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Roland Wiesendanger

Institute of Applied Physics and Interdisciplinary Nanoscience Center Hamburg, University
of Hamburg, D-20355 Hamburg, Germany

(Published 18 November 2009)

The direct observation of spin structures with atomic-scale resolution, a long-time dream in condensed
matter research, recently became a reality based on the development of spin-sensitive scanning probe
methods, such as spin-polarized scanning-tunneling microscopy (SP-STM) and magnetic exchange
force microscopy (MEXFM). This article reviews the basic principles and methods of SP-STM and
MEXFM and describes recently achieved milestones in the application of these techniques to metallic
and electrically insulating magnetic nanostructures. Discoveries of novel types of magnetic order at
the nanoscale are presented as well as challenges for the future, including studies of local spin
excitations based on spin-resolved inelastic tunneling spectroscopy and measurements of damping

forces in MEXFM experiments.
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I. INTRODUCTION

A fundamental understanding of magnetic and spin-
dependent phenomena requires the determination of
spin structures and spin excitations down to the atomic
scale. The direct visualization of atomic-scale spin struc-
tures was first accomplished for magnetic metals by
combining the atomic-resolution capability of scanning-
tunneling microscopy (STM) with spin sensitivity, based
on vacuum tunneling of spin-polarized electrons. The re-
sulting technique, spin-polarized scanning-tunneling mi-
croscopy (SP-STM), nowadays provides unprecedented
insight into collinear and noncollinear spin structures at
surfaces of magnetic nanostructures and has already led
to the discovery of new types of magnetic order at the
nanoscale. More recently, the detection of spin-
dependent exchange and correlation forces allowed a
first direct real-space observation of spin structures at
surfaces of antiferromagnetic insulators. This new type
of scanning probe microscopy, called magnetic exchange
force microscopy (MEXFM), provides a powerful tool to
investigate different types of spin-spin interactions
based on direct, super-, or Ruderman-Kittel-Kasuya-
Yoshida (RKKY) type exchange down to the atomic
level. A combination of SP-STM with inelastic electron
tunneling spectroscopy or of MExFM with high-
precision measurements of damping forces now allows
experimental observation of localized or confined spin
excitations in magnetic systems of reduced dimensions.

II. HISTORY AND BACKGROUND

Quantum mechanical tunneling is an important physi-
cal phenomenon that plays a key role in many different
branches of physics including nuclear, atomic, and mo-
lecular physics as well as condensed matter physics.
Since the first perturbative treatment of tunneling
(Bardeen, 1961), it has become clear that the experimen-
tally measured differential tunneling conductance is di-
rectly linked to the local density of electronic states or,
equivalently, to the squares of the wave functions
summed up over some energy window. Therefore, tun-
neling experiments provide access to the most funda-
mental physical quantities from which many other prop-
erties of matter can be derived.

In the field of superconductivity tunneling experi-
ments have proven to be indispensable (Giaever, 1974;
Josephson, 1974) in obtaining detailed information
about the superconducting condensate, e.g., the energy
gap, the electron-phonon coupling strength, or the sym-
metry of the order parameter. Tunneling also plays a key
role in many semiconductor heterostructures such as the
well-known Esaki tunnel diode (Esaki, 1974).

Because tunneling efficiency is extremely distance de-
pendent, it has become the basis for one of the most
powerful microscopic techniques in modern condensed
matter research, i.e., the STM (Binnig and Rohrer, 1987)
and its derivatives. The STM has revolutionized the field
of surface science and has become the basic experimen-

Rev. Mod. Phys., Vol. 81, No. 4, October—December 2009

tal tool for nanoscience and nanotechnology (Wiesen-
danger, 1994a).

Spin-dependent or spin-polarized tunneling was first
observed by Tedrow and Meservey (1971) using planar
ferromagnet-oxide-superconductor tunnel junctions. A
few vyears later, Julliere (1975) discovered spin-
dependent tunneling between two planar ferromagnetic
electrodes separated by an insulating tunnel barrier,
which has recently become the basis for the develop-
ment of magnetic random access memories (MRAMs)
(Akerman, 2005). In the following we first focus on
spin-dependent tunneling experiments in planar
ferromagnet-oxide-superconductor tunnel junctions be-
cause such experiments are important for the quantita-
tive determination of the spin polarization of tunneling
electrons. Then we discuss spin-dependent tunneling in
planar ferromagnet-insulator-ferromagnet tunnel junc-
tions as a preliminary step toward spin-dependent
vacuum tunneling experiments in STM-type tunnel junc-
tions.

A. Spin-polarized electron tunneling in planar tunnel
junctions

1. Tunneling between a ferromagnet and a superconductor

The first observation of spin-dependent tunneling, and
subsequently the quantitative determination of the spin
polarization of the tunneling current in planar
ferromagnet-oxide-superconductor tunnel junctions, was
based on discovering the Zeeman splitting of the quasi-
particle density of states for a superconducting thin film
in a strong parallel magnetic field H (Meservey et al.,
1970). The Zeeman splitting leads to two BCS-type
density-of-states curves shifted in energy by +uH (u is
the electron magnetic moment) with respect to the
density-of-states curve in the absence of an external
magnetic field (Fig. 1, top). For the ferromagnetic coun-
terelectrode the two parts (spin up and spin down) of the
spin-dependent density of states are shifted relative to
each other by the exchange energy, leading to a different
density of states at the Fermi level for the two different
spin states (Fig. 1, bottom). (To first approximation, it
has been assumed that the spin-dependent density of
states is constant within a small energy window around
the Fermi level.) Examination of the full density-of-
states diagram for the ferromagnet-oxide-superconduc-
tor tunnel junction in an applied parallel magnetic field
(Fig. 1) makes clear that the difference in the density of
states at the Fermi level for the two different spin states
of the ferromagnetic electrode will lead to an asymmetry
in the current-voltage and conductance-voltage charac-
teristics as observed experimentally (Fig. 2). The spin
polarization P of the tunneling current is given by

N, - N
J_L’ (1)
NT+Nl

where N, (N)) is the number of tunneling electrons with
magnetic moment aligned parallel (antiparallel) to the
direction of the magnetic field. By neglecting spin-orbit
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ELECTRON ENERGY

FIG. 1. Tunneling density-of-states diagram for an Al-oxide-Ni
tunnel junction showing the Al electrode for a BCS-type den-
sity of states split into spin-up (increased in energy by wH) and
spin-down (decreased in energy by wH) parts and an assumed
predominance of spin-down (magnetic moment parallel to the
field) carriers at the Fermi surface of Ni. Arrows on density of
states refer to spin direction. From Tedrow and Meservey,
1971.

scattering in the superconducting electrode, which is a
good approximation for sufficiently thin films (about
5 nm), and by assuming the absence of spin scattering in
the tunnel barrier, Tedrow and Meservey (1973) showed
that the polarization P can be determined experimen-
tally from

_ (Gd - Ga) - (Gc - Gb)
(Gg=G) + (G~ Gp)’
where G; is the measured tunneling conductance at

point i (i=a,b,c,d) of the conductance-voltage curve
(Fig. 2).

2)

20— -

3]

o

(d1/dU), /(d1/dU),

0.5

U(mv)

FIG. 2. Normalized conductance of an Al-Al,O5-Ni tunnel
junction measured as a function of the voltage applied to the
Al film for three values of applied magnetic field. The asym-
metry of the conductance peaks a, b, ¢, and d (H=33.7 kOe)
results from the spin polarization of the Ni carriers. From Ted-
row and Meservey, 1971.
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FIG. 3. Schematic potential diagram for two metallic ferro-
magnets separated by an insulating barrier. The directions of
internal fields 4,4 and hp within the magnets form an angle 6.
From Slonczewski, 1989.

Because the tunneling current in these experiments is
mainly dominated by the itinerant d; electrons of the
ferromagnetic electrode, which obtain their spin polar-
ization through exchange interaction with the localized
d, electrons, Tedrow and Meservey measured the polar-
ization of the d; electrons in a narrow energy window
within 1 meV around the Fermi level. In contrast, pho-
toelectrons are dominated by localized states within a
much larger energy window (typically on the order of
eV) below the Fermi level. Moreover, photoelectrons
have an escape depth of some nanometers below the
sample surface, while electron tunneling probes the
wave-function tails of the electronic states above the sur-
face plane in the barrier region. Therefore, spin polar-
izations as determined by spin-polarized electron tun-
neling and spin-resolved photoelectron spectroscopy
should generally not be compared with each other.

2. Tunneling between two ferromagnets

Spin-dependent tunneling can also be observed in pla-
nar ferromagnet-insulator-ferromagnet tunnel junctions
(Julliere, 1975; Maekawa and Gifvert, 1982). To explain
the experimental observation, Slonczewski (1989) con-
sidered a tunnel junction with two ferromagnetic elec-
trodes where the directions of the internal magnetic
fields differ by an angle 6 (Fig. 3). Using a stationary
wave-function approach, a free-electron model, and con-
sidering the limiting case of a vanishing applied bias
voltage, Slonczewski derived the following expression
for the conductance G of a ferromagnet-insulator-
ferromagnet tunnel junction in the case of two identical
ferromagnetic electrodes separated by a rectangular bar-
rier:

G =Gpy(1+ P cos §), |Pp|<1. (3)

Here Py, is the effective spin polarization of the
ferromagnet-barrier interface and Gy, is the tunneling
conductance for the corresponding nonmagnetic case. If
the two ferromagnetic electrodes are different, the con-
ductance becomes
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G= Gfbfr(l + bePflb COS 0) (4)

For the two special cases of parallel and antiparallel
alignment of the internal magnetic field directions, it fol-
lows that

G11= G (1 + PpPriy),

Gy = Gy (1 = Py Prry). (3)
Therefore, one obtains

Gn-6Gyy

Gi+Gyy

for the effective spin polarization of the tunnel junction
bef/.

= PypPpr, = Py (6)

B. Spin-polarized vacuum tunneling in STM

While electron tunneling experiments based on planar
tunnel junctions had a large impact on the field of super-
conductivity from early on (Giaever, 1974), advances in
the field of magnetic tunnel junctions were hindered for
some time by inhomogeneities of the oxide layer (spa-
tially variable thickness and magnetic impurities in the
oxide). By replacement of the oxide tunnel barrier with
a vacuum barrier, a much better-defined tunnel junction
can be realized with an adjustable tunnel gap spacing
(Young et al., 1971; Binnig et al., 1982a). The invention of
the STM by Binnig and Rohrer (1982b, 1987) offered a
powerful combination of the concepts of vacuum tunnel-
ing, point probing, and scanning, leading to novel meth-
ods of microscopy with atomic resolution (Binnig et al.,
1983). The combination of STM with electron tunneling
spectroscopy methods at an energy resolution down to
the eV regime [scanning-tunneling spectroscopy (STS)]
has become an indispensable experimental technique for
probing electronic states and quantum effects spatially
resolved at the nanoscale. Moreover, using magnetic
probe tips the spin character of the electronic states can
be probed with spin-resolved STM and STS (Wiesendan-
ger, Giintherodt, et al., 1990a; Bode, Getzlaff, and Wie-
sendanger, 1998; Wiesendanger, 1998).

1. Tersoff-Hamann theory of nonmagnetic STM

A link between the experimentally measured tunnel-
ing current in nonmagnetic STM and the electronic
states of sample and tip has been made by Tersoff and
Hamann (1983, 1985). The Tersoff-Hamann theory of
STM is based on a perturbative treatment of tunneling
as first introduced by Bardeen (1961). Within Bardeen’s
formalism, the following expression for the tunneling
current / can be derived in first-order time-dependent
perturbation theory:

2me

1= 72 {AE )1 -fAE,+eU)]
v

~fE,+eU1 - AE)}M, L SE,~E,),  (7)
where f(E) is the Fermi function, U is the applied
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FIG. 4. Schematic of STM geometry in the Tersoff-Hamann
model. The probe tip is assumed to be locally spherical with
radius of curvature R, where it approaches nearest the sample
surface (shaded). The distance of nearest approach is s. The
center of curvature of the tip is labeled 7, From Tersoff and
Hamann, 1983.

sample bias voltage, M, is the tunneling matrix element
between the unperturbed electronic states ¥, of the tip
and V¥, of the sample surface, and E,, (E,) is the energy
of the state ¥, (¥,) in the absence of tunneling. The &
function describes the conservation of energy for the
case of elastic tunneling. The essential problem is the
calculation of the tunneling matrix element which, ac-
cording to Bardeen (1961), is given by

. ,
M V:%de(\If# VU,-W, V), )

o

where the integral has to be evaluated over any surface
lying entirely within the vacuum barrier region separat-
ing the two electrodes. The quantity in parentheses can
be identified as the current density j:w. To derive the
matrix element M, from Eq. (8), explicit expressions
for the wave functions ¥, and V¥, of the tip and the
sample surface are required. Unfortunately, the atomic
structure of the STM tip is generally not known. There-
fore, a model tip wave function has to be assumed for
the calculation of the tunneling current. Tersoff and Ha-
mann (1983, 1985) used the simplest model for the tip
with a locally spherical geometry (Fig. 4). In this model,
the tunneling matrix element is evaluated for an s-type
tip wave function with an effective tip radius R and an
inverse decay length «,

v, =—e "k 9)

whereas contributions from tip wave functions with an-
gular dependence (orbital quantum number /#0) have
been neglected. As a further simplification, Tersoff and
Hamann considered the limits of low temperatures and
small applied bias voltage, for which the tunneling cur-
rent becomes



Roland Wiesendanger: Spin mapping at the nanoscale and atomic scale 1499

2me
I= 7UE M, 8E,~ E)SE,- Ep), (10)

787

where Ej is the Fermi energy. Within the s-wave ap-
proximation for the tip state [Eq. (9)], the following ex-
pression for the tunneling current is obtained:

1= Un/(Epexp2kR) 2, [V (F)|*8(E,— Ep),  (11)

where n,(Ef) is the density of states at the Fermi level
for the tip and 7, is the center of curvature of the tip.
The quantity

ns(Ep,fp) = 2 |\I,v(f0)|25(EV - Ep) (12)

can be identified with the surface local density of states
(LDOS) at the Fermi level Ep, i.e., the charge density
from electronic states at Ef, evaluated at the center of
the effective tip 7,. The STM images obtained at low
bias and at constant tunneling current therefore repre-
sent contour maps of constant surface LDOS at Ep
evaluated at the center of curvature of the effective tip,
provided that the s-wave approximation for the tip and
the perturbative treatment of tunneling can be justified.
The latter requires that the STM is operated with a suf-
ficiently large tunneling gap resistance.

Since the sample wave functions decay exponentially
in the z direction normal to the surface toward the
vacuum region,

|V, (7)] =< exp (- kz), (13)
one gets
|W (7)) = exp [- 2k(s + R)], (14)

where s denotes the distance between the sample sur-
face and the front end of the tip (Fig. 4). Therefore, the
tunneling current, given by Eq. (11), becomes exponen-
tially dependent on the distance s,

I < exp (- 2ks). (15)

The strong distance dependence of the tunneling current
provides the key for the atomic-resolution capability of
the STM.

2. Beyond the Tersoff-Hamann theory of nonmagnetic STM

An extension of the Tersoff-Hamann theory toward
consideration of tip states with orbital quantum number
[#0 was introduced by Chen (1990a, 1991), motivated
by the fact that STM tips are usually made of tungsten,
platinum, or iridium and are likely to have some d-like
states near the Fermi level at the apex atom contributing
to the tunneling current. Chen (1990a) showed that gen-
erally the tunneling matrix element for STM can be ob-
tained from a “derivative rule”: The angle dependence
of the tip wave function in terms of x, y, and z is re-
placed by the corresponding derivatives acting on the
sample surface wave function at the position of the cen-
ter of the apex atom. For example, the tunneling matrix
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element for a d 2 tip state is proportional to the second z
derivative of the sample surface wave function at the
center of the apex atom. In general, if a tip with a
non-s-wave state is scanning over a sample surface, the
constant-current STM image no longer represents a con-
tour map of constant LDOS at Ej, but rather the tip
apex atom follows a contour, determined by the deriva-
tives of the sample surface wave functions. These exhibit
a much stronger atomic corrugation than the contour of
constant surface LDOS at Ep, resulting in an improved
spatial resolution in STM experiments performed with
tip states of higher orbital quantum number (Chen,
1990b).

Another limitation for the applicability of Eq. (10) is
the restriction to small applied bias voltages. The ap-
plied bias voltage enters through the summation of
states which can contribute to the tunneling current. Ad-
ditionally, a finite bias can lead to a distortion of the tip
and sample surface wave functions ¥, and V¥, as well as
to a modification of the energy eigenvalues £, and E,.
Derivation of these distorted tip and sample surface
wave functions and energy eigenvalues is, however, a
difficult problem. Therefore, as a first approximation,
the undistorted zero-voltage wave functions and energy
eigenvalues are usually taken. Consequently, the effect
of a finite bias U only enters through a shift in energy of
the undistorted surface wave functions or density of
states relative to the tip by an amount of eU. Under
these assumptions, the following expression for the tun-
neling current as a generalization of the result of Tersoff
and Hamann for the low-bias limit can be obtained:

eU
I f n(+xeUT E)n,(E)T(E,eU)dE, (16)

where n,(E) is the density of states for the tip and n,(E)
that for the sample surface. All energies are measured
with respect to the Fermi level. The energy- and bias-
dependent transmission coefficient T(E,eU) includes
tunneling matrix element effects as well as the exponen-
tial distance dependence of the tunneling current.

For positive sample bias, the net tunneling current
arises from electrons that tunnel from the occupied
states of the tip into unoccupied states of the sample,
whereas at negative sample bias, electrons tunnel from
occupied states of the sample into unoccupied states of
the tip. Varying the amount of the applied bias voltage,
one can select the electronic states that contribute to the
tunneling current and, in principle, measure the local
electronic density of states. For example, the current
strongly increases if the applied bias voltage allows the
onset of tunneling into a maximum of the unoccupied
sample electronic density of states. Therefore, the first
derivative of the current-voltage characteristics
dI/dU(U) reflects the electronic density of states to a
first approximation. However, we also have to consider
the energy and bias dependence of the transmission co-
efficient T(E,eU). Since electrons in states with the
highest energy “see” the smallest effective tunneling
barrier height, most of the tunneling current arises from
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electrons near the Fermi level of the negatively biased
electrode. As an important consequence, tunneling from
the tip to the sample mainly probes the sample’s empty
electronic states with negligible influence of the tip’s oc-
cupied states. On the other hand, tunneling from the
sample to the tip is much more sensitive to the elec-
tronic structure of the tip’s empty states which some-
times prevents detailed spectroscopic STM studies of the
sample’s occupied states.

