn(001) slab. The plot
shows both “majority” and “minority” bands, which are equivalent for
this even-layered antiferromagnetically ordered slab. The magnetiza-
tion for each layer is defined by the difference in integrated local DOS
of the majority and minority bands. Thick black lines: d2-like states
around I'; dashed line: the Fermi level. o, B, and y could contribute to
the experimentally observed +0.8 V peak. (b,c¢) The isocharge density
distributions of the o and the B state at the I' point for two different
energies, 0.27 eV and 0.50 eV. Dots and dashed lines indicate atom
positions and the boundary between vacuum and bulk, respectively.

The spin-polarization is defined by the difference
between the number of electrons in the minority and
majority bands integrated up to the Fermi level divided
by the total number of electrons. Let us assume that
the sample polarization vector (P,) defines the x-axis
and lies within the sample surface plane. Then P, and
P, (tip polarization vector) can be described as follows:

P, = (P;,0,0)
Py = (P, cos $cos0,P; cos $sin 0, P, sin ¢)

where 0 < ¢ < w2 is the angle between the tip
polarization vector and the sample surface, 0 is the
angle between the projection of the tip polarization
vector on the sample surface and the sample polar-
ization vector. The modulus of the polarization vec-
tors are defined as: |P;| = (p;; — p;;)/(pi; + p;) where
i represents tip or sample. Finally, psT(p”) and p, i(ptl)
denote spin-up and spin-down sample (tip) LDOS,
respectively. The x-y plane is defined by the sample
surface and the z axis is perpendicular to it. Now the
tunneling current depends also on the dot product of
the polarization vectors, Ps-P; = |Pg||P|cos ¢ cos0.
After including this effect in the differential tunneling
conductance, the new expressions for the normalized
differential tunneling conductance are:

(dI/TdV) N % 0.(eV)p,(0) [1 n Ps(eV)Pt(O)} for V>0
(dIC/rdV) o % 0.(0)p, (V) [1 + Ps(o)Pt(eV)} for V<0

These equations demonstrate that from the (dI/dV)/
T curves it is possible to get not only qualitative infor-
mation about the sample polarization, for example tak-
ing images with contrast between different magnetic
domains, but it is also possible to get quantitative
information. In the following, we will discuss how to
get quantitative information about the sample polar-
ization and the influence of the tip magnetic structure
on the SP-STM experiments.

MAGNETIC STRUCTURE AND POLARIZATION
OF THE SURFACE OF Mn(001) THIN FILM

SP-STS measurements contain information about
the DOS and the relative orientation of the magnetiza-
tions of both tip and sample. Therefore, in order to
study the magnetic structure of samples, it is favorable
to know their electronic structure as measured with a
non-magnetic tip. For this purpose, we use a clean
W tip. STM/STS measurements on Mn films thicker
than four layers are shown in Figure 1. Figure la
shows an STM topographic image obtained on Fe(001)
covered by 7.2 ML of Mn. At each pixel of the
topographic image, I(V) curves were measured. The
resulting curves are shown in Figure lc. All curves
obtained above the third Mn layer are identical, indi-
cating that the DOS does not change from one layer to
the other. This is also clear from Figure 1b, where the
dI/dV map shows no contrast between the different
terraces.

In order to better identify the different contributions
to the dI/dV curves, we performed measurements in a
wide voltage range (from —2.0 V up to +3.0 V). These
dI/dV curves can be fitted quite accurately by a tunnel-
ing probability function (7) (Ukraintsev, 1996). T' was
obtained by a fit to the curves above +2 V and below —1
V, where the dI/dV curves increase exponentially. The
main feature present on the (dI/dV)/T curves is a
broad peak at 0.8 eV above the Fermi level and a less
pronounced peak below, as can be seen in Figure 2.