3. Spin-resolved STM and tunneling spectroscopy

When magnetic materials are used for tip and sample
an additional spin dependence of the tunneling current
occurs, as in the case of planar magnetic tunnel junc-
tions. For a theoretical description following Bardeen’s
perturbative treatment of tunneling, the tip and sample
wave functions have to be replaced by spinors, and the
problem of deriving an expression for the tunneling con-
ductance involves a spinor transformation from the spin
coordinate system of one electrode to the spin coordi-
nate system of the other electrode, leading to the follow-
ing expression for the total tunneling conductance G in
the limit of small applied bias voltage:

2 2 2
G =2mGy(n}n!|M > + n/nl|M; [+ ninl|M ;|
+nlni M, P). (17)
Here n[j denote the spin-resolved densities of states for
tip and sample, respectively, and {M, |} are the tunneling
matrix elements for transitions between the spin-

dependent states of the tip and sample. Equation (17)
can be simplified by introducing

n=nl+n, ng=nl+n' (18)
and

m,=n) —nt, mgy=n!-n!, (19)
which yields

G =27 Go|M|*(nng + mmy cos 6). (20)
By defining

P,=m/n, Pg=myn,, (21)
we finally obtain

G =21Go|My|*nny(1 + P,P; cos 6). (22)

We can easily see that Eq. (22) is an extension of Slon-
czewski’s result [Eq. (4)] and that Eq. (22) reduces to the
result of Tersoff and Hamann [Eq. (11)] if one of the
electrodes, either the tip or sample, is nonmagnetic (P,
=0 or P,=0). According to Eq. (22) the tunneling con-
ductance in the magnetic case is expected to depend on
the spin-resolved local density of states at the Fermi en-
ergy for both electrodes and on the cosine of the angle 6
between the magnetization directions of tip and sample,
similarly to the case of planar magnetic tunnel junctions
(Fig. 5).
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FIG. 5. (Color) Principle of spin-polarized scanning tunneling
microscopy (SP-STM): the spin-polarized tunneling current
flowing between a magnetic tip and a magnetic sample de-
pends on the relative alignment of the local magnetization of
tip and sample as well as on the spin polarization of the elec-
tronic states of tip and sample contributing to the tunneling
current.

For the more general case of finite bias voltage, Wort-
mann et al. (2001) derived the following expression for
the tunneling current / measured at the tip position 7,
and with an applied bias voltage U:

1(705 U’ 6) = IO(f()» U) + Isp(707 U7 0)
4 C?he -
= W[”tns(fbv U) + mig(7o, U)], (23)

where 7, is the non-spin-polarized LDOS at the tip apex,
Ag is the energy-integrated LDOS of the sample, and i,

and ni, are the corresponding vectors of the (energy-
integrated) spin-polarized (or magnetic) LDOS

eU
(7o, U) = f riiy(Fo, E)E, (24)
with
iy =2, 3(E, — E)WS (7o) oW (7). (25)
\Ifi denotes the spinor of the sample wave function
\I,S
v = (—‘;—1) (26)
‘P,ul

and o is Pauli’s spin matrix. As an important result, the
spin-dependent contribution /g, to the total tunneling

current is found to scale with the projection of 7, onto
n,, and therefore with the cosine of the angle 6 between
the magnetization directions of the two electrodes, in
agreement with the limiting case of vanishing applied
bias voltage [Eq. (22)].

The first experimental observation of vacuum tunnel-
ing with spin-polarized electrons based on the use of
STM involving a magnetic tip and a magnetic sample
was by Wiesendanger, Giintherodt, et al. (1990a, 1990b).
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FIG. 6. Schematic of a ferromagnetic tip scanning over alter-
nately magnetized terraces separated by monatomic steps of
height 4. An additional contribution of spin-polarized tunnel-
ing leads to the observation of alternating step height values
hi=h+As +As, and h,=h-As;—As,. From Wiesendanger,
Giintherodt, et al., 1990a.

The spin dependence of the tunneling current was dem-
onstrated using an ultrahigh-vacuum (UHV) STM setup
(Wiesendanger, Biirgler, et al, 1990; Wiesendanger,
Anselmetti, and Giintherodt, 1990) with a ferromagnetic
CrO, probe tip and a Cr(001) sample surface. The topo-
logical antiferromagnetic order of the Cr(001) surface
with alternately magnetized terraces separated by mon-
atomic steps (Bliigel et al, 1989) provided an ideal
model system because the spatial variation in the direc-
tion of surface magnetization of a stepped Cr(001)
sample is directly linked to the surface topography,
thereby avoiding the need for an external magnetic field
to change the sample’s magnetization state. Figure 6
shows a ferromagnetic tip scanning over alternately
magnetized terraces separated by monatomic steps of
height 4. If the magnetic tip were scanned at a constant
distance s, from the sample surface, the tunneling cur-
rent would alternate between I;;=Iy(1+P) and I
=1y(1-P), where P denotes the effective polarization of
the tunnel junction given by

p=tizty, 27)
I+ 1y

However, if the SP-STM experiment is performed at a
constant current, the feedback system has to adjust the
distance of the tip from the sample surface accordingly;
it is either s;=sy+As; or s,=s9—As,, depending on the
relative directions of magnetization of the tip and sur-
face terrace. As a consequence, the measured mon-
atomic step heights alternate between h;=h+As;+As,
and hy,=h-As;—As, (Fig. 6). In the low-bias limit, the
following relationship between the effective polarization
P, the measurable quantities As=As; +As,, and the local
tunneling barrier height ¢ can be derived to a first ap-
proximation (Wiesendanger, Giintherodt, et al., 1990a):

_exp(AgAs) -1
~exp(AgAs) +1°
with A=1.025 eV-12 AL,
For SP-STM experiments with a finite bias voltage,
the spin- and energy-dependent local density of states

for tip and sample have to be taken into account. A
model calculation of the effective spin polarization P for

(28)
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FIG. 7. Effective spin polarization of a CrO,-vacuum-Cr(001)
tunnel junction as a function of sample bias voltage. The insets
show the spin-up (upper part) and spin-down (lower part) den-
sity of states of CrO, and the Cr(001) surface. From Wiesen-
danger, Biirgler, Tarrach, Wadas, et al., 1991.

the CrO,-vacuum-Cr(001) tunnel junction, performed
assuming a simplified spin-dependent tunneling prob-
ability (Wiesendanger, Biirgler, Tarrach, Wadas, et al.,
1991), showed that P becomes strongly bias dependent
and can even change its sign as a function of bias voltage
(Fig. 7). If the spin-resolved LDOS of one electrode
(e.g., the tip) were known, measuring the bias depen-
dence of the effective spin polarization could provide
information about the spin-resolved LDOS of the other
electrode (e.g., the sample), leading to the method of
spin-polarized scanning-tunneling spectroscopy (see
Secs. III.LB.2 and IV.A.3). Moreover, a distance-
dependent behavior of the effective spin polarization is
expected because the decay rates for s, p, and d states
usually differ, resulting in different contributions to the
effective spin polarization at different tip-surface sepa-
rations (Alvarado, 1995).

While the first successful SP-STM experiments were
performed on the nanoscale with relatively blunt CrO,
tips, an improved magnetic tip preparation method (see
Sec. III.A) soon led to atomic-scale spin contrast on a
magnetite [Fe;04(001)] surface (Wiesendanger, Shvets,
et al., 1992a, 1992b, 1992c). Observation of atomic-scale
contrast between the two different magnetic ions Fe’*
and Fe®* on the iron B sites within the FeO(001) planes
of magnetite was attributed to the different spin configu-
rations, 3d°'3d' for Fe?** and 34°' for Fe3*. While fluc-
tuations of the 3d' electrons among the iron B sites are
rapid in the bulk at room temperature, the reduced co-
ordination and band narrowing at the surface are likely
to increase the metal-insulator (Verwey) transition for
magnetite from the bulk value to well above room tem-
perature, in agreement with the experimental results
(Coey et al., 1993; Wiesendanger et al., 1994).

More recently, atomic-resolution spin contrast has
been achieved on many different types of surfaces, in-
cluding those of antiferromagnetic atomic layers of
Mn(110) epitaxially grown on W(110) substrates (Heinze
et al., 2000; Bode et al, 2007), antiferromagnetic
Mn;N,(010) samples (Yang et al., 2002), antiferromag-
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netic atomic layers of Fe(001) epitaxially grown on
W(001) substrates (Kubetzka et al., 2005; Bode,
Vedmedenko, et al., 2006), and reconstructed Mn films
grown on Fe(001) (Gao et al., 2007). The experimental
advances made SP-STM a routine technique for the in-
vestigation of magnetic surfaces and nanostructures
down to the atomic level (Wiesendanger, 1994b, 2007,
Wiesendanger and Bode, 2001; Bode, 2003; Wiesendan-
ger et al., 2004; Bode and Wiesendanger, 2005; Bode,
Kubetzka, Pietzsch, and Wiesendanger, 2005; Wulthekel,
2005; Schwarz et al., 2007). Simultaneously, the theoret-
ical modeling and simulation of SP-STM has made con-
siderable progress (Heinze, 2006), making it an indis-
pensable method for revealing noncollinear spin
structures in systems of reduced dimensions (Bode et al.,
2007) and for investigating spin-current-induced magne-
tization switching in spatially resolved nanoscale struc-
tures (Krause et al., 2007). An extension of SP-STM to-
ward the field emission regime (Kubetzka, Bode, and
Wiesendanger, 2007) allows for nanoscale magnetic im-
aging at large tip-sample separations, offering potential
future applications of the SP-STM technique in mag-
netic recording.

III. PRINCIPLES AND EXPERIMENTAL METHODS OF
SP-STM

In this section, we review the experimental require-
ments for successful operation of SP-STM, including the
preparation of spin-sensitive probe tips and the various
modes of operation of SP-STM. We also focus on the
issue of getting quantitative results with respect to mea-
surements of the local spin polarization.

A. Preparation of magnetic probe tips

The most delicate task for successful SP-STM mea-
surements is the preparation of suitable probe tips offer-
ing simultaneously a high spatial resolution (down to the
atomic level), a high spin polarization (thereby yielding a
high signal-to-noise ratio), and a nondestructive mag-
netic imaging process. Furthermore, the control of the
spin orientation at the tip apex is important for deter-
mining whether the in-plane or out-of-plane component
of surface spins is imaged [according to Eq. (22)].

In the mid-1980s use of optically pumped GaAs tips
was proposed for SP-STM experiments (Pierce, 1988),
because GaAs optically pumped with circularly polar-
ized light is a well established source for spin-polarized
electrons. The main advantage of such probe tips would
be that both the sign and the quantization axis of the
polarization of photoexcited electrons can easily be con-
trolled by appropriate choice of laser light helicity and
experimental geometry, respectively (Laiho and Reittu,
1993, 1996, 1997). However, while several successful SP-
STM experiments have been reported involving an opti-
cally pumped GaAs sample and a magnetic tip (Alva-
rado and Renaud, 1992; Sueoka er al, 1993), the
reversed configuration with a magnetic sample and an
optically pumped GaAs tip has so far failed in providing
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convincing SP-STM results. The main reason for the fail-
ure might be a reduced spin injection efficiency and an
insufficient lifetime of the spin carriers at the tip apex
related to the tip’s roughness (Shinohara et al., 2000; La-
Bella et al., 2001). Moreover, circular dichroic effects of
nonmagnetic origin, caused either by the presence of di-
chroic spatial fluctuations in the sample’s substrate (Nab-
han et al., 1999) or by the asymmetric shape of the probe
tips (Vazquez de Parga and Alvarado, 1996; Anisimovas
and Johansson, 1999), further complicate the analysis of
experimental results obtained with optically pumped
GaAs tips. Therefore, SP-STM activities currently al-
most exclusively involve the use of magnetic probe tips.
For that reason, we focus on the preparation and use of
magnetic probe tips in this review.

Different types of magnetic probe tip have been pre-
pared and evaluated for SP-STM applications, (1) tips
from bulk magnetic material (single-crystalline and poly-
crystalline wires, or amorphous metals), (2) nonmagnetic
tips covered with an ultrathin film of magnetic material,
and (3) nonmagnetic tips with a cluster of magnetic ma-
terial at the front end. In most cases so far, 3d transition
metals, rare-earth metals, or alloys of such materials
have been used for SP-STM experiments. Since these
materials are easily oxidized in an uncontrolled way
when exposed to air, the final step of any tip preparation
procedure has to be performed in situ in an ultrahigh-
vacuum environment. It is an important topic of current
research to evaluate various kinds of protective thin-film
coatings which can prevent oxidation processes, while
still allowing the probing of the wave function tails of
the spin-polarized states by SP-STM through such a
coating layer (Berbil-Bautista et al., 2006).

1. Tips from bulk magnetic material

The in situ preparation of atomically sharp magnetic
tips from polycrystalline wires of iron and chromium for
SP-STM applications has been described by Wiesendan-
ger, Biirgler, Tarrach, Schaub, et al. (1991). In the first
step, the wires are electrochemically etched until a con-
striction is formed. Subsequently, the wires with narrow
constrictions are introduced into the UHV STM. Finally,
by making use of an in situ pulling procedure, very sharp
and clean tips can be obtained, providing atomic reso-
lution routinely. Tips prepared in this way first allowed
spin-dependent STM imaging on an atomic scale (Wie-
sendanger, Shvets, et al., 1992a, 1992b, 1992c; Koltun et
al., 2001).

Alternatively, the magnetic wires may be electro-
chemically etched until a STM tip is obtained (Shvets et
al., 1992; Murphy et al., 1999; Cavallini and Biscarini,
2000; Albonetti et al., 2002; Mariotto et al., 2002; Cebal-
los et al., 2003). However, in that case an in situ tip clean-
ing procedure in UHYV, such as Ar* ion etching, has to
follow in order to remove oxide and carbon-containing
contamination layers from the tip and allow reproduc-
ible SP-STM experiments. When using ferromagnetic 3d
transition metal tips made from bulk material a serious
concern is their high saturation magnetization and the



Roland Wiesendanger: Spin mapping at the nanoscale and atomic scale 1503

FIG. 8. Energetically lowest magnetic configuration of the end
of a ferromagnetic amorphous metal tip. The inset shows the
tip apex at higher magnification and reveals that the magneti-
zation on the outer cone surface points along the tip axis. From
Waulfhekel et al., 2002.

resulting large magnetic stray fields from such tips. This
restricts their application to ferrimagnetic and antiferro-
magnetic samples which are nearly insensitive to exter-
nal magnetic fields. As an alternative, amorphous alloys
with a low saturation magnetization, such as CoFeNiSiB,
may be used for the preparation of SP-STM tips (Wulf-
hekel et al, 2002). However, even such tips exhibit a
residual magnetic stray field resulting from the nonvan-
ishing magnetization, which usually is oriented along the
tip axis because of shape anisotropy (Fig. 8). Therefore,
SP-STM tips made from antiferromagnetic bulk materi-
als, such as Cr or MnNi, are preferable for a nondestruc-
tive magnetic imaging process (Minakov and Shvets,
1990; Wiesendanger, Biirgler, Tarrach, Schaub, et al,
1991; Murphy et al., 1999; Mariotto et al., 2002; Ceballos
et al., 2003). In this case, the spin contrast is determined
by the spin state of the front atom at the tip apex (Fig.
9). It should be noted that a few uncompensated spins
may still exist due to the microscopic roughness of a
sharp tip, leading to a nonvanishing, but in most cases
negligible residual dipolar stray field from antiferromag-
netic SP-STM tips. On the other hand, blunt antiferro-
magnetic probes are not useful for magnetic tunneling
because the contributions to the spin-polarized tunnel-

FIG. 9. (Color) Schematic of the apex of a ferromagnetic (a)
and an antiferromagnetic tip (b). In both cases, the spin state
of the front atom determines the spin contrast in SP-STM.
However, only in the case of an antiferromagnetic tip can the
disturbing influence of long-range magnetic stray fields be
avoided.
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ing current from the two different spin sublattices of the
antiferromagnet will cancel each other.

In addition to achieving atomic resolution and nonde-
structive magnetic imaging, the spin contrast in SP-STM
images has to be sufficiently high. While the measured
spin polarization of tunneling electrons from Fe tips
amounts to 40-45 %, only half of that value is typically
measured for Cr tips. An optimum choice of materials
for SP-STM with respect to the magnitude of the spin
polarization for electronic states near the Fermi energy
Erwould be half-metallic magnets (de Groot et al., 1983;
de Groot, 1991). These materials exhibit metallic behav-
ior for one spin direction, while being insulators (or
semiconductors) for the opposite spin direction. As a
consequence, a spin polarization of 100% for the elec-
tronic states close to Er can be expected. Several Mn-
based Heusler alloys (XMnSb, where X=Ni, Co, Pt),
CrO,, and Fe;0y are theoretically predicted to be half-
metallic magnets. Indeed, the first successful SP-STM
experiments were performed with CrO, tips (Wiesen-
danger, Giintherodt, et al, 1990a) or Fe;O, samples
(Wiesendanger, Shvets, et al., 1992a, 1992b). In order to
reduce the magnetic stray field from ferromagnetic CrO,
tips, thin films of CrO, on nonmagnetic Si substrates
were prepared. After cleavage of the Si(111)-oriented
substrates, sharp tips were obtained. Finally, the Si sub-
strates were etched back, leading to overhanging CrO,
thin-film tips. A subsequent in situ treatment of such tips
in UHV led to reproducible SP-STM imaging condi-
tions. However, the magnetic stray field even from a thin
film of ferromagnetic material can lead to modifications
of the sample’s magnetization distribution, especially for
magnetically soft materials or magnetic nanoparticles
which are close to the superparamagnetic limit. There-
fore, the ultimate SP-STM tip materials would be half-
metallic antiferromagnets, which have been predicted
theoretically (de Groot, 1991), but are still not available
for routine SP-STM applications.

2. Nonmagnetic tips covered with an ultrathin film of
magnetic material

Another direction toward reducing the magnetic stray
field from SP-STM tips is the in situ preparation of mag-
netic thin film tips (Bode et al., 1997; Bode, Getzlaff, and
Wiesendanger, 1998). After electrochemical etching of a
nonmagnetic tip (e.g., W, Ptlr, Ir), it is introduced into a
UHYV system, where an in situ cleaning procedure by
electron bombardment is applied. A high-temperature
flash up to 2200 K removes oxides and other types of
contamination resulting from the electrochemical etch-
ing, and provides a clean metallic tip. This is important
for the subsequent thin-film deposition process because
the evaporated magnetic layers adhere strongly to the
tip only if the surface oxides have been removed com-
pletely. Otherwise, the magnetic layers are -easily
dropped off as the tip approaches the surface or during
tip scanning. However, as a result of the high-
temperature flash, the tip gets rather blunt, with a typi-
cal diameter of 1 um, as shown in Fig. 10. If an ultrathin
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FIG. 10. Scanning electron micrograph of an electrochemically
etched W tip after a high-temperature flash at 7>2200 K at
(a) medium and (b) higher magnification revealing a tip diam-
eter of about 1 um.

magnetic layer is deposited onto such probe tips, the
direction of magnetization will be governed by the
material-specific surface and interface anisotropies
rather than by shape anisotropy as for tips made of a
magnetic bulk material (Fig. 11). The reason is that the
thickness of the deposited magnetic layer (typically
1-3 nm) is much smaller than the radius of the tip
(1 mm). For instance, it is known from the field of thin-
film magnetism that 3-10 monolayers (ML) of Fe on
W(110) substrates exhibit a strong in-plane magnetic an-
isotropy, whereas 5-10 ML of Gd on W(110) exhibit an
out-of-plane magnetic anisotropy at low temperatures,
in agreement with experimental SP-STM results ob-
tained with corresponding thin-film probe tips (Wiesen-
danger and Bode, 2001; Bode, 2003). Similarly, it was
found that the magnetic behavior of Co-coated W(111)
tips follows that of Co films prepared on flat W(111)
substrates under similar conditions and in the same
thickness regime (Bryl and Altman, 2003). By evapora-
tion of a bilayer of 10 ML Au and a Co layer of variable
thickness (4-10 ML) onto a clean W tip, both out-of-
plane and in-plane spin-sensitive probes have been ob-

FIG. 11. (Color) Schematic of the magnetization distribution
in magnetic thin-film tips, governed by magnetic interface an-
isotropy.
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tained, depending on the thickness of the Co layer
(Prokop et al., 2006). For a Co film thickness up to 8 ML,
out-of-plane sensitivity is achieved, whereas thicker Co
coverages lead to in-plane sensitivity. This result can be
ascribed to a thickness-dependent reorientation transi-
tion of magnetic anisotropy for ultrathin Co layers on
Au as is well known for the corresponding thin-fim sys-
tem (Dreyer et al., 1998). To enhance the spin polariza-
tion of thin-film probe tips, half-metallic magnets may
be used as coating materials. For example, Ptlr tips have
been coated with a 300nm thick manganite
(Lag7Sry3sMnOs5) film, which is expected to exhibit the
characteristics of a half-metallic ferromagnet (Akiyama
et al., 2001).

The main advantage of choosing ferromagnetic thin-
film tips is that an additional external magnetic field can
be used to force the tip magnetization out of the mag-
netic easy into the hard direction, thereby allowing both
in-plane and out-of-plane sensitive SP-STM measure-
ments with the same tip (Kubetzka et al., 2005; Bode et
al., 2007). Moreover, it has been shown that the direction
of spin sensitivity may simply be tuned by the applied
bias voltage between tip and sample. This experimental
result has been interpreted in terms of intra-atomic non-
collinear magnetism at thin-film probe tips (Bode,
Pietzsch, et al., 2001).

A high lateral resolution of magnetic thin-film tips is
typically gained by applying high bias voltages between
tip and sample, leading to field-induced diffusion of at-
oms toward the tip apex where a tiny and sharp cluster is
formed. Alternatively, one might pick up an atom or a
small cluster from the surface which, due to a magnetic
proximity effect, gains the same preferred magnetization
direction as the magnetic thin film.

Unfortunately, even in the case of ultrathin ferromag-
netic thin-film tips (e.g., 3 ML Fe on a W tip) the mag-
netic stray field can be sufficiently large to perturb the
sample’s magnetic structure, as observed experimentally
for magnetic domain states of Fe nanowires (see Sec.
IV.B) or for magnetic vortex states of mesoscopic Fe
islands (see Sec. IV.C). The reason might be the exis-
tence of a small cluster at the tip apex. On the one hand,
this is required to achieve high lateral resolution in SP-
STM; on the other hand, such a small ferromagnetic
cluster can be the origin of a sizable magnetic stray field.
Therefore, in order to reduce the influence of the tip’s
stray field to a minimum, antiferromagnetic tip coating
materials, such as Cr, are needed (Kubetzka et al., 2002).
Interestingly, it has been found that Cr-coated W tips
exhibit a thickness-dependent reorientation transition of
magnetic anisotropy such that W tips coated with 25-45
ML Cr exhibit out-of-plane sensitivity whereas W tips
coated with ca. 100 ML Cr are in-plane sensitive. As a
consequence, both out-of-plane and in-plane compo-
nents of surface magnetization can be probed nonde-
structively with Cr-coated W tips (Wachowiak et al.,
2002).
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FIG. 12. (Color) Schematic of a simple preparation method for
obtaining spin-sensitive probes. A nonmagnetic metallic tip is
dipped into a magnetic sample and subsequently retracted. If
the materials for tip and sample are chosen such that the mag-
netic sample material wets the tip, a stable SP-STM probe can
be obtained.

3. Nonmagnetic tips with a cluster of magnetic material at the
front end

The easiest method for preparing a magnetization-
sensitive probe tip for SP-STM experiments might be
the use of voltage pulses (e.g., 10 V, 60 us), applied be-
tween a standard nonmagnetic STM tip (e.g., W, Ptlr)
and a magnetic sample (Yamada, Bischoff, Mizoguchi,
and van Kempen, 2003). As a result of the large electric
field applied, material can be transferred from the mag-
netic sample to the tip due to a field desorption process.
Consequently, a magnetic cluster is obtained at the tip
apex which can serve for spin-contrast imaging. The di-
rection of magnetization for such a cluster may be
changed by additional voltage pulses; however, it cannot
be controlled as in the case of magnetic thin film-tips.
Alternatively, a nonmagnetic metallic tip might be
dipped into a magnetic sample by several nanometers
and subsequently retracted (Fig. 12). If the magnetic ma-
terial wets the tip nicely, a stable SP-STM probe with
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high spin contrast can be obtained (Berbil-Bautista et al.,
2007). These two preparation methods for spin-sensitive
tips are much less demanding than the in sifu deposition
of magnetic thin films, particularly in cases where an
appropriate thin-film deposition stage is not available in
the STM system.

B. Modes of operation of SP-STM

In the past 20 years, several different types of opera-
tion modes for SP-STM have been developed which all
offer advantages and disadvantages, depending on the
particular type of application. In the following, the three
most commonly used modes of SP-STM operation are
presented together with a critical judgment of their
range of applicability.

1. Constant-current mode

Since its invention, constant-current imaging has been
the most important operation mode of STM (Binnig and
Rohrer, 1987). A feedback circuit drives the z compo-
nent of the STM’s piezoelectric actuator such that the
tunneling current flowing between tip and sample re-
mains constant while the tip is scanned over the surface
by means of the actuator’s x and y components. When
magnetic tips and magnetic samples are used, the mea-
sured tunneling current can be decomposed into spin-
averaged and spin-dependent contributions, according
to Eq. (23). Surprisingly, it has been shown that the
simple constant-current mode is capable of providing
the ultimate resolution in magnetic imaging (Wortmann
et al., 2001). For a sample surface with two-dimensional
(2D) translational symmetry, variation in the tunneling
current A/ can be written in terms of a 2D Fourier ex-
pansion with respect to the reciprocal surface lattice vec-
tors g,

AI(7,z,U,0) = 2, Alp(z,U,0)e7 ", (29)
n#0

where AI‘7T(Z ,U,0) are the tip-sample distance-
dependent expansion coefficients. The coefficients decay
exponentially with increasing length of the reciprocal
lattice vectors, and therefore the STM image is primarily
dominated by the smallest nonvanishing reciprocal lat-
tice vector c}’ﬁl). Since any magnetic superstructure leads
to larger periodicities in real space compared to a non-
magnetic state, the corresponding reciprocal lattice vec-
tors become smaller than those related to the structural
unit cell. As a consequence, the expansion coefficients
for the spinpolarized contribution to the tunneling cur-
rent become exponentially larger than those of the non-
polarized part. A constant-current SP-STM image thus
reflects the magnetic superstructure rather than the
atomic structure. This is true even in the case of a small
effective spin polarization or in the case of a small angle
0 between the directions of magnetization of tip and
sample, i.e., cos #<1.

Historically, the constant-current mode of SP-STM
was the first one introduced (Wiesendanger,
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Giintherodt, et al, 1990a). It was soon applied for
atomic-resolution magnetic imaging of Fe;04(001) sur-
faces, using the preferential imaging of a large magnetic
unit cell by spin-sensitive tips (Fe) in contrast to the
smaller structural unit cell, as probed by nonmagnetic W
tips (Wiesendanger, Shvets, et al., 1992a, 1992b, 1992c).
Similar observations on Fe;0,4(001) surfaces were also
reported (Koltun et al., 2001; Shvets et al, 2004). The
smallest magnetic unit cells imaged so far by the
constant-current mode of SP-STM are those of single
atomic layers of Mn epitaxially grown on W(110)
(Heinze et al., 2000) and single atomic layers of Fe epi-
taxially grown on W(001) (Kubetzka et al., 2005), both in
a 2D antiferromagnetic ground state. Further examples
of atomic-scale SP-STM imaging of larger magnetic unit
cells in the constant-current mode include the studies of
Mn;3N,(010) surfaces (Yang et al, 2002) and single
atomic layers of Fe epitaxially grown on Ir(111) (von
Bergmann, Heinze, et al., 2006).

In addition to atomic-resolution investigations of col-
linear spin structures, the constant-current mode of SP-
STM has recently found applications for revealing non-
collinear spin structures, e.g., the spin structure of
antiferromagnetic domain walls (Bode, Vedmedenko, et
al., 2006) or the spin spiral state of ultrathin Mn films
(Bode, Heide, et al., 2007). According to theoretical pre-
dictions (Wortmann et al., 2001; Heinze, 2006), constant-
current SP-STM imaging can be a powerful method to
reveal even more complex noncollinear spin structures
on the atomic scale.

While the constant-current mode of SP-STM is best
suited for atomic-scale studies, it can also be applied to
atomically flat surfaces of single crystals (Wiesendanger,
Giintherodt, et al, 1990a), nanowires (Kubetzka,
Pietzsch, et al., 2003a), and nanoscale islands (Rusponi et
al., 2005) without problems. However, the spin-sensitive
imaging of rough surfaces at larger length scales is diffi-
cult using this type of operation mode because topo-
graphic features and magnetic structures might interfere.
Another limitation of the constant-current mode results
from the fact that the spin-polarized contribution to the
tunneling current is sensitive only to the energy-
integrated spin-polarized LDOS, according to Eq. (24).
If a relatively large bias voltage U is applied between tip
and sample, the energy integration can lead to a reduced
spin-polarized tunneling current signal if the spin polar-
ization of the relevant electronic states, contributing to
the tunneling current, changes sign in the energy range
between the Fermi level and eU (where e is the elemen-
tary charge). The latter limitation can be solved by op-
erating the SP-STM in the spectroscopic mode.

2. Spin-resolved spectroscopic mode

The spectroscopic mode of (spin-averaged) STM was
introduced in the mid-1980s in order to separate topo-
graphic and electronic structure information. The mode
involves the measurement of the local differential tun-
neling conductance dI/dU(U,x,y) as a function of bias
voltage U and spatial coordinates x and y. Experimen-
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tally, a small modulation voltage U,,.q is added to the
applied bias voltage and the resulting tunneling current
modulation is frequency- and phase-selectively detected
by means of the lock-in technique. The amplitude of the
bias voltage modulation determines the energy reso-
lution of the spectroscopic measurement if thermal en-
ergy broadening is minimized by operating the STM at
low temperatures.

Based on Eq. (16) and assuming a constant LDOS for
the tip within the relevant energy range, the following
expression for the local differential tunneling conduc-
tance can be derived:

j—lI](U) < en(0)n,(eU)T(eU,eU)

v dT(E,eU
+ f n( et 5 Eyny(B) LY g
. dU

(30)

At a fixed location, the increase in the transmission co-
efficient with applied bias voltage is smooth and mono-
tonic. Therefore, structure in dI/dU curves as a function
of U can usually be attributed to structure in the sam-
ple’s local density of states via the first term of Eq. (30).
However, interpretation of the spectroscopic data dI/dU
as a function of position (x,y) is more complicated if the
spectroscopic maps are obtained under constant-current
conditions. In this case, the spatial variation in the trans-
mission coefficient shows up in spatially resolved mea-
surements of dI/dU as a background that is essentially
an inverted constant-current topograph. Therefore,
spectroscopic images corresponding to the spatial varia-
tion in dI/dU measured in the constant-current mode in
fact contain a superposition of topographic and elec-
tronic structure information. To eliminate the influence
of the z dependence of the transmission coefficient, the
dI/dU(U) curves have to be measured at a fixed tip-
surface separation. This can be accomplished by a
sample-and-hold amplifier used to gate the feedback
control system alternately on and off while scanning the
tip over the surface (Wiesendanger, 1994a).

Assuming that the second term in Eq. (30) is small,
the spectroscopic mode provides direct access to the
energy-resolved LDOS of the sample. In the case of a
magnetic tip and a magnetic sample, additional spin res-
olution can be obtained with tunneling spectroscopy. In
this case, the following expression for the local differen-
tial tunneling conductance can be derived from Eq. (23)
(Wortmann et al., 2001):

dl
E(Rt, U)xnny(R,Ep+eU)+mi, my(R,Ep+el).

(31)

As a result, the spin-polarized part of the differential
tunneling conductance is directly proportional to the
spin-polarized LDOS at the energy Ep+eU (within a
very narrow energy interval 6E, determined by the ex-
perimental energy resolution), whereas the spin-
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FIG. 13. Constant-current STM topograph colorized with the
spin-resolved spectroscopic dI/dU signal, showing domain
walls in Fe double-layer nanowires grown on a W(110) sub-
strate (Kubetzka, Pietzsch, et al., 2003a).

polarized tunneling current is proportional to the
energy-integrated spin-polarized LDOS. Therefore, the
spectroscopic mode of SP-STM is particularly useful in
cases where spin-polarized tunneling into a special elec-
tronic state (e.g., a highly spin-polarized surface state) at
a particular energy is intended in order to make simul-
taneous use of a large tunneling conductance and a high
spin polarization (Bode, Getzlaff, and Wiesendanger,
1998; Kleiber et al., 2000).

It should be noted that the spin-polarized LDOS not
only changes its magnitude but may also change its sign
as a function of energy. For instance, the sample surface
and the tip may exhibit a positive spin polarization for
some energy interval and a negative spin polarization
for another one (Bode, Getzlaff, and Wiesendanger,
1999; Wiesendanger, Bode, and Getzlaff, 1999). As a
consequence, a high dI/dU signal does not necessarily
imply that the magnetization directions of both elec-
trodes are parallel, but rather that the spin-polarized
LDOSs of both electrodes have the same sign for a
given energy.

In principle, the spin-resolved spectroscopic
dl/dU(U) signal can be measured simultaneously with
and independently from the constant-current topo-
graphs, thereby allowing a separation of atomic and
magnetic structure information. However, as in spin-
averaged tunneling spectroscopy, it is important that the
spin-resolved tunneling spectra are recorded at constant
tip-surface separation rather than at a constant tunnel-
ing current. Under constant-current conditions the tip-
sample distance generally varies with the direction of
the sample surface magnetization because this distance
is controlled by the tunneling current which itself scales
with the term cos 6. An illustration of this behavior is
given in Fig. 13, where a constant-current image of mag-
netic domain walls in Fe nanowires, colorized with the
spin-resolved spectroscopic signal dI/dU, is presented.
The tip approaches the surface at the position of domain
wall A and retracts at the position of domain wall B. As
a result, an apparent topographic depression arises at
the position of the wall, exhibiting a high spin-
dependent dI/dU signal, whereas an apparent topo-
graphic elevation is visible at the position of domain wall
B, exhibiting a low spin-dependent dI/dU signal. In con-
clusion, spin-resolved spectroscopic dI/dU measure-
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ments should be performed at constant tip-surface sepa-
ration with the z position of the tip stabilized at a bias
voltage U, that assures that the spin-polarized part of
the tunneling current for this particular bias vanishes,
ie., I,(Uy)=0.

Based on Eq. (31), a separation of the spin-averaged
and spin-resolved contributions to the differential tun-
neling conductance is easy as long as the sample surface
exhibits homogeneous electronic properties, because
any spatial contrast variation arises from the spin-
polarized part in that case. The spectroscopic imaging
mode offers a convenient and direct way of imaging
magnetic domains over large surface areas at high spa-
tial resolution. For sample surfaces with an inhomoge-
neous electronic structure, a separation of electronic and
magnetic structure information can be achieved by com-
paring two simultaneously recorded dI/dU images, one

obtained with a bias voltage where the spin asymmetry
defined by

_dlldUy; - adlldU;,
 dlldU,, +dIldUy,

becomes zero (electronic contrast image) and a second
one obtained with a different bias voltage where the spin
asymmetry is maximum (magnetic contrast image).

As in the constant-current mode of operation, the
spectroscopic mode of SP-STM also offers atomic-scale
spatial resolution, as first demonstrated by resolving an-
tiferromagnetically ordered atomic layers of Fe epitaxi-
ally grown on W(001) (Kubetzka et al., 2005).

(32)

3. Modulated tip magnetization mode

A third alternative mode of SP-STM operation, aim-
ing at a separation of electronic and magnetic structure
information, was introduced by Wulfhekel and
Kirschner (1999). In analogy to earlier spin-polarized
tunneling experiments performed with a stationary
(nonscanned) Ni probe tip (Johnson and Clarke, 1990), a
tiny coil was used for periodically switching the tip mag-
netization back and forth (Fig. 14). If the modulation
frequency exceeds the cutoff frequency of the feedback
loop, the measured signal in this modulated tip magne-
tization mode becomes proportional to the local magne-
tization of the sample, as can be derived easily from Eq.
(23),

dl
2, o) < (). (33)
m,

Although this mode of operation can effectively sepa-
rate topographic and electronic from magnetic contrast
effects for a given sample bias, it should be noted that
the spin-polarized LDOS is not constant, but changes
magnitude as well as sign as a function of energy. There-
fore, the spin polarization of the tunneling current and
thus the dI/dni, signal may vanish although a local
sample magnetization exists. As a consequence, as in the
case of the spectroscopic SP-STM mode, the investiga-
tion of the bias dependence for the spin-polarized tun-
neling current is indispensable in the modulated tip
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Unoa

FIG. 14. (Color) Schematic experimental setup for modulated
tip magnetization mode measurements with (a) an out-of-
plane-sensitive magnetic tip and (b) an in-plane-sensitive ring-
shaped magnetic probe.

magnetization mode as well (Ding, Wulfhekel, Bruno,
and Kirschner, 2003). Furthermore, a dependence of the
measured signal on the tip-sample distance is also
present in the modulated tip magnetization mode (Ding,
Wulfhekel, Schlickum, and Kirschner, 2003).

By developing two different kinds of experimental
setup [Figs. 14(a) and 14(b)], it has become possible to
probe both out-of-plane and in-plane components of the
sample magnetization, making use of the modulated tip
magnetization mode of operation. However, this ap-
proach appears to be highly demanding and time con-
suming compared to the use of magnetic thin-film tips,
for which the direction of spin sensitivity can easily be
controlled by the choice of coating material or coating
thickness, or even by applying an external magnetic field
without changing the tip at all. Another limitation of the
modulated tip magnetization mode is that ferromagnetic
probe tips have to be used and their magnetic stray field
can affect the local magnetization distribution (Wulf-
hekel et al., 2000), particularly for magnetically soft
samples or small magnetic islands and nanoparticles.
This is especially true for the experimental setup shown
in Fig. 14(a); it may be less severe in case of the experi-
mental setup shown in Fig. 14(b) due to the closed-loop
geometry.

Recently near-atomic resolution has been achieved on
a reconstructed Mn film epitaxially grown on a Fe(001)
substrate using the modulated tip magnetization mode
and an experimental setup shown in Fig. 14(b) (Gao et
al., 2007). Therefore, all three different types of opera-
tion modes of SP-STM are able to provide unprec-
edented insight into magnetism at the atomic level.