For the SP-STS measurements, we deposited be-
tween 7-10 nm of Fe at room temperature on the apex
of the tips. Figure 3 shows SP-STM/SP-STS measure-
ments obtained with an Fe-coated tip on 10 ML of Mn
grown on an Fe whisker. At each pixel of the image,
first the tip-sample separation is fixed with a set point
of Vg = —0.5 Vand I = 0.5 nA and the topographic
information was measured (Fig. 3a). The numbers on
the topographic image denote the local Mn thickness.
Subsequently, an I(V) curve was measured. dI/dV
curves were obtained numerically. The result is plotted
in Figure 3c. The solid and dotted curves were meas-
ured on the odd and even layers, respectively. Contrary
to the case of the curves measured with a clean W tip,
where all the layers show the same amplitude of the
dI/dV curves, for the curves measured with Fe-coated
tips there is a clear change in the amplitude above the
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Fig. 6. (a) The asymmetry of the (dI/dV)/T curves obtained on
the even and odd Mn layers as a function of the sample bias volt-
age. The black solid curve is obtained from the calculated spin-
resolved DOS. (b) The asymmetry of the (dI/dV)/T curves obtained
with different set points and different Fe-coated tips. Black dots
and triangles were obtained by the same Fe-coated W tip. White
dots were obtained by a different Fe-coated W tip. Black and white
dots were obtained at a negative voltage set point (Vg = —0.5 V,

Fermi level between the curves measured on the even
and odd layers.

In Figure 3b, we show a dI/dV map constructed with
the value of the dI/dV curves at +0.2 V. This map
clearly shows that the contrast oscillates with a period
of two layers. Although the odd layers (9 and 11) are
darker than the even layers (8, 10, and 12) in this par-
ticular dI/dV map, this is not always the case; with
other tips the contrast is reversed. With the actual
experimental setup, it is not possible to determine the
absolute magnetization orientation of the tip. We
explain the alternating contrast in the dI/dV maps
obtained with the Fe-coated tips by the layered antifer-
romagnetic magnetization of the Mn(001) layers.

We will apply the normalization procedure by the
function T explained previously with the dI/dV curves
measured with the Fe-coated tips. Figure 4 shows (dI/
dV)/T curves averaged over 30 single curves measured
with an Fe-coated tip. The curves measured on even
layers (grey line) and odd layers (black line) show two
peaks at the same energies as the peaks obtained with

rendrgbene
Sample voltage [V]

1 2 3 9 1 2 3

Sample voltage [V]

I = 0.5 nA). Triangles were obtained at a positive voltage set point
(Vg = 40.5 V, I = 0.5 nA). (¢) The majority (grey) and minority
(black) LDOS of Mn(001) were obtained by experimentally obtained
(dI/dV)]T curves with a tip polarization at the Fermi level of 10,
15, and 44%, respectively. (d) The majority (grey) and minority
(black) LDOS of Mn(001) obtained by band structure calculations.
SS, SR, and B denote surface states, a surface resonance, and bulk
states, respectively.

the clean W tips. The main difference of the curves
measured with the clean W tips is that now the ampli-
tude of both peaks oscillates with a period of two layers
and the curves measured on the even and odd layers
cross at the Fermi level.

Natural occurring 3d metals with bec structure such
Fe and Cr have a surface state at the (001) surface. On
the other hand, Mn, which is between Fe and Cr in the
periodic table, has a complicated bulk structure. An
open question is whether an artificial bct Mn(001) thin
film also shows a surface state. In order to determine
the nature of the spin-dependent peaks present in the
(dI/dV)|T curves (Fig. 4), band structure calculations
were carried out by Heijnen (Yamada et al., 2003b) of
the Theoretical Physics Department at the Radboud
University of Nijmegen using the Vienna Ab initio Sim-
ulation Program (VASP). It is based on spin density
functional theory and the projected augmented wave
(PAW) method (Blochel, 1994; Kresse and dJoubert,
1999) with non-local corrections to the exchange and
correlation taken into account by a generalized gra-
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Fig. 7. SP-STS measurements on Fe(001) covered with 9.5 ML Mn
at 370 K showing a reversal of the magnetic contrast after pulsing the
tip. (a) A topographic image measured at a set point of Vg = —0.5 V, I
= 0.5 nA. Scan size is 100 x 80 nm?. Five different levels are exposed

dient approximation (GGA). An eight-layer slab with
the experimental values for the in-plane (2.87 A) and
out-of-plane (2 x 1.64 A) lattice constants was used; an
antiferromagnetic stacking of Mn(001) layers was
assumed (Tulchinsky et al., 2000). Figure 5a shows the
“majority” and “minority” bands obtained in the calcu-
lation for 8-Mn layers. In the plot, the bands with the
largest dZ character at the I' point are marked with
thick black lines.