C. Quantitative determination of the spin polarization

The quantitative determination of spin polarizations
in spin-resolved vacuum tunneling experiments has been
an important early issue of SP-STM (Wiesendanger,
Giintherodt, et al., 1990a, 1990c). If the constant-current
mode of operation with a small applied bias voltage is
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chosen, the relationship between the measured spin po-
larization of the tunnel junction and the measured ap-
parent height change As is described by Eq. (28),

B exp(AgAs) —1

~exp(AgAs) +1° (28

In the low-bias limit, the spin polarization P of the tun-
nel junction may be written as a product of the spin
polarizations P, and P, of tip and sample states close to
Er. In this case, the spin polarization of the sample can
be obtained directly if the spin polarization of the tip has
been determined independently. For example, a spin po-
larization of up to 22% was found for the Cr(001) sur-
face based on constant-current SP-STM experiments
(Wiesendanger, Giintherodt, et al., 1990a, 1990c). Much
higher values of spin polarization were found in
constant-current SP-STM experiments on nanoscale Co
islands grown on Pt(111) (Rusponi et al., 2005).

In the general case of spatially inhomogeneous mag-
netic surfaces, the measured spin polarization will be a
function of the spatial coordinates: P(x,y). The mea-
sured spin polarization of the tunnel junction may de-
pend on the tip-surface separation because different
types of electronic states (s-, p-, and d-type states) with a
different degree of spin polarization may have different
characteristic decay lengths (Alvarado, 1995). Finally,
different types of electronic states, exhibiting different
degrees of spin polarization, will show up at different
energies E; therefore the measured spin polarization of
the tunnel junction will generally be a function of E.

The energy dependence of the measured spin polar-
ization P(E) of the tunnel junction has been studied in
the spectroscopic mode of SP-STM (Bode, Getzlaff, and
Wiesendanger, 1998; Wiesendanger, Bode, and Getzlaff,
1999), for which P(E)=P(eU) can be expressed as fol-
lows:

d1/dU,,(U) - d1/dU, (U)
dl/dU,,(U) +dl/dU, (U)’

where dI/d Uy )(U) is the intensity of the dI/dU signal
measured for parallel (antiparallel) alignment of the
magnetization directions of tip and sample. In favorable
cases, the spin polarization of the tip may be indepen-
dent of energy for a given range of applied bias voltages.
Then the energy dependence of the measured spin po-
larization can be ascribed to properties of the sample.
For an Fe-coated tip and a Gd(0001) sample, it was
found that within a relatively wide energy range of
+0.8 eV around the Fermi level E, the spin polarization
P; of the Fe-coated tip can indeed be assumed constant
and on the order of 44% (Wiesendanger, Bode, and
Getzlaff, 1999). A similar conclusion was drawn from a
SP-STM study with an Fe-coated W tip and a Co(0001)
sample (Okuno et al., 2002). Under the assumption of a
constant tip polarization P,, the resulting energy depen-
dence of the spin polarization of the Gd(0001) sample,
as derived from spin-resolved tunneling spectroscopy
experiments, agreed well with data obtained by spin-
polarized inverse photoemission spectroscopy (Fig. 15).

P(eU) =

(34)
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FIG. 15. Comparison of the energy dependence of the mea-
sured spin polarization on a Gd(0001) sample using two differ-
ent techniques: spin-polarized tunneling spectroscopy with an
Fe-coated thin film tip (Bode, Getzlaff, and Wiesendanger,
1998) and spin-polarized inverse photoemission spectroscopy
(Donath et al., 1996).

If there were a significant energy dependence of the spin
polarization on the tip states, this level of agreement
between the two techniques would not be achieved.
Thus, Fe-coated thin-film probe tips, as introduced in
Sec. ITII.A.2, are well suited for studying the energy de-
pendence of the spin polarization of sample states.

The problem of a quantitative determination of the
local surface spin polarization Py(x,y,E) as a function of
energy has been addressed in more detail by Kubetzka,
Pietzsch, et al. (2003a), based on calculations of the spin-
polarized tunneling current for several model-type
density-of-states distributions for the sample. A main
conclusion is that quantification of spin-polarized tun-
neling spectroscopic data requires that it is obtained by
measuring at a constant tip-surface separation and that
the choice of the stabilization voltage U, assures a van-
ishing spin-polarized part of the tunneling current:
Isp(UO):O-

In general, the spin polarizations as determined with
different experimental techniques (e.g., vacuum tunnel-
ing spectroscopy, tunneling spectroscopy based on pla-
nar junctions with oxide barriers, field-emission spec-
troscopy, and photoemission spectroscopy) can hardly be
compared with each other because these techniques
probe different electronic states at different energies, at
different depths (with respect to the sample surface
plane), or in a different environment.

IV. APPLICATIONS OF SP-STM

A. Magnetic domain and domain-wall structure of single
crystals and thin films

An important application of SP-STM is the determi-
nation of magnetic domain and domain-wall structures
at high spatial resolution (<10 nm), a length scale inac-
cessible by other magnetic imaging techniques. Particu-
larly for materials with a high magnetic anisotropy as
well as for low-dimensional systems (quasi-2D films,
quasi-1D nanowires, and nanoislands) the width of mag-
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FIG. 16. Application of the spectroscopic mode of SP-STM.
(a) Spin-resolved local density-of-states (LDOS) diagram for a
tunnel junction with a rare-earth metal (0001) surface, exhibit-
ing a spin-split electronic state close to E, and an Fe-coated
tip with a constant spin-resolved LDOS. Due to spin-
dependent tunneling, the differential tunneling conductance
will be enhanced (reduced) at a bias voltage which corresponds
to the energy of the surface state spin component parallel (an-
tiparallel) to the tip’s preferred spin direction (b). This leads to
a reversal in the magnitude of the spin-dependent dI/dU sig-
nal at the energies of the peak positions of the spin-split sur-
face state upon magnetic switching of the sample by an exter-
nal applied magnetic field. (c) This type of behavior was
observed in the spin-resolved tunneling spectra measured with
an Fe-coated tip above a Gd(0001) island. From Bode, Getz-
laff, and Wiesendanger, 1998.

netic domain walls narrows down to a single-digit nano-
meter scale and can be resolved only by SP-STM at
present.

1. Ferromagnetic rare-earth metal films

Rare-earth metals are highly reactive and thus sur-
faces of rare-earth single crystals are difficult to clean. It
is therefore advantageous to prepare thin films of rare-
earth materials under UHV conditions and to study
their magnetic domain structure in situ by SP-STM. Thin
films of rare-earth metals with (0001)-oriented surfaces
can be grown on clean W(110) substrates. Due to the
existence of a spin-split d 2-like surface state close to the
Fermi level, the rare-earth (0001) surfaces are ideal
model systems for the application of SP-STM (Bode,
Getzlaff, and Wiesendanger, 1998; Getzlaff, Bode, and
Wiesendanger, 1999; Krause et al., 2006; Berbil-Bautista
et al., 2007). The spectroscopic mode of SP-STM was
first demonstrated using a Gd(0001) film prepared in the
Stranski-Krastanov growth mode (Fig. 16). The magni-
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FIG. 17. (Color) Application of SP-STS for magnetic domain imaging with subnanoscale spatial resolution: a thin Dy(0001) film
(90 ML) grown epitaxially on a W(110) substrate (a) exhibits a domain structure (b) with six different in-plane orientations of the
local magnetization. (c) The six different contrast values in the SP-STM image result from the six different projections of the local
sample magnetization onto the local magnetization direction (quantization axis) of the Dy probe tip. From Krause et al., 2006.

tude of the exchange splitting was studied as a function
of temperature for Gd(0001), Tb(0001), and Dy(0001)
surfaces by means of variable-temperature STS (Bode,
Getzlaff, et al., 1998, 1999; Getzlaft et al., 1998; Berbil-
Bautista et al., 2007). Spatially resolved SP-STM studies
were performed on surfaces of Gd(0001) and, more re-
cently, Dy(0001) thin films. Figure 17 shows simulta-
neously recorded topographic and magnetic maps of a
Dy(0001) thin film grown layer-by-layer on a W(110)
substrate. While the constant-current STM topograph in
Fig. 17(a) reveals a relatively smooth surface structure
with atomically flat terraces together with a few surface
steps and some dislocations, the spectroscopic SP-STM
image in Fig. 17(b) shows the magnetic domains with
sharp transitions (magnetic domain walls) between
them. Since the magnetic anisotropy of the Dy film is in
plane, an in-plane-sensitive magnetic probe tip had to be
used in order to achieve a high spin contrast. Both Cr-
and Dy-coated W tips were successfully applied. A con-
ventional spectroscopic STM image obtained with a
nonmagnetic W tip showed no domain contrast at all.

The observed six different contrast levels in the mag-
netic SP-STM image of Fig. 17(b) result from the six
equivalent in-plane directions of the local sample mag-
netization reflecting the sixfold symmetry of the under-
lying hexagonal crystal lattice structure of the Dy film.
For a given tip magnetization direction (quantization
axis) this leads to six different projections [described by
the cosine function, reflecting the dependence of the
spin-polarized tunneling current on the angle between
the tip and sample magnetization directions; see Eq.
(22)], which can be identified in the histogram of the
measured values of the spin-resolved dI/dU signal
across the entire image [see Fig. 17(c)]. The very sharp
transitions between the observed magnetic domains re-
sult from the relatively high magnetic anisotropy k of
the Dy film leading to very narrow domain walls, ac-
cording to
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w=2(Alk)"?, (35)

where w is the width of the domain wall and A is the
exchange stiffness. Figure 18 shows a spectroscopic SP-
STM image of a 60 ML thick Dy(0001) film as obtained
with a Cr-coated W tip. Various types of domain walls
(60°, 120°, and 180° walls) are observed, which are iden-
tified as Néel walls having widths of 2-5 nm (Berbil-
Bautista et al., 2007).

2. Ferromagnetic transition-metal single crystals and thin
films

Surfaces of the ferromagnetic transition metals Co
and Fe have been studied intensively by SP-STM. Figure
19 shows an example of a SP-STM image of the mag-
netic domain structure at the Co(0001) single-crystal sur-
face as obtained using the modulated tip magnetization
mode (dI/dmy image). While Co has hep structure, simi-
lar to Dy described above, the uniaxial magnetic aniso-
tropy points along the ¢ axis, i.e., perpendicular to the
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FIG. 18. (Color) Determination of magnetic domain wall
widths. (a) Magnetization distribution of a 60 ML Dy(0001)
film as measured with a Cr-coated W tip. The relatively high
magnetic anisotropy of Dy leads to narrow magnetic domain
walls of typically 2—5 nm width, as deduced from the corre-
sponding line sections (b). From Berbil-Bautista et al., 2007.
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FIG. 19. SP-STM images (dI/dmy signal) of the dendriticlike
magnetic structure on a Co(0001) single-crystal surface at dif-
ferent length scales: (a) fractal-like domain-wall structure at
large scale, (b) the end of a branch with a wall-like feature, and
(c) detail of a sharp domain wall. (d) The corresponding topog-
raphy of the same surface area as in (c). From Ding er al., 2002.

(0001) surface plane, in contrast to Dy. However, in or-
der to minimize the total energy, surface closure do-
mains are formed with a magnetization that is locally
tilted toward the surface plane, thereby reducing the di-
polar energy contribution. A rather complex dendritic-
type magnetic structure is formed at the surface with
quite narrow branches. A domain-wall width of only w
=1.1+0.3 nm was observed at the very end of such nar-
row branches (Ding et al., 2002).

Another characteristic spin structure occurs at sur-
faces of in-plane magnetized Fe(001) single-crystalline
whiskers. In contrast to domain walls in Fe bulk

samples, which exhibit a Bloch-like profile, a so-called
Néel cap is formed at the Fe(001) whisker surface, i.e.,
the magnetization rotates within the plane in order to
reduce the magnetostatic energy. Based on SP-STM im-
ages, obtained using the modulated tip magnetization
mode, a domain-wall width of about 100 nm has been
determined (Schlickum et al., 2003).

Thin films (1-4 ML) of Fe(001) grown epitaxially on
W(001) substrates have been studied in detail by SP-STS
(von Bergmann, Bode, and Wiesendanger, 2004b; von
Bergmann et al., 2005; Bodea et al., 2005). It was found
that the Fe(001) films exhibit a fourfold magnetic aniso-
tropy in the film plane. However, while the easy direc-
tion of magnetization is [110] for the second and third
monolayers, it turns into the [100] direction for the
fourth monolayer (von Bergmann, Bode, and Wiesen-
danger, 2004; von Bergmann et al., 2005). This behavior
leads to a rather complex magnetization distribution on
the nanoscale, as shown in Fig. 20, and necessarily re-
quires high-resolution magnetic imaging techniques in
order to be observable. The width of magnetic domain
walls in a 2 ML film of Fe on W(001) was found to be
considerably reduced (by a factor of 3) when the wall is
located at a surface step edge; this has been explained by
the influence of step edges on the ferromagnetic ex-
change and magnetic anisotropy (Bodea et al., 2005). In
contrast to the second, third, and fourth layers of Fe on
W(001), the first layer was found to exhibit an out-of-
plane magnetic anisotropy and an antiferromagnetically
ordered state (Kubetzka et al., 2005; von Bergmann et
al., 2005). The corresponding atomic-resolution SP-STM
data are presented in Sec. IV.D.

SP-STM has also been applied to study the magnetic
domain structure of thick polycrystalline Ni (Wulfhekel
and Kirschner, 1999) and thin nanocrystalline Fe films
(Wiesendanger and Bode, 2001). In the second case,
high-resolution spectroscopic SP-STM data allowed the
visualization of single-domain and multidomain states of
nanoscale Fe grains within the film (Fig. 21). Narrow
domain walls with a width of 2—3 nm were observed in

FIG. 20. (Color) Thin film of 3.2 ML Fe on W(001) grown at a temperature 7~525 K. (a) Constant-current STM topograph
showing that patches of 2, 3, and 4 ML Fe on W(001) are exposed at the surface. (b) Simultaneously measured spin-resolved dI/dU
map showing three magnetic contrast levels (I-III) on the third monolayer and two magnetic contrast levels (1, 2) on the fourth
monolayer. The derived magnetization axes for the third and fourth monolayers are sketched in (c). From von Bergmann, Bode,

and Wiesendanger, 2004.

Rev. Mod. Phys., Vol. 81, No. 4, October—-December 2009



1512 Roland Wiesendanger: Spin mapping at the nanoscale and atomic scale

FIG. 21. (Color) Application of SP-STM to nanocrystalline
thin films. (a) STM topograph and (b) spectroscopic SP-STM
image of a nanocrystalline Fe film showing the correlation be-
tween magnetic and grain structure at subnanometer-scale spa-
tial resolution.

multidomain Fe grains. A similar type of SP-STM stud-
ies applied to magnetic recording media may help to
reveal the relationship between magnetic media noise
and subnanometer-scale magnetic structure.

3. Antiferromagnetic single crystals and thin films

Magnetic domain observations in antiferromagnetic
materials have been difficult in the past due to the lim-
ited number of experimental techniques, that are sensi-
tive to domain states in antiferromagnetic crystals, and
their limited spatial resolution. Of particular importance
with respect to applications in metallic multilayer sys-
tems are the antiferromagnetic transition metals Cr and
Mn, which exhibit quite complex spin structures.

For Cr a transverse spin-density-wave state exists be-
low the Néel temperature 7Ty=311 K, whereas a longi-
tudinal spin-density-wave state is present below the
spin-flip temperature Tgg=121 K. The spin-density wave
propagates along one out of three equivalent [001] di-
rections, leading to ferromagnetically coupled spins
within the (001) planes, but to an antiferromagnetic cou-
pling between adjacent (001) planes. Although it was
shown theoretically that even on a (001)-oriented sur-
face of Cr the magnetic moments couple ferromagneti-
cally and exhibit an enhanced value compared to the
bulk moments (Fu and Freeman, 1986), no net magnetic
moment could be found by spin-resolved photoemission
(Klebanoff et al., 1984). An explanation for this apparent
discrepancy was given by the fact that real surfaces are
not atomically flat but exhibit steps separating atomi-
cally flat terraces. As a consequence, different (001)-
oriented terraces with opposite magnetization directions
are exposed at the surface, leading to the so-called topo-
logical antiferromagnetism of the Cr(001) surface (Bli-
gel et al., 1989). Since the magnetization direction of a
topological antiferromagnet alternates both laterally
(terrace widths are typically on the order of 10—100 nm)
and vertically [due to the antiferromagnetic coupling be-
tween (001) planes], all experimental methods with in-
sufficient lateral resolution (>10 nm) or insufficient sur-
face sensitivity (>1 ML) average over regions of
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opposite magnetization and therefore are unable to re-
veal the true magnetic state of the Cr(001) surface. SP-
STM does not suffer from such limitations. Using the
constant-current mode of SP-STM, Wiesendanger,
Giintherodst, et al. (1990a) proved the existence of topo-
logical antiferromagnetism on the Cr(001) surface (see
Sec. 11.B.3).

Recently the spectroscopic mode of SP-STM was ap-
plied to reveal the magnetic state of the Cr(001) surface
at various length scales (Kleiber et al., 2000, 2002; Rav-
lic, Bode, Kubetzka, and Wiesendanger, 2003; Hénke,
Bode, et al., 2005; Hinke, Krause, et al., 2005). The
Cr(001) surface exhibits a highly spin-polarized d 2-like
surface state of minority spin character close to the
Fermi energy which can be exploited for high spin-
contrast imaging by SP-STM. Since the amount of ex-
change splitting for the magnetic transition metals is
higher than for the rare-earth metals, the majority spin
component of Cr is located well above the Fermi level
and is difficult to detect by tunneling spectroscopy. How-
ever, even in cases where only one component of an
exchange-split electronic state is located within the en-
ergy range that is easily accessible by STS, high-contrast
magnetic imaging is possible. As shown in Fig. 22(a) the
intensity of the spin-resolved differential tunneling con-
ductance signal at a bias voltage corresponding to the
energy of the spin-polarized Cr surface state, as mea-
sured with an in-plane-sensitive Fe-coated probe tip, de-
pends on the particular Cr terrace on which the tunnel-
ing spectrum was taken. The intensity of that
spectroscopic peak was found to alternate between ad-
jacent Cr(001) terraces that are separated by monatomic
surface steps [Fig. 22(b)] which can be demonstrated by
analysis of corresponding line sections over several ter-
races or by observation of spatially resolved SP-STS
maps [Fig. 22(c)].

The local spin-resolved tunneling spectrum presented
in Fig. 22(a) might suggest that the highest magnetic
contrast in SP-STS images can be achieved with an ap-
plied bias voltage corresponding to the energy of the
Cr(001) surface state. However, this is not true if the
SP-STS images are obtained under constant-current
conditions. If the stepped Cr(001) surface is scanned
with a magnetic tip in the constant-current mode at a
bias corresponding to the energetic position of the sur-
face state, the tip-sample distance is increased (de-
creased) above Cr(001) terraces magnetized parallel (an-
tiparallel) with respect to the tip. As discussed above
and shown in Fig. 22(b), this variation in the tip-sample
distance leads to a periodic alternation of the measured
apparent step height values (Wiesendanger, Giintherodt,
et al., 1990a; Kleiber et al., 2000). As a consequence, the
variation in the spin-resolved differential tunneling con-
ductance at that particular bias is strongly reduced for
oppositely magnetized Cr(001) terraces. A high spin
contrast in SP-STS images obtained under constant-
current conditions can only be achieved if the spin po-
larization of the energy-integrated tunneling current dif-
fers from the spin polarization of the electronic states at
the energy that corresponds to the applied bias voltage
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FIG. 22. (Color) Application of SP-STM to surfaces of antiferromagnets. (a) Spin-resolved differential tunneling conductance
spectrum dI/dU measured with an Fe-coated W tip above differently magnetized terraces of a Cr(001) surface. A highly spin-
polarized d2-like surface state of Cr(001) close to the Fermi level provides a high spin-dependent d//dU signal. (b) SP-STM line
profiles measured in the constant-current mode reveal alternating step-height values whereas the spin-resolved spectroscopic
dI/dU signal shows low and high levels, depending on the relative directions of magnetization of tip and surface terrace. (c)
Spatially resolved spectroscopic SP-STM image (1000 X 300 nm?) revealing the topological antiferromagnetic order of the Cr(001)

surface. From Kleiber et al., 2000, 2002.

U. For the case of Cr(001), a high spin contrast in SP-
STS measurements performed under constant-current
conditions was obtained at U~ +(250+50) mV.

While the magnetic structure of the Cr(001) surface
exhibiting a series of monatomic steps is best described
by the term topological antiferromagnet, the situation
becomes more complex in the presence of screw dislo-
cations, which are frequently observed at surfaces of
Cr(001) single crystals (Wiesendanger and Giintherodt,
1990) and thin films (Kawagoe et al., 2003, 2005). Figure
23(a) shows a SP-STS image of the Cr(001) surface ex-
hibiting such a screw dislocation. The existence of a
screw dislocation leads to topology-induced spin frustra-
tion in the vicinity of the dislocation core at the Cr(001)
surface. As a result, the direction of surface magnetiza-
tion has to turn by 180° in going around the screw dis-
location, leading to a continuous change of contrast in
the SP-STS image due to the cosine dependence of the
spin-polarized tunneling conductance signal [Eq. (22)].
When two screw dislocations are close together in space,
a domain wall is created at one screw dislocation and
annihilated at the position of the second one [Fig. 23(b)].
The experimental observation that the domain wall con-
nects two screw dislocations in a straight line can be
explained by the lowering of the total energy obtained
by minimizing the length of the wall (Ravlic, Bode, Ku-
betzka, and Wiesendanger, 2003). A line profile of the
spin-resolved dI/dU signal across such a domain wall is
shown in Fig. 23(c), which can be fitted with a tanh func-
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tion that describes a 180° wall in the framework of mi-
cromagnetic theory (Hubert and Schifer, 1998),

X —X
y(x) =Yot+ Vsp tanh( W/20>’ (36)

where y(x) is the dI/dU signal measured at position x, x,
is the position of the domain wall, w is the wall width,
and y, and yy, are the spin-averaged and spin-polarized
dl/dU signals, respectively. Extracted values of the
domain-wall widths on the Cr(001) surface range be-
tween 120 and 170 nm. These values are close to the
domain-wall width found on the Fe(001) surface (see,
Sec. IV.A.2). A large-scale view of the magnetization
distribution at a Cr(001) surface exhibiting several screw
and edge dislocations is shown in Fig. 24. Six SP-STS
images, each 1 um? in size, are shown together in order
to increase the field of view and to demonstrate the re-
producibility of the SP-STS imaging process in succes-
sive measurements. In principle, larger fields of view can
be achieved by designing SP-STM setups with a high-
sensitivity piezoelectric scanner for the tip and/or an x-y
translation stage for the sample.

Topological antiferromagnetic order has also been ob-
served for Mn(001) thin films grown epitaxially on
Fe(001) substrates using either the spectroscopic mode
(Yamada et al., 2003a, 2003b; Yamada, Vazquez de
Parga, et al., 2005) or the modulated tip magnetization
mode (Schlickum et al., 2004; Wulfhekel et al., 2005) of
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FIG. 23. (Color) Surface magnetic structure in the presence of
defects. (a) STM topograph and spectroscopic SP-STM image
of the Cr(001) surface revealing the magnetization distribution
around a screw dislocation. (b) Large-scale STM and SP-STS
images showing the presence of a domain wall connecting two
screw dislocations. (c) Line profile across the domain wall ob-
served in (b) yielding a domain-wall width of about 166 nm.
From Ravlic, Bode, et al., 2003.

SP-STM. A spin-polarized d2-like surface state, located
0.8 eV above the Fermi energy, was also found to be
responsible for the spin-dependent spectroscopic con-
trast (Yamada et al, 2003b). Step-induced spin frustra-
tion, leading to the formation of topologically induced
180° walls, was studied as a function of the Mn film
thickness. A linear increase in the wall width with Mn
thickness was observed, which has been explained on
the basis of the Heisenberg model (Schlickum et al.,
2004; Wulfhekel et al., 2005).

While the Cr(001) and Mn(001) surfaces discussed
above are ferromagnetic, an in-plane antiferromagnetic
order is expected for differently oriented surface planes.
In this case, in-plane atomic resolution is required in
SP-STM measurements; this will be discussed in Sec.
IV.D.
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FIG. 24. (Color) Large-scale view of the topological antiferro-
magnet Cr(001) in the presence of screw and edge dislocations.
Several SP-STS images, each 1 um? in size, have been put to-
gether in order to reveal the magnetization distribution over
an extended surface area and to show the degree of reproduc-
ibility of SP-STS imaging even when recording the data at
room temperature as in the present case.

B. Magnetic domain and domain-wall structure of nanostripes
and nanowires

Magnetic nanowires can be obtained by growth of
magnetic materials on a twofold symmetric substrate,
e.g., with a (110)-oriented surface plane. In the low-
coverage regime (<1 ML), atomic wires may be formed
either by strongly anisotropic surface diffusion or by the
self-organization of atomic adsorbates with repulsive in-
teraction (Pascal et al, 1997). Alternatively, one might
use the step-flow growth mode at elevated temperatures
on a stepped substrate in order to prepare magnetic
nanowires or nanostripes. In order to study the magnetic
properties of such systems, a very high lateral resolution
is necessarily required.

A particular interesting model system is provided by
the growth of 1.4-1.8 ML Fe on a stepped W(110) sub-
strate at elevated temperatures (7~ 520 K). In this cov-
erage regime arrays of alternating double-layer and
monolayer stripes of Fe can be obtained by step-flow
growth. While the easy magnetization direction of the
monolayer stripes is in plane, the double-layer stripes
exhibit an out-of-plane magnetic anisotropy beyond a
critical width that is determined by the exchange inter-
action (Elmers et al., 1999). Due to magnetostatic inter-
actions the double-layer stripes are antiferromagneti-
cally coupled and therefore exhibit an alternating up-
and-down magnetization direction. This is shown with
the SP-STS image in Fig. 25(a) which was obtained with
an out-of-plane-sensitive Gd-coated W tip at low tem-
peratures (Pietzsch et al., 2000a). A schematic picture of
the magnetization and stray field distribution is shown in
Fig. 25(b). In rare cases magnetic domain walls are ob-
served along the narrow double-layer Fe nanostripes
with a characteristic width which is comparable to the
stripe width (w~6 nm). However, a significantly re-
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FIG. 25. Application of SP-STM to magnetic nanostripes. (a)
Rendered perspective topographic STM image (200
%200 nm?) of narrow Fe nanostripes (~6-7 nm wide) pre-
pared on a stepped W(110) substrate, grayscale coded with the
spin-resolved spectroscopic dI/dU signal as measured with an
out-of-plane-sensitive Gd-coated tip. A dipolar antiferromag-
netic coupling between the Fe double-layer nanostripes leads
to an alternating spin contrast. However, if two double-layer
stripes are too close to each other, the exchange interaction
leads to a ferromagnetic coupling. In some cases, narrow do-
main walls can be observed along the double-layer nano-
stripes. (b) Schematic of the perpendicularly magnetized
double-layer Fe stripes exhibiting an antiparallel dipolar cou-
pling in order to reduce the magnetic stray field of the array.
Within the domain walls, the Fe double-layer nanostripes lo-
cally exhibit an in-plane magnetization. From Pietzsch et al.,
2000a; Bode, Kubetzka, et al., 2001.

duced width (w~2 nm) of the domain wall is observed
when it is pinned at a structural constriction, in agree-
ment with theoretical predictions (Bruno, 1999).

The response of an array of narrow magnetic nano-
stripes to an external magnetic field, i.e., a complete
magnetic hysteresis cycle, has been measured using a
SP-STM setup combined with a superconducting magnet
system (Pietzsch et al., 2000b). Since SP-STM is a near-
field technique, it can be applied even in the presence of
strong external fields, in contrast to conventional far-
field electron microscopy. Individual processes of do-
main nucleation and domain-wall motion could be ob-
served by SP-STS and directly correlated with the
magnetic hysteresis loop obtained by counting the area
of upward-magnetized stripe segments as a function of
the external magnetic field strength (Pietzsch et al.,
2001).

If the width of the Fe double-layer stripes exceeds
10 nm, the reduction in the stray field is no longer
accomplished by opposite magnetization directions of
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adjacent double-layer nanostripes but by a periodic re-
versal of the magnetization direction within every indi-
vidual nanostripe (Fig. 26). Using an out-of-plane-
sensitive Gd-coated W tip the domain structure of the
perpendicularly magnetized double-layer Fe nanostripes
can be visualized [Fig. 26(a)]. The dark lines observed on
some of the stripes are caused by dislocation lines in the
Fe double layer, which result from stress release in the
pseudomorphically grown Fe film which is lattice mis-
matched to the W(110) substrate. No significant influ-
ence of the dislocation lines on the magnetic domain
structure can be recognized. Using an Fe-coated W tip,
sensitive to the in-plane component of surface magneti-
zation, a domain-wall contrast image for this particular
sample can be obtained [Fig. 26(b)]. Interestingly, the
in-plane magnetization component within the domain
walls also periodically alternates. Therefore, the magne-
tization state of the Fe double-layer stripes may be de-
scribed by spin spirals in this case. It has been found
experimentally that the chirality of these spin spirals is
always the same. The determination of the sense of ro-
tation (clockwise or counterclockwise) for the spin spi-
rals requires control of the in-plane magnetization direc-
tion of the thin-film tips (Meckler, Gyamfi, et al., 2009;
Meckler, Mikuszeit, et al., 2009).

The spin contrast as obtained in spectroscopic maps of
the out-of-plane and in-plane magnetization compo-
nents can be understood on the basis of the spin-
resolved local tunneling spectra shown in Fig. 26(c).
While the use of Gd-coated tips leads to a strong spin
dependence of the measured differential tunneling con-
ductance spectrum above the perpendicularly magne-
tized domains, the in-plane-sensitive Fe-coated tips are
sensitive to the change in the magnetization direction
within the domain-wall regions of the double-layer
stripes (Bode, Kubetzka, Pietzsch, and Wiesendanger,
2002). Interestingly, it has been found that for particular
values of the applied bias voltage even nonmagnetic W
tips may allow the visualization of magnetic domain
walls for the Fe double-layer stripes (Bode, Heinze, Ku-
betzka, Pietzsch, Nie, et al., 2002; Pietzsch et al., 2004b;
Vedmedenko et al., 2004). In this case, the contrast can-
not be explained by spin-dependent tunneling but rather
by a different local electronic structure above magnetic
domain walls compared to the magnetic domain regions.
A detailed analysis reveals that the spin-orbit-induced
mixing between electronic states can depend on the lo-
cal magnetization direction and therefore leads to differ-
ences in the LDOSs between domain and domain-wall
regions that can be probed by spin-averaged STS (Bode
et al., 2003). However, no distinction between different
in-plane directions of magnetization can be made using
nonmagnetic W tips. On the other hand, the application
of nonmagnetic tips for domain-wall imaging is very
promising in view of a quantitative determination of
domain-wall widths, excluding any kind of residual mag-
netic stray field influence from the tip.

The response of the array of multidomain Fe double-
layer nanostripes to an external magnetic field has been
studied by Kubetzka, Pietzsch, Bode, and Wiesendanger
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FIG. 26. (Color) Multidomain magnetic nanostripes. (a) Rendered perspective topographic STM image (200 X 200 nm?) of ~15 nm
wide Fe nanostripes prepared on a stepped W(110) substrate, color coded with the spin-resolved spectroscopic dI/dU signal as
measured with an out-of-plane-sensitive Gd-coated tip. A characteristic magnetic domain structure with a typical domain size of
15%20 nm? can be observed. (b) Rendered perspective topographic STM image (200 X 200 nm?) of ~15 nm wide Fe nanostripes
prepared on a stepped W(110) substrate, color coded with the spin-resolved spectroscopic dI/dU signal as measured with an
Fe-coated tip. In this case, a domain-wall contrast is achieved due to the sensitivity of Fe thin-film tips to the in-plane magneti-
zation component. (c) Differential tunneling conductance spectra measured with a W tip, a Gd-coated tip, and an Fe-coated tip
above Fe double-layer nanostripes exhibiting both out-of-plane and in-plane magnetization directions depending on the particular
location. While the W tip is sensitive only to the change of electronic structure between the first and second layers of Fe on
W(110), the use of Gd-coated tips as well as Fe-coated tips leads to a pronounced spin dependence of the measured tunneling
conductance curves, particularly for a sample bias of U=+0.7 V. From Bode, Kubetzka, Pietzsch, and Wiesendanger, 2002.

(2003b). By increasing the magnetic field applied per-
pendicular to the sample surface plane, pairs of winding
180° walls are formed, finally resulting in 360° walls (Fig.
27). Their internal structure has been studied by analyz-
ing line profiles across such walls, extracted from SP-
STS data. The width of the observed 360° walls was
found to be on the order of 7 nm.

If the Fe double layer is closed by depositing exactly 2
ML Fe on the W(110) substrate, a typical stripe domain
phase along the [1-10] direction with a periodicity of
about 50 nm is formed (Wiesendanger et al., 2004). This
stripe domain phase does not appear to be influenced
neither by the presence of the monatomic steps of the
tungsten substrate nor by the high density of dislocation
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lines in the Fe thin film (Fig. 28). Recently the magnetic
characteristics of the dislocation lines in similar Fe thin
films have been studied by SP-STS (Bode, von Berg-
mann, et al., 2006). Furthermore, a coverage-dependent
spin reorientation transition temperature of the Fe
double layer on W(110) has been observed, i.e., the pre-
viously known transition from out-of-plane to in-plane
magnetic anisotropy for the Fe double layer on W(110)
as a function of temperature was found to occur at dif-
ferent transition temperatures depending on the Fe
double-layer coverage (von Bergmann, Bode, and Wie-
sendanger, 2006).

In addition to the Fe double-layer nanostripes pre-
pared on stepped W(110) substrates, the Fe monolayer
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nanostripes formed between them for coverages of 1-2
ML have been studied in detail by SP-STS as well
(Pratzer et al., 2001). Since the Fe monolayer on W(110)
has a Curie temperature of T-=220 K and an easy di-
rection of magnetization in the film plane, the SP-STS
measurements are performed with in-plane-sensitive tips
at low temperatures. Figure 29(a) shows the domain
structure of Fe monolayer stripes on a stepped W(110)
substrate as measured with an Fe-coated W tip. Since
the Fe coverage slightly exceeds 1 ML for this particular
sample, there are also very narrow double-layer nano-
stripes present between adjacent monolayer stripes
which appear dark in the SP-STS image. After zooming

FIG. 28. (Color) Rendered perspective topographic STM im-
age (200 X200 nm?) of a closed Fe double layer prepared on a
stepped W(110) substrate, color coded with the spin-resolved
spectroscopic dI/dU signal as measured with an out-of-plane-
sensitive GdFe-coated tip. The Fe thin film exhibits a stripe

domain phase along the [110] direction with a magnetic peri-
odictiy of about 50 nm. From Kubetzka et al., 2002.
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FIG. 27. (Color) Series of spin-
resolved spectroscopic dI/dU
maps (200X 200 nm?) of an ar-
ray of multidomain Fe double-
layer nanostripes obtained in an
increasing perpendicular mag-
netic field. Pairs of 180° walls
are gradually forced together,
which is equivalent to the for-
mation and compression of
360° walls. At a field of 800 mT,
most of them have vanished,
i.e., the Fe thin film is in mag-
netic saturation. From Ku-
betzka, Pietzsch, Bode, and
Wiesendanger, 2003b.

into a smaller sample region [Fig. 29(b)] the extreme
sharpness of the domain walls in the Fe monolayer
stripes is striking. The dark spots which are additionally
visible on the Fe monolayer are caused by single impu-
rities. Based on STM data the actual amount (1-2 %) of
surface impurities is usually overestimated because a
single impurity distorts the electronic structure of the
sample surface with a decay length a factor of 2-3 larger
than the actual size of the impurity (see Sec. IV.E). Since
the SP-STS data of Fig. 29(b) simultaneously show do-
main walls of the very narrow Fe double-layer stripes
together with the domain walls of the monolayer stripes,
one can directly compare the measured widths of the
domain walls for the first and second monolayer Fe
nanostripes [Fig. 29(c)]. Based on the fitting function for
domain walls within the framework of micromagnetic
theory [Eq. (36)], one can derive a wall width of wp
=3.8+0.2 nm for the very narrow Fe double-layer
nanostripe and a wall width of wyy =0.6+0.2 nm for the
Fe monolayer stripes. Interestingly, the Fe monolayer
stripes exhibit the sharpest domain walls ever observed
in a ferromagnetic system. According to Eq. (35), this
extreme sharpness of the observed domain walls can be
ascribed to a very high value of the magnetic anisotropy
k for the first monolayer Fe on W(110), about three or-
ders of magnitude larger than the Fe bulk value, and a
small value of the exchange stiffness A of the ML, about
one order of magnitude lower than the Fe bulk value
(Pratzer et al., 2001). Since the measured width of the
domain wall for the 1 ML of Fe on W(110) approaches
the atomic scale, one might ask if the measured width of
the domain wall is intrinsic or whether instrumental
broadening effects have to be considered. Since the SP-
STS data presented in Fig. 29 were obtained with a rela-
tively small tunneling current (/=0.8 nA) and a rela-
tively large bias voltage (U=130 mV), the Tersoff-
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FIG. 29. (Color) Ultrasharp magnetic domain walls. (a) Spin-resolved spectroscopic dI/dU map (400 X 400 nm?) of 1.25 ML Fe on
a stepped W(110) substrate as measured with an in-plane-sensitive Fe-coated W tip. Monolayer stripes with in-plane magnetic
anisotropy exhibit a domain contrast whereas the narrow double-layer stripes in between exhibit a domain wall contrast which is
more clearly visible in the zoom-in SP-STS image of (b). A detailed analysis of line profiles across the domain walls of first- and
second-layer Fe nanostripes, based on micromagnetic theory, leads to wall widths of wp; =3.8+0.2 nm for the narrow Fe double-
layer nanostripe and wyg =0.6+0.2 nm for the Fe monolayer stripes (c). From Pratzer et al., 2001.