Three bands are possible candidates for the experi-
mentally observed empty state peak; the band called o
at 0.27 eV, B at 0.50 eV, and y at 0.87 eV above the Fermi
level. The calculations show the DOS at the Mn(001)
surface while the tip detects the DOS in the vacuum at
the tip position. To check the distribution of each state
in the vacuum, the surface charge density distribution
was calculated and is shown in Figure 5b and c¢ for
bands o and B, which exhibit a surface state—like behav-
ior. The y band displays a strong decay into the vacuum.

The width of the +0.8 V peak in (dI/dV)/T is about
1V (Fig. 4). This width is larger than the peak obtained
on Fe(001) (0.13 eV) (Stroscio et al., 1995) and Cr(001)
(0.2 eV at RT) (Kleiber et al., 2000). One possible
explanation is that in our case the peak at +0.8 eV is
produced by two surface states o and B. The difference
between the calculated peak energies and the experi-
mental peak energy is attributed to the limitations of
the calculation.

on the surface; the numbers denote the local thickness of the Mn film.
(b-d) dI/dV maps at +0.2 V measured at the same area as a. Between
b—d, the tip was moved 500 nm away from this area and a voltage
pulse was applied.

Once the spin-polarized tunneling contributions to
the electronic spectra have been identified, we will try
to extract quantitative information from them. Since
the (dI/dV)/T shows the sample (tip) DOS multiplied
by the tip (sample) DOS at the Fermi energy for V > 0
(V < 0), in principle it is possible to obtain the sample
polarization. The asymmetry of the normalized tunnel-
ing conductance, A 47,qv),7, defined as follows:

A _ (@1/AV)yon/ Teven — (@1/AV) 4/ Toda
@AHANIT = (AT [AV) 1y Teven + (A1/AV) 30/ Toda

corresponds to the sample (tip) polarization as a function
of the sample bias voltage multiplied by the tip (sample)
polarization at the Fermi energy for V > 0 (V < 0), i.e.
Acarjavyr = Po(V)Py,(Eg) for V> 0 and P,;,(V)P(Ep) for
V < 0 (Yamada et al., 2003a). Also, T,qyq and T,
denote the tunneling probability functions obtained
from dI/dV,;; and dI/dV,,.,, respectively. T,;; and
T.,.... are not identical. By the fitting different tip-sam-
ple separations are obtained due to spin-polarized tun-
neling, e.g., 0.90 nm for 7T,;; and 0.92 nm for T,,.,,
assuming the same averaged work function on both
terraces.

The asymmetry curves shown in Figure 6a,b were
obtained from dI/dV curves showing spin-dependent
peaks with the maximum magnetic contrast, which



100 T.K. YAMADA ET AL.

were obtained from different voltage set points and dif-
ferent Fe-coated W tips. The A 47/qv)/r is at maximum
10% below and above the Fermi energy, while the sign
changes at the Fermi level. The changes in the fitting
parameters for T produce errors in the asymmetry of
2% (error bars in Fig. 6a). The calculated polarization
of the Mn(001) surface divided by a 15% tip polariza-
tion is shown as a solid curve in Figure 6a. The calcu-
lated curve fits to the experimentally obtained
asymmetry curve except around +2 V where the calcu-
lation include bulk states while SP-STS only detects
surface LDOS. In order to show the reproducibility of
this method, we show in Figure 6b the asymmetry
obtained in different experiments. The asymmetries
plotted with dots and triangles were obtained with the
same Fe-coated W tip and different set points (positive
and negative bias voltage respectively); the one repre-
sented by circles was measured with a different
Fe-coated W tip. These tips showed the maximum
value on the asymmetry of the (dI/dV)/T curves, which
are assumed to be parallel (or anti-parallel) between
the tip and the sample magnetization direction. This
plot demonstrates that the asymmetry obtained by the
normalized conductance does not depend on the set
point or on the tip.