Hamann theory, which is based on a perturbative
treatment of tunneling in the regime of reasonably large
values of the tunneling gap resistance, should be appli-
cable. Within the Tersoff-Hamann theory, the following
expression for the lateral resolution Ax of STM has been
derived (Wiesendanger, 1994a):

Ax=[(2 A)(R,+9)]", (37)

where R, is the effective tip radius and s is the tip-
sample distance. Assuming an effective tip radius of R,
~1 nm and a tip-surface separation of s ~0.7-1.0 nm, a
lateral STM resolution of Ax~0.6 nm results, meaning
that instrumental broadening effects cannot be ne-
glected at this particular length scale. Therefore, the
true width of the domain wall for the Fe monolayer on
W(110) is most likely smaller than the value of 0.6 nm
derived from the SP-STS data. If this is the case, one
might question the applicability of micromagnetic
theory which has been used to fit the domain-wall profile
[Eq. (36)]. The spin structure of domain walls in the ul-
timate limit of very high magnetic anisotropy has been
investigated theoretically by Hilzinger and Kronmiiller
(1972). It was found that micromagnetic theory describes
the spin structure of the domain wall reasonably well as
long as (k/A)"?a<1, i.e., as long as the width of the
domain wall w=3a, where a is the lattice constant.
However, if the magnetic anisotropy reaches a critical
value, given by (k/A)"?a>1.5, spin rotation no longer
takes place continuously, but occurs by an abrupt 180°
rotation between two adjacent atomic lattice sites (Fig.
30). Since the values of k and A for the first monolayer
of Fe on W(110) are close to the limit where a continu-
ous spin rotation becomes unstable, the extremely sharp
domain walls as observed by SP-STS might result from
lines of antiferromagnetically coupled lattice sites.

A similar SP-STS study of the magnetic domain and
domain-wall structure of monolayer and double-layer
nanostripes was performed for Fe deposited onto a
stepped Mo(110) substrate (Bode, Kubetzka, von Berg-
mann, et al., 2005; Prokop et al., 2005, 2006). In contrast
to the Fe/W(110) system, the Fe monolayer stripes on
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Mo(110) were found to be perpendicularly magnetized.
The Fe double-layer nanostripes on Mo(110) also exhibit
a perpendicular magnetic anisotropy and are antiferro-
magnetically coupled due to magnetostatic interaction.
Domain-wall widths of wp;=4.2+0.5 nm for the Fe
double-layer nanostripes and wy; =1.2-2.9 nm for the
Fe monolayer stripes were extracted from line profiles
of SP-STS data. More recently, Au-coated Fe nano-
stripes on stepped Mo(110) substrates were investigated
by SP-STS (Prokop et al., 2007). However, the interpre-
tation of the data was complicated by the fact that inter-
diffusion and alloying between Au and Fe led to nano-
structures of unknown chemical composition and
magnetic properties.

SP-STS studies have also been performed on Co
nanostripes grown on stepped Pt(111) substrates (Meier
et al., 2006, 2007). Despite the strong electronic inhomo-
geneity of the Co monolayer stripes on Pt(111), resulting
from the existence of double-row reconstruction lines, a
magnetic domain structure with a perpendicular easy-
axis magnetization direction could be observed with SP-
STS using out-of-plane-sensitive Cr-coated tips [Fig.
31(a)]. The dominant feature in the spin-resolved tun-
neling spectra of Co/Pt(111) was assigned to a d-like
surface resonance of minority-spin character, which is
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FIG. 30. (Color) Schematic of a narrow domain wall where the
magnetization rotates quasicontinuously on a lateral scale of
several lattice sites (top part) and the case of an extremely
narrow domain wall for which the spin-density orientation ro-
tates between two atoms, where the spin density is minimal,
leading to antiferromagnetically coupled neighboring lattice
sites (bottom part).
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FIG. 31. (Color) Magnetic behavior of Co nanostripes. (a)
Spin-resolved spectroscopic dI/dU map (130 X 130 nm?) of Co
monolayer nanostripes prepared on a stepped Pt(111) sub-
strate, as measured with an out-of-plane sensitive Cr-coated W
tip. (b) Magnetic hysteresis curve extracted from SP-STS data
of Co monolayer stripes on Pt(111) showing a coercive field of
0.25+0.05 T. From Meier et al., 2006.

highly sensitive to the type of Co stacking (fcc or hep). A
domain-wall width of less than 4 nm was determined for
the Co monolayer on Pt(111). Furthermore, the re-
sponse of arrays of Co monolayer and double-layer
stripes to an external magnetic field was studied. While
the Co monolayer nanostructures exhibited a coercivity
of about 0.25 T [Fig. 31(b)], a much higher coercive field
of more than 2 T was found for Co double-layer nano-
stripes on Pt(111) substrates.

C. Magnetic states of nanoislands and nanoparticles

As a local probe, SP-STM or SP-STS allows the inves-
tigation of individual nanoislands and nanoparticles in
various size regimes, from the mesoscopic scale of sev-
eral hundred nanometers down to the single-digit nano-
meter scale. Different types of magnetic state can be
found as a function of island size and island thickness.
Thanks to the unprecedented spatial resolution of SP-
STM and SP-STS, the various magnetic states of indi-
vidual islands and nanoparticles can now be studied
down to the atomic level.

1. Multidomain states

If the size of magnetic islands or particles well exceeds
the magnetic length scale given by the domain-wall
width, they exhibit a multidomain state similar to the
corresponding thin-film system, thereby reducing the
stray-field energy. Figure 32 shows multidomain Dy is-
lands with sizes much larger than the typical domain-
wall width (between 2 and 5 nm). The observed domain
structure on the Dy islands resembles the one found for
extended Dy thin films (Sec. IV.A.1). Multidomain states
were also observed on Gd islands of similar size in early
SP-STS studies (Bode, Getzlaff, and Wiesendanger,
1998).
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FIG. 32. (Color) SP-STS images showing the multidomain
state of large nanoislands of Dy on a W(110) substrate. The
island size is about (a) 800 nm and (b) 400 nm.

2. Magnetic vortex states

As the island size is reduced, another micromagnetic
state becomes favorable. This state is characterized by a
magnetic vortex exhibiting a curling in-plane magnetiza-
tion, which gradually becomes out of plane as the cen-
tral vortex core region is approached [Fig. 33(a)]. SP-
STS allows the imaging of these magnetic vortex states
with unprecedented spatial resolution (Wachowiak et al.,
2002; Bode, Wachowiak, et al., 2004). Figure 33(b) shows
SP-STS data of a vortex core state in an Fe nanoisland
obtained with an in-plane-sensitive Cr-coated W tip. The
continuously curling in-plane magnetization component
leads to a cosinelike dependence of the spin-resolved
dI/dU signal (Wachowiak et al., 2002). The spin contrast
in the spectroscopic data originates from a minority-spin
d-like surface resonance in this case. By preparing tips
with different Cr coating thickness, both in-plane and
out-of-plane components of the surface magnetization
distribution can be revealed [Figs. 34(a) and 34(b)]. An
analysis of line profiles across magnetic vortex cores, as
extracted from in-plane- and out-of-plane-sensitive SP-
STS images, yields a consistent value for the width wy,

(b)

FIG. 33. (Color) Application of SP-STM to magnetic vortex
states. (a) Schematic of a magnetic vortex. Far away from the
vortex core the magnetization continuously curls around the
vortex center with an orientation in the surface plane. Toward
the center of the vortex core the magnetization turns out of the
surface plane until it is perpendicularly oriented. (b) SP-STS
image revealing a magnetic vortex state in an Fe island with a
size of about 200 nm and a thickness of about 8 nm. A Cr-
coated W-tip that is sensitive to the in-plane magnetization
component was used.
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FIG. 34. (Color) Magnetic vortex core contrast depending on
the SP-STM tips being used. (a) High-resolution SP-STS image
of the in-plane magnetization component of a magnetic vortex
core state in an Fe island measured with an in-plane-sensitive
Cr-coated W tip. (b) High-resolution SP-STS image of the out-
of-plane magnetization component of a magnetic vortex core
state measured with an out-of-plane-sensitive Cr-coated W tip.
(c) Distorted SP-STS image of a magnetic vortex core obtained
with an Fe-coated W tip.

=9 nm of the central vortex core of Fe nanoislands. That
size of a magnetic vortex core was theoretically (Feldt-
keller and Thomas, 1965) determined by the minimum
of the total energy, which is dominated by the exchange
and the magnetostatic (or demagnetization) energy; the
magnetocrystalline and the surface anisotropy energy
contributions are negligible as long as magnetically soft
materials are considered. For the thin-film limit, the fol-
lowing expression for the vortex core width wy was de-
rived:

wy =2(A/K,)"? = 6.4 nm, (38)

where A is the exchange stiffness and K,=uoMZ, /2 is
the magnetostatic energy density with M, the satura-
tion magnetization. For the material parameters of Fe a
theoretical value of wy, ~6.4 nm is obtained for the vor-
tex core width, in reasonable agreement with the experi-
mental value derived from the SP-STS data. It is surpris-
ing that it took almost 40 years for a quantitative
determination of the size of magnetic vortex cores to be
achieved. It should be emphasized that the use of anti-
ferromagnetic probe tips in SP-STS has proven indis-
pensable for a reliable and quantitative analysis of the
central regions of magnetic vortex cores (Wachowiak et
al., 2002). If ferromagnetically coated tips are used, the
vortex core can easily be perturbed by magnetostatic
interactions between tip and sample as shown in Fig.
34(c). This can happen even in cases where the Fe coat-
ing thickness is reduced to only 3 ML.

The response of a magnetic vortex core to an external
magnetic field applied perpendicular to the sample sur-
face plane is shown in Fig. 35. Depending on the direc-
tion of the external field relative to the out-of-plane
magnetization direction in the vortex core, parallel or
antiparallel, the size of the vortex core is either in-
creased or decreased, respectively. Comparison of the
experimental data to the field dependence with micro-
magnetic calculations confirms that only two material
parameters, the exchange stiffness and saturation mag-
netization, are relevant for the size and shape of mag-
netic vortex cores in Fe nanoislands.
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FIG. 35. (Color) Magnetic vortex core contrast as function of
external field direction. (a) Response of a magnetic vortex core
to an external magnetic field: while the size of the vortex core
is increased if the external field is applied parallel to the out-
of-plane magnetization direction in the core region, the oppo-
site behavior is observed for the antiparallel case. (b) The field
dependence of line profiles across the vortex core, extracted
from the experimental SP-STS data obtained with a Cr-coated
tip, show good agreement with calculated line profiles based
on micromagnetic theory. From Wachowiak et al., 2002.

Micromagnetic calculations (Hertel, 2002) also
showed that the lowest-energy state of magnetic nanois-
lands depends not only on their lateral size but also on
their thickness (Bode, Wachowiak, et al., 2004). For in-
stance, by increasing the Fe island thickness from
7.5 to 8.5 nm, while keeping the lateral size constant, a
transition from a single-vortex to a double-vortex (“dia-
mond”) state has been observed by SP-STS (Fig. 36). On
the other hand, if the thickness of a nanoisland with a
given lateral size is reduced, a transition from a single-
vortex state to a single-domain state occurs (Yamasaki et
al., 2003; Bode et al., 2004).
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FIG. 36. (Color) Magnetic vortex core state as function of
nanoisland thickness. (a) SP-STS image (400 X 400 nm?) show-
ing a single-vortex state of an Fe island 7.5 nm thick. (b) Dia-
mond (double-vortex) state observed by SP-STS on an Fe is-
land of similar lateral size but slightly thicker (8.5 nm) than the
one in (a). (c) Magnetization distribution for the double-vortex
state observed in (b). From Bode, Wachowiak, et al., 2004.
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FIG. 37. (Color) SP-STS data obtained with an Fe-coated W
tip showing simultaneously in-plane magnetized, single-
domain Fe nanoislands and the magnetic domain structure of
an Fe monolayer (wetting layer) on a W(110) substrate. The
magnetization directions of the Fe nanoislands and the mag-
netic domain structure of the Fe monolayer are strongly cor-
related. From Wiesendanger et al., 2004.

3. Single-domain states

For islands with a sufficiently small lateral size and
thickness, the single-domain state becomes energetically
favorable. Figure 37 shows Fe islands of similar size to
the ones presented in Figs. 36(a) and 36(b), but with a
reduced thickness of only 3.5 nm. They exhibit a spa-
tially uniform spin-resolved dI/dU signal characteristic
for a single domain state. Since an in-plane-sensitive Fe-
coated probe tip has been used for recording the SP-STS
data, one can conclude that these Fe islands have a two-
fold magnetic in-plane anisotropy leading to two differ-
ent spin contrast levels for different islands. Between the
3D Fe islands, which were prepared in the Stranski-
Krastanov growth mode on a W(110) substrate, an Fe
wetting layer of single atomic height exists that exhibits
a magnetic domain structure. The transitions between
the magnetic domains of the Fe monolayer, i.e., the do-
main walls, appear atomically sharp, as in the case of Fe

(b)

monolayer stripes on W(110) (Sec. IV.B). Interestingly,
the magnetization state of the single-domain nanois-
lands is strongly correlated with the magnetic domain
structure of the Fe monolayer.

As the thickness of the Fe nanoislands on the W(110)
substrate is reduced to 2 ML, a thickness-dependent re-
orientation transition of magnetic anisotropy leads to an
out-of-plane magnetization state of such nanoislands
which can be observed with an out-of-plane-sensitive
probe tip [Fig. 38(a)]. The Fe monolayer that is exposed
between the double-layer islands exhibits an in-plane
magnetic anisotropy. This type of thickness-dependent
behavior was also found for Fe double-layer and mono-
layer nanostripes (Sec. IV.B). However, in addition to
the thickness-dependent magnetic anisotropy of Fe
nanostructures on W(110), one can observe a size-
dependent reorientation transition of magnetic aniso-
tropy. Figures 38(b) and 38(c) show that the out-of-plane
spin contrast disappears for the smallest islands with a
lateral size below 2.5 nm. The size-dependent behavior
can be understood based on a model of spatially switch-
ing magnetic anisotropies (Elmers, 1998; Kubetzka et al.,
2001). Consideration of nanoscale Fe islands shows that,
as the double-layer islands become smaller and smaller,
the energy gained by turning the magnetization into the
easy direction of the double layer decreases. If the
double-layer island size is reduced below a critical value,
the energy gain for turning the magnetization out of
plane into the easy direction of the Fe double layer be-
comes less than the energy that has to be used for a 90°
domain wall between the Fe double-layer nanoisland
and the in-plane-magnetized Fe monolayer. As a result,
the magnetization direction of the smallest Fe double-
layer nanoislands follows that for the Fe monolayer.
This example illustrates that the application of SP-STM
or SP-STS leads to considerably improved insight into
the magnetic behavior of spatially inhomogeneous sys-
tems.

Nanoscale Fe islands of double-layer height have also
been studied on W(001) substrates by SP-STS (Kubetzka
et al., 2005; von Bergmann et al., 2005). In this case a
fourfold in-plane magnetic anisotropy has been revealed
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FIG. 38. (Color) Magnetism of single-domain nanoislands as function of their lateral size. (a) SP-STS image(400 X 400 nm?) of Fe
double-layer nanoislands with a Fe monolayer in between. The data have been recorded with an out-of-plane-sensitive Gd-coated
probe tip. (b) Zoom-in SP-STS image (70X 70 nm?) showing vanishing out-of-plane spin contrast on the smallest Fe double-layer
nanoislands. (c) Magnitude of the spin-resolved dI/dU signal as a function of the islands’ lateral size.
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FIG. 39. (Color) Exchange-coupled nanoislands. (a) Spin-resolved dI/dU map (400X 400 nm?) of nanoscale Fe islands of single-
atomic height on a stepped Cr(001) substrate. The data were recorded at room temperature with an in-plane-sensitive Fe-coated
tip. Due to an antiferromagnetic exchange coupling between the nanoscale Fe islands and the Cr(001) substrate, the Fe islands are
magnetized in opposite directions relative to the underlying Cr(001) terraces and therefore exhibit opposite in-plane spin contrast.
(b) Local spin-resolved differential tunneling conductance spectra as measured above differently magnetized Cr(001) terraces and
corresponding Fe nanoislands located on top of these two types of Cr(001) terraces. The reversal of intensity levels of the
differential tunneling conductance at the bias voltage corresonding to the energetic position of the d2-like surface state of Fe(001)
and Cr(001) indicates the antiferromagnetic coupling between the Fe islands and the Cr(001) substrate. From Ravlic, Bode, and

Wiesendanger, 2003.

by performing spin-resolved spectroscopic measure-
ments with an in-plane-sensitive Fe-coated W tip.

Monolayer-high Fe nanoislands have been studied on
W(110) and Mo(110) substrates by SP-STS. Interestingly,
while the monolayer Fe islands on W(110) exhibit in-
plane magnetic anisotropy (Krause et al., 2007), the Fe
nanoislands on Mo(110) were found to be magnetized
out of plane (Bode, Pietzsch, et al, 2004; Bode, Ku-
betzka, von Bergmann, et al., 2005; Prokop et al., 2006),
similarly to the behavior of the corresponding nanos-
tripe systems (Sec. IV.B). In contrast to double-layer-
high Fe nanoislands surrounded by an Fe monolayer
(wetting layer), as discussed above, Fe monolayer islands
on nonmagnetic substrates are not exchange coupled but
only weakly coupled by magnetostatic interaction.
Therefore, monolayer-high Fe islands of small lateral
size (<10 nm) usually exhibit a thermally induced mag-
netization switching even at low temperatures (see Sec.
IVF.1). On the other hand, by choosing an antiferro-
magnetic substrate, such as Cr(001), nanoscale Fe islands
were found to be magnetically stable even at room tem-
perature (Ravlic, Bode, and Wiesendanger, 2003). This
experimental observation can be explained by an anti-
ferromagnetic exchange coupling between the nanoscale
Fe islands and the Cr(001) substrate as directly revealed
by SP-STS (Fig. 39).

In addition to nanoscale Fe islands, SP-STS studies
have also focused on nanoscale Co islands, particularly
on Cu(111) and Pt(111) substrates (Pietzsch et al., 2004a,
2006; Rusponi et al., 2005; Meier et al., 2006, 2007). In
both cases, the competition between fcc and hep stack-
ing of the Co islands grown on fcc(111) substrates leads
to a spatially inhomogeneous (spin-averaged) electronic
structure, which needs to be distinguished from spin-
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dependent contrast in SP-STS data, related to the differ-
ent magnetic states of such islands. Figure 40(a) shows
spin-averaged STS data of nanoscale Co islands on a
Cu(111) substrate as measured with a nonmagnetic W
tip. Surprisingly, a strong spectroscopic contrast is ob-
served between different Co islands of the same height
[two layers above the Cu(111) substrate] and similar lat-
eral size. The two different contrast levels cannot be re-
lated to different magnetization states in this case but
rather to a different type of crystallographic stacking, as
is obvious from the strong correlation of the different
spectroscopic contrast levels with the orientation of the
triangular-shaped Co islands relative to the Cu(111) sub-
strate. By analyzing the local differential tunneling con-
ductance spectra measured with a W tip on differently
stacked Co islands (fcc and hep), a clear difference is
observed between the two spectra for the negative-bias-
voltage regime, which can be assigned to a stacking-
sensitive d,-like surface state peak showing up at
—0.35V for fcc and at —0.28 V for hcp stacked Co is-
lands [Fig. 40(b)]. This example illustrates that differ-
ences in spectroscopic contrast between islands of the
same elemental composition as well as of the same size
and height cannot simply be interpreted in terms of dif-
ferent magnetization states.