We will focus now on the analysis of the asymmetries
above the Fermi level that is the energy range where
STS is sensitive to the sample DOS. For the positive
sample bias voltage, the (dI/dV)/T curves for the odd
and even layers can be described as follows:

(dI/dV)even _ T min l maj
L (an (Er)Djyg, (V) + Dy, (Er) Dy, (V))
(dI/dV),qq 1 maj ! i
g = (Dl (BRD3 (V) + Dy (Br) DR (V)
D). (Er)(Dy;,(Er)) indicates the LDOS at the Fermi

level for the majority (minority) bands of the Fe-coated
W tips. Since the tip is ferromagnetic, majority-spin
and minority-spin bands of the Fe-coated W tips are
defined as spin-up and spin-down. D3 (V) (D% (V))
indicates the LDOS at the energy V %ove the Fermi
level for the majority (minority) bands of the sublat-
tices of antiferromagnetic bct Mn films. For a layered
antiferromagnetic material, the occupation of the
majority and minority band switches from spin-up to
spin-down electrons in every layer. For this reason we
will use majority and minority for the sample. Assum-
ing that spin-up (-down) electrons from the tip will tun-
nel into the minority (majority) spin bands of the odd
Mn layers and into the majority (minority) spin bands
of the even Mn layers without spin flipping, we can
describe the asymmetry as

A(dl/dV)/T = Pr(Ep)Ps(Ep +eV), whereV >0

Fig. 8. (a) An STM topographic image (70 x 70 nm?) obtained on
the Fe(001) whisker clean surface at a screw dislocation. (b) The STM
image of a in a three-dimensional mode. (¢) dI/dV map at +0.2 V
obtained simultaneously with the image shown in a taken with a set
point of Vo= —0.6 V, I = 0.5 nA.
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Using these three equations the spin-resolved LDOS of
the Mn(001) can be experimentally obtained as follows:

D — 1 (1 _A<d1/dV>/T) {(dl /dV)}

C Py T
im 1 Aarjavyr [(d1/dV)
min __ —
DMniC(l—i— PT >|: T j|ave

where [(dI/dV)/ Tl is the average of (dI/dV),qa/Toaa

and (d1/dV),pen/ Teven- C is the sum of DtTip i

Py is the tip polarization. Using the experimentally
obtained (dI/dV)/T and Aravyr, the spin-resolved
sample LDOS can be obtained as is shown in Figure 6¢
for three different tip polarizations. For comparison,
the calculated spin-resolved LDOS for the sample is
shown in Figure 6d. Comparing the experimentally
obtained results with different tip polarizations, we
conclude that the best fit between the experimentally
obtained majority LDOS and the calculated majority
LDOS is obtained with a tip polarization of 18 + 5%.
With this tip polarization, we obtain a Mn surface
polarization of 60 + 16% at +0.8 eV.

MODIFICATION OF THE TIP MAGNETIZATION

In the present section, we will describe a method to
change the magnetization of the tip by applying voltage
pulses (Yamada et al., 2003¢c). During constant current
STM topographic measurements (typically, V, = +1V,
I=0.1nA), we increased the bias voltage from 1 to 10 V
in 60 ps with the feedback on. The feedback loop is too
slow to keep the tunneling current constant and it
needs around 15 ms to recover the original value of the
tunneling current (0.1 nA). During these 15 ms, the I'V
converter is saturated and the output is at the maxi-
mum value that it is able to measure (3.7 nA); during
this time, the current density increases drastically and
the tip structure is modified.

Figure 7 shows the dependence of the alternating con-
trast in the dI/dV maps on the tip condition. Figure 7a
shows a topographic image; the numbers denote the
local thickness of the Mn film. Figure 7b shows the origi-
nal contrast (5%) obtained with the spin-polarized tip.
The alternating contrast between the even and odd Mn
layers is clear in the dI/dV map. After taking this dI/dV
map, we moved the tip 0.5 um away from this area of
the sample and we applied a voltage pulse. Then the tip
was moved back to the original area and another dI/dV
map was measured; the result is shown in Figure 7c; in
this case, the contrast is almost negligible (<1%). After
this measurement, we moved the tip away from the area
and we applied another voltage pulse. Figure 7d was
measured after this second voltage pulse. In this dI/dV
map the contrast is recovered but is inverted (—6%) with
respect to the one originally obtained (Fig. 7b). From
this experiment, it is clear that the magnetic contrast
depends strongly on the tip condition and this can be
altered in a random way with voltage pulses.