If a magnetically coated W tip that is sensitive to the
out-of-plane magnetization component is used, an addi-
tional spin-dependent contrast is observed for the
double-layer Co nanoislands on Cu(111) which exhibit a
strong out-of-plane magnetic anisotropy. In this case,
four different types of spin-resolved local tunneling con-
ductance spectra are obtained [Fig. 41(a)], resulting from
the two different types of stacking plus the two different
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FIG. 40. (Color) Stacking-dependent spectroscopic contrast on Co nanoislands. (a) Spin-averaged dI/dU map (60 X 60 nm?) of
nanoscale Co islands [two layers high relative to the Cu(111) substrate] as measured with a nonmagnetic W tip. The strong
spectroscopic contrast between different islands originates from a different stacking of the Co islands and is a pure electronic
structure effect. It is not related to a different magnetization state of the Co islands. (b) Local (spin-averaged) differential
tunneling conductance spectra obtained with a nonmagnetic W tip above differently stacked Co islands. While a d2-like surface
state related peak is found at a sample bias voltage of —0.35 V for fcc-stacked Co islands, this peak is shifted to —0.28 V for
hcep-stacked Co islands. This difference gives rise to a stacking-dependent contrast in spatially resolved spectroscopic images. The
third spectrum shown was measured above the Cu(111) substrate. It shows a conductance rise at —0.46 V which is related to the
onset of the free-electron-like sp-type surface state of the Cu(111) substrate. From Pietzsch et al., 2004a.

types of relative orientation of tip and island magnetiza-
tion (parallel or antiparallel). In order to discriminate
between the structure-related electronic contrast and
the magnetization-dependent spin contrast, the so-called
structural asymmetry defined by

d1/dU;o(U) - d1/dUy (V)

Agrue(el) = 39
s eU) = 0. (U) 1 dlldUye,(U) (39
and the spin asymmetry defined by
dlldU(U) -dlldU; (U
Agin(et) = AU (O) L (40)

d1/dU,,(U) + dIldU, (U)

have to be calculated as functions of bias voltage, i.e., as
functions of energy [Fig. 41(b)]. A pure and clear mag-
netic contrast is obtained if the applied bias voltage is
chosen such that the structural asymmetry vanishes
while the spin asymmetry reaches a high absolute value
(see Sec. ITI.B.2). This is illustrated in Fig. 41(c) showing
a spin-resolved STS image of the Co nanoislands on
Cu(111) obtained with an appropriately chosen bias volt-
age. In this case, the spectroscopic contrast is related to
the different magnetization states of the Co islands and
is no longer correlated with the orientation of the Co
islands relative to the Cu(111) substrate.

A definite proof of the magnetic origin of the ob-
served spectroscopic contrast in SP-STS is given by
studying the response of the system to external magnetic
fields of different magnitude and orientation. Such field-
dependent SP-STS data for Co nanoislands on Cu(111),
obtained with an out-of-plane-sensitive Cr-coated W tip
and an appropriately chosen sample bias voltage, are
presented in Fig. 42. At zero applied field an equal num-
ber of bright (upward-magnetized) and dark (downward-
magnetized) Co islands exists. As the external field is
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increased in the +z direction perpendicular to the
sample surface plane, more and more Co islands switch
their magnetization state to become bright, i.e., their
magnetization direction is becoming aligned with the ex-
ternal field direction. When the direction of the external
field is reversed to the —z direction, the spin-resolved
spectroscopic contrast of the Co islands is reversed. The
system becomes magnetically saturated in an external
field of about 1.8 T. A large remanence-to-saturation ra-
tio M,/M;~1 and a high coercive field of 1<puyH.
< 1.5 T is observed for this particular system (Pietzsch et
al., 2004a). It should be emphasized that the use of an
antiferromagnetically coated probe tip was essential for
this experiment in order to exclude field-induced
changes of the tip’s magnetic state. If a ferromagnetically
coated probe tip is chosen, the observed contrast on the
islands is always bright in a high external field, indepen-
dent of its direction, because both tip and sample mag-
netizations are aligned parallel (either in the +z or in the
—z direction).

4. Spin-dependent quantum confinement states in nanoislands

For sufficiently small islands with a lateral size com-
parable to the electron wavelength, the quantum me-
chanical confinement of the electrons can lead to an
energy-dependent oscillatory LDOS distribution at the
islands’ surfaces. This is illustrated by the spin-averaged
STS data for nanoscale Co islands on the Cu(111) sur-
face presented in Fig. 43. While similar STS observa-
tions have been made for many different types of nano-
scale island system (see, e.g., Li et al., 1998; Diekhoner et
al., 2003), SP-STS additionally allows questions related
to the magnetic state of such islands to be addressed. In
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FIG. 41. (Color) Disentangling stacking- and magnetic-state-dependent contrast of Co nanoislands. (a) Spin-resolved differential
tunneling conductance spectra measured with an out-of-plane-sensitive Cr-coated W tip on differently stacked and differently
magnetized double-layer Co nanoislands on Cu(111). (b) Energy-dependent “structural asymmetry” and “spin asymmetry” curves
derived from the spin-resolved tunneling spectra presented in (a). By choosing sample bias voltages for which the spin asymmetry
becomes large while the structural asymmetry is negligible, a clear and pure magnetic contrast can be achieved in spatially resolved

SP-STS measurements (c). Image size: 60X 60 nm?2.

particular, the spin dependence of the electronic con-
finement states and the spin dependence of the elec-
tronic scattering at nanoscale interfaces, such as those
between magnetic nanoislands and nonmagnetic sub-
strates, can be investigated by SP-STS (Pietzsch et al.,
2006). The spin dependence of 2D electronic confine-
ment states in nanoscale Co islands is revealed by the
experimental observation of a spin-dependent LDOS
oscillation amplitude of the confinement states for dif-
ferently magnetized Co nanoislands (Fig. 44). Based on
knowledge of the spin character of the tip’s electronic
states, the spin character of the observed oscillatory con-
finement states can be derived. In the case of nanoscale
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Co islands, the main contribution to the observed spin-
dependent LDOS oscillations was found to originate
from a dispersive majority-spin state (Pietzsch et al.,
2006).

In addition to the lateral 2D electronic confinement
states in nanoscale islands, 1D electronic confinement
has been revealed at the edges of such islands. By per-
forming spin-resolved spectroscopic measurements, the
spin character of the 1D electronic confinement states is
determined as a function of energy (Pietzsch et al., 2006).
Interestingly, the spin character of the 1D confinement
states differed in magnitude as well as in sign from the
spin character of the 2D confinement states for a wide
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FIG. 42. (Color) Set of SP-STS data (150 X 150 nm?) showing
the response of nanoscale Co islands on Cu(111) to an external
magnetic field applied perpendicular to the sample surface
plane. The SP-STS images were obtained with an out-of-plane-
sensitive Cr-coated W tip which is not affected by the external
field. From Pietzsch et al., 2004a.

range of energies. Since the lateral extension of the 1D
confinement states was found to be less than 1 nm, it
directly follows that the spin character of electronic
states may change on a very small length scale which has
not been accessible so far by other spin-resolved elec-
tron spectroscopy techniques.

D. Atomic-resolution spin mapping by SP-STM

While high-resolution imaging of magnetic domains
and domain walls as well as spatially resolved mapping
of spin-resolved electronic states are important fields of
application for SP-STM and SP-STS, the development
of the SP-STM technique was primarily motivated by a
combination of the atomic-resolution capability of STM
with spin sensitivity. This ultimate goal of magnetic im-

FIG. 43. (Color) Spin-averaged STS image (60X 60 nm?)
showing 2D electronic confinement states in double-layer Co
nanoislands on Cu(111) as well as scattering states of the
Cu(111) surface state electrons at single Co adatoms and
Co/Cu interfaces.
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FIG. 44. (Color) SP-STS data (60 X 60 nm?) revealing the spin

dependence of the 2D electronic confinement states in nano-

scale Co islands which manifests itself by a spin-dependent

oscillation amplitude of the confinement states for differently
magnetized Co nanoislands. From Pietzsch et al., 2006.

aging techniques has already been achieved by applying
SP-STM to several different classes of magnetic materi-
als, including antiferromagnetic transition-metal films,
antiferromagnetic nitrides, and ferrimagnetic transition-
metal oxides.

1. Antiferromagnetic transition-metal films

It is difficult to investigate antiferromagnetic surfaces
and thin films with experimental techniques which pro-
vide spatially averaged information at a length scale that
is larger than the magnetic unit cell because the mag-
netic contributions of the two spin sublattices cancel and
the net magnetization vanishes in this case. A particular
challenge has been the observation of an antiferromag-
netically ordered, densely packed atomic layer in which
nearest-neighbor sites exhibit opposite orientations of
their magnetic moments. SP-STM operated in the
constant-current or the spectroscopic mode has been
successfully applied to reveal surface spin structures
even at this ultimate atomic length scale (Heinze ef al.,
2000; Kubetzka et al., 2005). A first example is given by
the antiferromagnetic ground state of a single atomic
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FIG. 45. (Color) Atomic-resolution spin mapping on an anti-
ferromagnetic Mn monolayer. (a) Schematic of an antiferro-
magnetically ordered atomic layer with a bee (110) lattice sym-
metry. The rectangular magnetic unit cell is twice larger than
the diamond-shaped structural unit cell. (b) Atomic-resolution
constant-current STM image (2.7 X 2.2 nm?) of an atomic layer
of Mn, pseudomorphically grown on a W(110) substrate. Since
a nonmagnetic W tip was used in this case, the opposite orien-
tation of magnetic moments of adjacent Mn atoms cannot be
revealed. All Mn atoms therefore appear identical. (c) In con-
trast, the magnetic superperiodicity corresponding to the theo-
retically predicted c(2X2) antiferromagnetic state of the
atomic layer of Mn on W(110) can be revealed by an in-plane
sensitive Fe-coated W tip. The insets in (b) and (c) show a
comparison with simulated STM and SP-STM images based on
density functional theory, respectively. From Heinze et al.,
2000.

layer of Mn pseudomorphically grown on a W(110) sub-
strate [Fig. 45(a)]. Conventional STM imaging in the
constant-current mode of operation performed with a
nonmagnetic W tip allows the visualization of the atomic
structure of the Mn atomic layer without being sensitive
to the magnetic superstructure [Fig. 45(b)]. However, if a
magnetically coated tip is used, a completely different
image is obtained. Instead of the pattern reproducing
the atomic lattice periodicity, a stripelike pattern ap-
pears with a periodicity perpendicular to the stripes that
is twice the structural periodicity [Fig. 45(c)]. The ex-
perimental observation can be interpreted as follows: If
the tip apex atom and a Mn atom have their magnetic
moments aligned parallel, the tunneling current will in-
crease. As a consequence, the tip will be retracted from
the surface in the constant-current mode of operation,
leading to a bright contrast in the SP-STM image of Fig.
45(c). On the other hand, if the magnetic moments of
the tip apex atom and the surface Mn atom are aligned
antiparallel, the tunneling current will be lowered. Con-
sequently, the tip will approach toward the surface under
constant-current conditions, and a dark contrast in the
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FIG. 46. (Color) Atomic-resolution spin mapping on an anti-
ferromagnetic Fe monolayer. (a) SP-STM image showing the
magnetic (2X2) superstructure of (b) an antiferromagnetic
monolayer of Fe on a W(001) substrate. Since an out-of-plane
magnetized Fe-coated W tip has been used, one concludes that
the Fe monolayer on W(001) exhibits an out-of-plane magnetic
anisotropy, which was subsequently confirmed by DFT calcu-
lations. The inset in (a) shows an atomically resolved (1X1)
lattice as revealed either by a nonmagnetic or by an in-plane-
sensitive probe tip. From Kubetzka et al., 2005.

SP-STM image results. By performing SP-STM experi-
ments with in-plane-sensitive Fe-coated W tips as well as
with out-of-plane-sensitive Gd-coated W tips, the theo-
retically predicted in-plane magnetic anisotropy of the
¢(2X2) antiferromagnetic layer of Mn on W(110) has
been confirmed experimentally (Heinze et al, 2000;
Bode, Heinze, Kubetzka, Pietzsch, Hennefarth, et al.,
2002). It should be emphasized that SP-STM was the
first experimental method capable of showing antiferro-
magnetic order in quasi-two-dimensional atomic layers
on nonmagnetic substrates.

While the twofold symmetry of a (110) lattice leads to
a stripelike magnetic superstructure like the one ob-
served in Fig. 45(c), a fourfold-symmetric (001) lattice is
expected to offer the ultimate test case for atomic-
resolution SP-STM studies. An interesting example is
provided by an Fe monolayer pseudomorphically grown
on a W(001) substrate. Calculations based on density-
functional theory (DFT) predicted an antiferromagnetic
ground state for a single atomic layer of Fe on a (001)-
oriented tungsten substrate (Wu and Freeman, 1992), in
contrast to the ferromagnetic ground state of the Fe
monolayer on a W(110) substrate (see Sec. IV.B). In-
deed, using an out-of-plane-sensitive probe tip, the pre-
dicted Néel-type order, leading to a (2 X 2) antiferromag-
netic superlattice, can directly be revealed in real space
by SP-STM and SP-STS (Kubetzka et al, 2005; von
Bergmann et al., 2005), while a nonmagnetic or in-plane-
sensitive tip images only the (1 X 1) atomic lattice (Fig.
46). In order to prove the magnetic origin of the ob-
served superstructure, field-dependent SP-STM experi-
ments with ferromagnetic Fe-coated W tips were per-
formed (Fig. 47). An external magnetic field on the
order of 2 T applied perpendicular to the sample surface
plane, i.e., along the tip axis, is sufficiently strong to re-
orientate the magnetization direction of an Fe-coated tip
from in plane to out of plane, while leaving the antifer-
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tip

romagnetic ground state of the single atomic layer of Fe
on the W(001) substrate unaffected because the (antifer-
romagnetic) exchange coupling within the Fe monolayer
is much larger than the Zeeman energy contribution re-
lated to the applied field. Consequently, it is possible,
using the same tip, to switch reproducibly between a
nonmagnetic and a magnetic imaging mode by appropri-
ately aligning the tip’s magnetization direction. More-
over, by changing the direction of the externally applied
magnetic field and therefore the direction of the out-of-
plane tip magnetization, a pair of spin-resolved images
can be obtained showing the two different spin sublat-
tices of the Néel-ordered state of the Fe monolayer on
W(001) (Fig. 47). A scan window which includes an
atomic adsorbate was chosen in this case in order to
make an accurate registry between the two spin-resolved
images, thereby allowing the calculation of the corre-
sponding sum and difference images. While the sum im-
age provides information about the surface topography,
which is dominated by the adsorbate, the difference im-
age enhances the magnetic contrast. Interestingly, the
magnetic superstructure is visible even at the position of
the adsorbate, indicating that the antiferromagnetic
state of the Fe monolayer remains largely unaffected by
the presence of the adsorbate.

Larger-scale SP-STM data of the atomically resolved
antiferromagnetic Fe monolayer on W(001) reveal a per-
fect Néel-ordered state even in the presence of atomic-
scale defects (e.g., vacancies and impurities) and ferro-
magnetic second-layer Fe islands [Fig. 48(a)]. Based on
the accurate atomic-level registry between several SP-
STM images obtained at different laterally shifted posi-
tions of the sample, an extended view of the surface spin
structure in the presence of surface imperfections can be
obtained [Fig. 48(b)]. This example demonstrates the
high degree of reproducibility that can now be achieved
in atomic-resolution SP-STM investigations performed
at cryogenic temperatures.

Domain walls were found to be very rare for the Fe
monolayer on W(001). They typically occur if two ex-
tended defects are close in space. In that case, it was
possible to reveal the spin structure of a domain wall in
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B=-25T FIG. 47. (Color) The upper

part shows two SP-STM images
of exactly the same surface lo-
B cation on a 1 ML Fe/W(001)

sample which were obtained

tip

with the same Fe-coated W tip
magnetized by an external field
in two opposite out-of-plane di-
rections. An atomic adsorbate
was used for making an accu-
rate registry between the two
SP-STM images allowing the
calculation of the sum (topo-
graphic contrast) and difference
(magnetic  contrast) images
(lower part).

an antiferromagnetic system with atomic resolution
(Bode, Vedmedenko, et al., 2006). The experimental SP-
STM data were found to be in excellent agreement with
theoretical results based on Monte Carlo simulations
(Fig. 49). This example illustrates the potential of SP-
STM for revealing even complex noncollinear spin struc-
tures at the atomic level.

Recently another example of a noncollinear spin
structure was found in near-atomic-resolution SP-STM
studies of 10-15 ML films of Mn on Fe(001) substrates
(Gao et al., 2007). Using the modulated tip magnetiza-
tion mode of operation together with ferromagnetic ring
electrode probes having a well-defined in-plane magne-
tization direction, they found that the reconstructed Mn
surface formed a complex noncollinear antiferromag-
netic structure with both the size and direction of the
in-plane magnetization varying within the 0.9 1.8 nm?
large unit cell.

2. Antiferromagnetic nitrides and ferrimagnetic oxides

Near-atomic-resolution SP-STM in the constant-
current mode of operation has also been applied to
more complex material systems, such as antiferromag-
netic transition-metal nitrides and ferrimagnetic
transition-metal oxides. For instance, using in-plane-
sensitive Mn-coated W tips, the antiferromagnetically
coupled rows of Mnl sites on the Mn;N,(010) surface
were directly revealed even at room temperature (Yang
et al., 2002; Smith et al., 2004, 2005; Yang et al., 2006).
The SP-STM images on this particular surface were
found to contain two components, the nonpolarized and
the spin-polarized contributions, exhibiting spatial peri-
ods of 0.6 and 1.2 nm, respectively (Fig. 50).

Since the early stage of SP-STM development, strong
emphasis was put on the investigation of various magne-
tite (FesO,) surfaces (Wiesendanger, Shvets, et al,
1992a, 1992b, 1992c; Koltun et al., 2001; Shvets et al.,
2004; Berdunov, Murphy, Mariotto, and Shvets, 2004;
Berdunov, Murphy, Mariotto, Shvets, and Mykovskiy,
2004; Jordan et al., 2005). Bulk magnetite is expected to
exhibit the characteristics of a half-metallic ferromagnet
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(a)

(b)

FIG. 48. (Color) Atomic-resolution spin mapping in the presence of surface defects. (a) Larger-scale SP-STM image of the
antiferromagnetic Fe monolayer on W(001) with atomic resolution. In addition to the magnetic (2 X 2) superlattice, atomic-scale
defects (vacancies and impurities) as well as second-layer Fe islands (bright features) are visible. (b) Perspective view of several
SP-STM images, each (50 nm)? in size, which have been put together in order to reveal the perfect Néel-type order of the Fe
monolayer on W(001) over an extended surface area and show the degree of reproducibility of atomic-resolution SP-STM imaging.

and is therefore a promising test sample for SP-STM
studies. Because of the relatively large unit cell of the
complex cubic inverse spinel structure of magnetite, dif-
ferent surfaces may be exposed after different surface
treatments. Moreover, sample annealing or Ar*-ion
sputtering may lead to changes in oxygen stoichiometry
in the near-surface region. Therefore, a detailed descrip-
tion of the surface preparation and the resulting surface
structure has to be given in order to make a useful com-
parison between results from different experimental
studies of magnetite.