MAGNETIC STRUCTURE AROUND A SCREW
DISLOCATION IN AN
ANTIFERROMAGNETIC FILM

Occasionally, we found screw dislocations on the
Fe(001) surface. In Figure 8a,b, we show STM images
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Fig. 9. An STM topographic image obtained on an Fe(001)-screw-
dislocation covered with 4.5 ML Mn at 370 K at a set point of Vg =
—0.5V,1=10.5nA (100 x 100 nm?). The arrows indicates the position
of the screw dislocation on the Fe(001) surface. Numbers denote local
thickness of the Mn film.

obtained at a screw dislocation on the Fe(001) surface.
The Fe(001) surface exhibits a surface state of dZ char-
acter at 0.17 eV above the Fermi level (Bischoff et al.,
2003; Stroscio et al., 1995). Figure 8c shows a dI/dV
map at +0.2 V obtained in the same area as the topog-
raphy shown in Figure 8a. A black line is observed at
the position of the step edge indicating the disappear-
ance of the iron surface state; the small black dots on
the terraces indicate the position of contaminants.
Since Fe has a ferromagnetic character, no magnetic
structure is observed around the screw dislocation in
contrast to the screw dislocation on the antiferromag-
netic Cr(001) surface (Ravlic et al., 2003).

This lack of magnetic structure changes when anti-
ferromagnetic Mn layers are deposited on the screw
dislocation. The Mn layers grow with a spiral struc-
ture. In Figure 9, we show an STM image taken on
4.5 ML of Mn deposited on an Fe screw dislocation.
The numbers indicate the Mn local coverage and were
determined by measuring STS spectra since the third
Mn layer has a characteristic dI/dV curve (Yamada
et al., 2002).

The dI/dV map at +0.4 V obtained around the screw
dislocation shows magnetic contrast as can be seen in
Figure 10a. A detailed analysis of the dI/dV map
reveals that several amplitudes of magnetic contrast
are present (marked from A to G in Fig. 10a).

In Figure 10b, we show individual dI/dV curves
obtained at the areas marked “A—G” in Figure 10a. The
maximum magnetic contrast is obtained between the
dI/dV curves measured on the fourth (A) and fifth (B)
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Fig. 10. (a) SP-STS image (a dI/dV map at +0.4 V) obtained at
the same area as Figure 9 at a set point of Vg = —0.5 V, I = 0.5 nA
with a magnetic tip (100 x 100 nm?). Numbers of 46 denote stacking
numbers of Mn layers. (b,¢) dI/dV curves obtained at each area of
A-Gin a.

Mn layers (i.e., Aag = (dI/dV)p—(dI/dV))/(dI/dV)g +
(dI/dV)4)~20% for V > 0). Conversely, the minimum
contrast is obtained between the dI/dV curves meas-
ured on C and D areas (Aqcp~12% for V > 0).

It is very difficult to calculate the magnetic structure
of the Mn layers around the screw dislocation but we
can estimate the relative orientation of the in-plane
magnetization of the different areas marked from A to
G. The dI/dV curves measured in the odd and even Mn
layers can be described as follows

(1)

dl _dl ‘
(W) S v (1 + PypPs cos 0) exp(2xAz cos 0)

T.K. YAMADA ET AL.

dI dI
<W) em:d—‘g (14 PypPg cos(6 +m))
x exp(2xAzcos(0+ 7)) (2)
where dI,/dV denotes the non-spin polarized term of
dI/dV: i-e-a dIO/dV = %ptipps exp(—21<z), where ptip(ps)
denotes the tip (sample) DOS, z the tip-sample dis-
tance, « the decay length. Py;, (P;) denotes the tip (sam-
ple) polarization, 6 the angle between the tip and the
sample magnetizations, and Az the spin-dependent tip-
sample separation. Although P,;, and P, are functions
of the sample bias voltage only, Az depends on the spin
polarization in the whole energy window set by the bias
voltage, as well as on the spin-polarization of the tip
and the relative angle of the magnetization vectors.
Experimentally it has been determined that the spin-
dependent tip-sample separation (Az) is 0.1 A (Yamada et
al., 2003b) for the curves showing the maximum contrast.
Using equations (1) and (2) and assuming that the tip
and sample magnetizations are parallel (6 = 0), the calcu-
lated asymmetry (A“= (dI/AV)oqq—(dI/AV)ppen)/(dI/
AV)oqaHdI/dV)eper) is 0.2 for the dI/dV curves presenting
the highest contrast on Mn layers grown on flat areas of
the Fe whisker. For the Mn layers grown on the screw
dislocation, we found that the maximum contrast occurs
between the areas marked as A and B and the value of
the asymmetry is ~0.2, which is the maximum value of
the magnetic contrast obtained on the Mn(001) layers,
for a bias voltage of +0.3 V. Using these values, we can
assume that the magnetizations in areas A and B are
parallel (antiparallel) to the tip magnetization. Regions
marked in Figure 10a as A, C, and G are on the even Mn
layers (fourth and sixth), and areas marked as B, D, E, F
are on the odd Mn layers (fifth). We also know that the
even and odd Mn layer tend to be antiferromagnetically
coupled. In order to estimate the relative orientation of
the magnetization in the different areas (C—G) in relation
to B, we can define a function f{o)=(dI/dV);/(dI/dV)g,
where o is the angle between the magnetization of the
different domains and i denotes the domain (C—G). Due
to the tendency of antiferromagnetic coupling between
the odd and even Mn layers, o will change by © from the
areas in the even and odd layers. Therefore, we will have
two functions f(x), one for the odd layers:

(d1/dV);
fodd(a) = (dI/dV)B
(1+0.1cosa)exp(0.2x cos )

B 1.1exp(0.2x)

wherei =D, E, F
and one for the even layers:

(dI/dV),
fewen () = (GT [
(1+0.1cos(x+ n)) exp(0.2k cos(o + 7))

1.1exp(0.2k)

where i = C,G

Using the dI/dV curves measured experimentally in
the different areas, we can determine the value of the
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Fig. 11.
netization directions calculated from the asymmetry of the dI/dV
curves.

The same dI/dV map shown in Figure 10 with local mag-

fla) functions and from that value we can extract the
value of the angle o. We found that the magnetization
in area C makes an angle of 239° with respect to the
magnetization in B. For D, we found 47°, 103° for E,
63° for F, and 235° for G. The obtained magnetizations
are plotted by arrows in Figure 11.

Figure 12a shows a topographic image of 400 x
333 nm? represented in a differentiated mode in order
to make visible all the structural details. The numbers
denote the local Mn thickness. Fe steps, with a step
height of 0.02 nm, show up on the surface as white
faint lines, which have been surrounded by black thin
lines to guide the eye. In Figure 12b, we show a mosaic
composed by 12 dI/dV maps at +0.1 V obtained in sev-
eral areas of the topography shown in Figure 12a. The
third Mn layer appears brighter than the other layers
due to a different DOS not related to the magnetic
properties. The obtained magnetization directions are
shown with arrows on the topography presented in
Figure 12a. Although the right-hand side of the image
reveals a true antiferromagnetic coupling between the
layers, the presence of the screw dislocation rotates the
magnetization directions. A clear example of this influ-
ence are the two islands marked with white squares in
Figure 12a. Both islands are 5-ML-thick but the mag-
netization directions of these islands make a 90° angle.

CONCLUSIONS

We have shown that by combining a detailed analy-
sis of the SP-STS measurements with spin-resolved
band structure calculations, it is possible to obtain
quantitative information about the polarization of
surfaces with very high resolution. We also discussed
an experimental approach for modifying the tip mag-
netization direction. Finally, we have shown that
SP-STM/SP-STS experiments allow us to study in
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| Tip magnetization direction: =

Fig. 12. (a) SP-STM topographic image in a differential mode
obtained with a magnetic tip on 4.5 ML Mn on Fe(001) at 370 K at a
set point of Vy, = —0.5 V, I = 0.5 nA (400 x 333 nm?). Hidden Fe steps
and a hidden Fe dislocation are observed as white curves surrounded
by black curves. Numbers in a denote the stacking numbers of the Mn
layers. Arrows denote relative angles of magnetization directions.
Boxes show fifth Mn layers with different magnetization directions.
(b) Twelve dI/dV maps at +0.1 V obtained at several areas in a. Due
to the thermal drift, the 12 dI/dV maps were not connected perfectly.

detail the magnetic structure around isolated defects
on surfaces, like a screw dislocation. These defects are
not accessible with other spatially averaging techni-
ques. We have shown that, even for a complicated sit-
uation like a screw dislocation in an antiferromagnetic
film, the direction of the sample magnetization can be
determined.
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