The first near-atomic-resolution SP-STM study per-
formed at room temperature was devoted to the (001)
surfaces of in situ cleaved natural single crystals of mag-
netite (Wiesendanger, Shvets, et al., 1992a, 1992b,
1992c). While most parts of the cleaved Fe;O, single-
crystal surface revealed the (001) plane with tetrahe-

Monte-Carlo Simulated Experimental
simulation SP-STM SP-STM

_[110] direction

drally coordinated Fe3* sites (so-called A sites) on top,
without exhibiting an interesting surface spin structure,
a few parts of the surface showed the C, and C, planes
with octahedrally coordinated Fe?* and Fe?* sites (so-
called B sites) as well as oxygen sites on top. The struc-
ture model for these particular Fe;O04(001) planes is
shown in Fig. 51(a). They consist of Fe rows separated
by oxygen sites, resulting in a row spacing of 0.6 nm.
These Fe rows change their orientation by 90° from a C,
to a C, plane, which can be seen in the SP-STM image
of Fig. 51(c). Along these Fe rows pairs of Fe?* sites
(spin configuration; 3d°'3d'; magnetic moment, 4up)
and Fe3* sites (spin configuration, 3d°'; magnetic mo-
ment, Sup) alternate, leading to a magnetic superperiod-
icity of 1.2 nm along these Fe rows, i.e., four times the
atomic spacing of 0.3 nm. High-resolution constant-
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FIG. 50. (Color) Atomic-resolution spin mapping on an anti-
ferromagnetic nitride surface. (a) Constant-current SP-STM
image obtained with an in-plane-sensitive Mn-coated W tip
showing the antiferromagnetically coupled rows of Mnl sites
on the Mn;N,(010) surface. (b) Schematic of the spin structure
of Mn3N,(010) and a corresponding experimental SP-STM line
profile obtained under constant-current conditions. The period
of the magnetic modulation amounts to 1.2 nm. From Smith et
al., 2005.

current SP-STM experiments performed with Fe tips re-
vealed the magnetic superstructure modulation along
the rows of octahedrally coordinated Fe sites of
Fe;0,4(001), as shown in Fig. 51(b). Similar results were
obtained for (001) surfaces of synthetic Fe;O, single
crystals using ferromagnetic Fe as well as antiferromag-
netic MnNi tips (Koltun et al., 2001; Shvets et al., 2004).
The formation of Fe** and Fe** pairs along the [110]-
oriented rows of Fe B sites, related to a charge- and
spin-ordered state at the (001) surface of magnetite at
room temperature, has been explained by an increase in
the metal-insulator (Verwey) transition temperature at
the surface of magnetite, resulting from the reduced co-
ordination and the correspondingly reduced electronic
bandwidth at the surface compared to the bulk (Coey et
al., 1993; Wiesendanger et al., 1994; Shvets et al., 2004).

Another atomic-resolution SP-STM study concen-
trated on oxygen vacancies on the (111) surface of syn-
thetic Fe;Oy crystals (Berdunov, Murphy, Mariotto, and
Shvets, 2004; Berdunov, Murphy, Mariotto, Shvets, and
Mykovskiy, 2004; Murphy et al., 2005). In this case a
magnetic-field dependent contrast of electronic states
around individual oxygen vacancy sites was revealed by
SP-STM using antiferromagnetic MnNi tips.

Rev. Mod. Phys., Vol. 81, No. 4, October—December 2009

corrugation [nm]
o
o
S
lateral displ. [nm]

0.02
1o 02008000800000084
o 1 2 3 4 5

lateral displ. along row [nm] 18 +F

FIG. 51. Atomic-resolution spin mapping on a ferrimagnetic
transition metal oxide surface. (a) Schematic structure model
of different Fe-O(001) planes of magnetite (Fe30,) exhibiting
Fe rows of alternating Fe?* and Fe** pairs. While the separa-
tion of the Fe rows is 0.6 nm, the atomic spacing along the Fe
rows is 0.3 nm. The magnetic period along the Fe rows is ex-
pected to be four times larger than the atomic spacing, i.e.,
1.2 nm. (b) Schematic of the spin structure along the Fe rows
of an Fe-O plane of magnetite and a corresponding experi-
mental SP-STM line profile obtained under constant-current
conditions. The observed period of 1.2 nm reflects the spin
structure of alternating Fe** and Fe®* pairs (Wiesendanger,
Shvets, et al., 1992a). (c) Constant-current SP-STM image of
the Fe304(001) surface revealing the magnetic superstructure
period of 1.2 nm along the Fe rows of an Fe-O(001) plane.
From Koltun et al., 2001.

E. SP-STM studies on individual adatoms

After this discussion of the atomic-resolution capabil-
ity of SP-STM and its application to various types of
antiferromagnetic and ferrimagnetic sample system, the
question arises whether the sensitivity of SP-STM can
ultimately achieve the level of individual magnetic at-
oms adsorbed on nonmagnetic substrates. Furthermore,
the coupling of individual magnetic atoms and molecules
to magnetic substrates as well as the influence of non-
magnetic adatoms on the spin-polarized electronic states
of magnetic substrates are interesting topics for SP-STM
investigations.

1. Determination of spin states of individual magnetic adatoms
on nonmagnetic substrates

Individual magnetic adatoms on a nonmagnetic sub-
strate are the smallest building blocks for magnetic
nanostructures that one can imagine. Using STM-based
atom manipulation techniques it is possible to construct
artificial magnetic nanostructures and to use them as
model systems for future nanomagnetic or spintronic de-
vices. Previously, the spatially averaged magnetic prop-
erties of an ensemble of magnetic adatoms have been
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Topograph colorized with the spin-resolved dlI/dU signal, T=0.3K.

FIG. 52. (Color) SP-STS image showing Co monolayer stripes
prepared by step-flow growth on a stepped Pt(111) substrate as
well as individual Co adatoms on the bare Pt(111) terraces.
Out-of-plane spin contrast of a Cr-coated W tip was verified by
revealing the magnetic structure of the out-of-plane magne-
tized Co nanostripes and the response of the sample to an
external magnetic field (see Fig. 31). From Meier et al., 2008.

investigated by x-ray magnetic circular dichroism
(XMCD) (Gambardella et al., 2003). Alternatively, the
occurrence of a sharp resonance close to the Fermi level,
as observed in local tunneling spectra measured above
individual magnetic adatoms (Li et al., 1998; Madhavan
et al., 1998), has been exploited to determine the cou-
pling between a magnetic adatom and a metal substrate
(Knorr et al., 2002; Wahl et al., 2004) as well as the cou-
pling between two magnetic adatoms mediated by the
substrate (Wahl et al., 2007). Since the sharp resonance is
usually assigned to the Kondo effect, which originates
from the screening of the spin of a magnetic impurity by
the surrounding conduction band electrons, it is a rather
indirect way of determining the magnetic properties of
individual magnetic adatoms. In general, detailed infor-
mation about the magnetic system under investigation
cannot be extracted on the basis of a single parameter
(the resonance width, which is related to a characteristic
energy scale—the Kondo temperature Tk of the impu-
rity system) extracted from the observation of a Kondo
resonance peak. It is therefore a great challenge to per-
form spin-resolved spectroscopic studies on individual
magnetic adatoms by SP-STM and SP-STS.
Application of SP-STM and SP-STS to individual
magnetic adatoms brings one into a new regime of sen-
sitivity for spin-resolved microscopy and spectroscopy
(Meier et al., 2008). Therefore, it is desirable to have a
sample system which allows a calibration of the tip prop-
erties by simultaneous observation of the magnetic state
of a previously investigated magnetic nanostructure. An
example in Fig. 52 shows a SP-STS image of submono-
layer Co on a Pt(111) substrate. In a two-stage Co depo-
sition process, nanoscale Co stripes were first prepared
by step-flow growth on the stepped Pt(111) substrate,
while individual Co adatoms were subsequently depos-
ited at low temperatures, thereby preventing Co adatom
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FIG. 53. (Color) SP-STS applied to individual magnetic ada-
toms. (a) Spin-resolved local differential tunneling conduc-
tance spectra measured with an out-of-plane-sensitive Cr-
coated tip above individual Co adatoms adsorbed either on fcc
or on hcp sites of the Pt(111) substrate. Depending on the
relative alignment of the magnetic moments of the tip apex
atom and the Co adatoms, different spin-resolved tunneling
conductance curves are obtained (red spectra for the parallel
case and green spectra for the antiparallel case). (b) The
energy-dependent spin asymmetry curves calculated from the
spin-resolved tunneling spectra in (a) show quite similar behav-
ior for Co-adatoms adsorbed on fcc and on hcep sites, except
for the energy range between —0.2 eV and the Fermi level.
From Meier et al., 2008.

diffusion on the Pt surface. Since the system of Co on
Pt(111) is known to exhibit out-of-plane magnetic aniso-
tropy, an out-of-plane-sensitive Cr-coated W tip was
used for studying the magnetic state of the sample. In-
deed, with such tips, the Co monolayer stripes reveal a
magnetic domain structure with lateral constrictions act-
ing as pinning sites for domain walls (Fig. 52). The ulti-
mate proof of the magnetic origin of the observed con-
trast is given by observing the response of the sample to
an external magnetic field applied perpendicular to the
surface plane (Fig. 31). Once the out-of-plane magnetic
contrast on the Co nanostripes is proven, spin-resolved
STS measurements can be performed on the simulta-
neously observed individual Co adatoms using the same
Cr-coated tip. Figure 53(a) shows the spin-resolved local
differential tunneling conductance spectra measured
above Co adatoms adsorbed either on fcc or on hep sites
of the Pt(111) substrate. The spectra depend on the rela-
tive alignment of the magnetic moments of the Co ada-
toms, controlled by the direction of the externally ap-
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FIG. 54. (Color) SP-STM images of four Co adatoms on
Pt(111) obtained with a parallel (left) or antiparallel (right)
alignment of the magnetic moments of tip apex atom and Co
adatoms. In this case, a sample bias voltage of —0.1 V was
chosen for which the electronic contrast, arising from the two
inequivalent Co adsorption sites (fcc and hcp), is much stron-
ger than the magnetic contrast arising from the different ori-
entation of the Co moments in the left and in the right image.
From Meier et al., 2008.

plied magnetic field and the tip apex atom. The resulting
energy-dependent spin asymmetry curves for the two in-
equivalent Co adsorption sites, calculated according to
Eq. (40), are shown in Fig. 53(b). Both the magnitude
and sign of the spin asymmetry change with energy. A
major difference between the two inequivalent adsorp-
tion sites can be noticed only in a small energy window
between —0.2 eV and the Fermi energy, for which elec-
tronic contrast effects are expected to dominate over
spin-related contrast effects. Indeed, when SP-STS im-
ages are recorded at a sample bias voltage of —0.1 V, the
electronic contrast difference between Co atoms ad-
sorbed on fcc and hep sites is much larger than the mag-
netic contrast originating from the difference between
spin-dependent tunneling from a Co adatom with its
magnetic moment pointing parallel or antiparallel to the
magnetic moment of the tip apex atom (Fig. 54). On the
other hand, for a sample bias voltage of +0.3 V, the elec-
tronic contrast between Co atoms adsorbed on fcc and
hcp sites vanishes and a clear spin-dependent contrast
can be observed in SP-STS images of Co adatoms polar-
ized either in the downward or in the upward direction
(Fig. 55). The experimental data presented in Fig. 55
prove that the sensitivity of SP-STM and SP-STS is suf-
ficient to reveal the spin state of an individual magnetic
atom adsorbed on a nonmagnetic substrate, thereby di-
rectly proving the existence of the tunneling magnetore-
sistance effect for a magnetic single-atom tunnel junc-
tion.

Based on the abitilty to measure the spin-resolved dif-
ferential tunneling conductance above an individual
magnetic adatom, a magnetization curve of a single ada-
tom is obtained by plotting the spin-dependent dI/dU
signal as a function of the externally applied field (Fig.
56). In this case, the measured quantity is not related to
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FIG. 55. (Color) Set of two SP-STM images showing several
Co adatoms on Pt(111) with their spins aligned either parallel
(left) or antiparallel (right) with respect to the spin orientation
of the tip apex atom. In this case, a sample bias voltage of
+0.3 V was chosen for which the observed contrast difference
between the left and the right image is primarily dominated by
the different magnetic states of the Co adatoms, while the in-
equivalent Co adsorption sites cannot be distinguished. From
Meier et al., 2008.

an ensemble-averaged magnetization, as in conventional
magnetometry, but rather to a time-averaged magnetiza-
tion of an individual adatom. The time-averaged compo-
nent of the magnetization of adatoms (M ,) in the exter-
nal magnetic field direction can be calculated according
to
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FIG. 56. (Color) Determination of atom-resolved magnetiza-
tion curves by SP-STS. (a) Experimentally determined magne-
tization curves for individual Co adatoms on a Pt(111) sub-
strate for two different temperatures: By recording the spin-
resolved differential tunneling conductance signal above single
Co adatoms as a function of the externally applied magnetic
field and by fitting the experimental data according to Eq. (41),
the magnetic moment of the Co adatoms can be extracted. (b)
Magnetization curves measured at 0.3 K for Co adatoms ad-
sorbed on fcc and on hep sites. The inset shows the histograms
of the extracted magnetic moments of 38 hcp adatoms and 46
fcc adatoms. The significant variation of the extracted mag-
netic moments is not caused by the difference in the adsorp-
tion sites, but must be related with a spin-dependent interac-
tion among the Co adatoms mediated via the Pt substrate in
combination with the statistical distribution of the Co adatoms
on the substrate. From Meier et al., 2008.
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where E(6,B.y)=-m(B.—By)cos 6—K(cos ) is the
magnetic energy function of the adatom, m is the ada-
tom’s magnetic moment, Mg, is the saturation magneti-
zation, K is the magnetic anisotropy energy, kp is
Boltzmann’s constant, 7T is the temperature, and By is
the external magnetic field applied in the easy-axis di-
rection. A residual magnetic stray field of the tip B, is
accounted for using an effective external field (B.y
—B,) in the magnetic energy function. By fitting the ex-
perimental data obtained at different temperatures with
Eq. (41), the magnetic moment m, the saturation mag-
netization Mg, and the tip’s residual stray field can be
deduced [Fig. 56(a)]. Interestingly, the values for the
magnetic moments extracted from the SP-STS data mea-
sured at 0.3 K vary considerably (between 2up and
6up), while the ensemble-averaged value was found to
be in reasonable agreement with results from XMCD
measurements (Gambardella et al., 2003). The observed
significant variation in the magnetic moment of indi-
vidual Co adatoms is not caused by the inequivalent Co
adsorption sites, as shown in Fig. 56(b), but appears to
be related to a spatially inhomogeneous polarization of
the Pt substrate resulting from the statistical distribution
of the Co adatoms (Meier et al., 2008). This example
illustrates the strength of a local probe method for
studying magnetic properties of individual adsorbed at-
oms or molecules, which are strongly influenced by in-
teraction effects mediated by the substrate’s electronic
states.

The assumption of a long-range magnetic coupling be-
tween individual Co adatoms mediated via the Pt(111)
substrate has been verified directly by measurements of
single-atom magnetization curves for pairs of Co ada-
toms as a function of their spacing. The sign of the cou-
pling was found to change periodically as a function of
distance, i.e., both ferromagnetic and antiferromagnetic
coupling between individual Co adatoms was observed
depending on their separation. Additionally, the long-
range magnetic coupling between individual Co adatoms
and a ferromagnetic Co monolayer stripe on a Pt(111)
substrate has been studied by SP-STS (Meier et al,
2008). In this case, clear magnetic hysteresis loops have
been measured above individual Co adatoms which are
indirectly exchange coupled to a ferromagnetic nano-
structure [Figs. 57(a)-57(c)]. Based on the dependence
of the hysteresis loops on the distance d between the Co
adatoms and the Co monolayer stripe, quantitative val-
ues for the exchange coupling energy J as a function of d
have been extracted [Fig. 57(d)]. A damped oscillatory
behavior, which is reminiscent of Ruderman-Kittel-
Kasuya-Yoshida (RKKY) like exchange, was revealed,
involving a periodic change between ferromagnetic and
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FIG. 57. (Color) Indirect magnetic exchange interaction be-
tween Co adatoms and a Co monolayer stripe on a Pt(111)
substrate. (a)-(c) Magnetization curves measured on the Co
monolayer (straight lines) and on three adatoms (dots) A, B,
and C visible in the inset topograph of (d). The black vertical
arrows in (a)—(c) indicate the exchange bias fields B.,, which
can be converted into exchange energy values as plotted in (d)
as a function of distance of the Co adatoms from the Co mono-
layer stripe. The black line in (d) represents the dipolar inter-
action calculated from the stray field of a 10-nm-wide Co
stripe, whereas the red, blue, and green lines are fits to 1D, 2D,
and 3D range functions for indirect magnetic exchange inter-
action. From Meier et al., 2008.

antiferromagnetic couplings as a function of distance. In
contrast, dipolar magnetic coupling will be antiferro-
magnetic and negligibly small in magnitude [Fig. 57(d)].
In order to test whether a RKKY-type coupling at the
single-atom level has indeed been observed, the experi-
mental data points have been fitted using the following
range functions with different dimensionalities D
(Fischer and Klein, 1975):

cos(2kpd)
Qkpd)”

The good agreement is obtained for D=1 and a wave-
length of 3 nm, corresponding to an oscillation period of
the exchange energy of 1.5 nm. A dimensionality below
2 is expected if the interaction is dominated by surface-
related electronic states, and the superposition of the
contributions from all Co atoms along the stripe edge
attenuates the decay of the indirect exchange interaction
as a function of distance of the individual Co adatom.
The observed period of the oscillation is found to be
larger than typical Fermi wavelengths of the Pt(111) sur-
face (Wiebe et al., 2005). However, effects similar to
those found in layered metallic systems explaining the
long-period oscillation of the interlayer exchange cou-

Jriky(d) = (42)
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pling (Bruno and Chappert, 1992) can also play a crucial
role in the stripe-adatom interaction.

2. Spin states of individual magnetic adatoms on magnetic
substrates

In the above-mentioned case the spin direction of the
individual magnetic adatoms was fixed and determined
by an external magnetic field, but it is also possible to
observe stationary spin states of individual magnetic
adatoms that are exchange coupled to a magnetic sub-
strate. For instance, individual Fe and Cr atoms ad-
sorbed on nanoscale Co islands on Cu(111) were studied
by SP-STS at a temperature of 5 K (Yayon et al., 2007).
Using out-of-plane-sensitive Cr-coated W tips it was
found that the Fe and Cr adatoms exhibit an out-of-
plane orientation of their magnetic moments, similarly
to the nanoscale Co islands on Cu(111) (see Sec. IV.C).
Moreover, analysis of spin-resolved differential tunnel-
ing conductance spectra measured above Fe and Cr ada-
toms adsorbed on two oppositely magnetized Co islands
showed that the Fe adatoms coupled ferromagnetically
to the Co moments, while the Cr adatoms coupled anti-
ferromagnetically. This example illustrates that ex-
change coupling is effective even at the level of indi-
vidual adsorbed atoms, which explains why atomically
sharp magnetic tips can provide a stable spin contrast in
SP-STM and SP-STS data without being limited by spin
fluctuations.

3. Spin-dependent scattering at single nonmagnetic atoms on
magnetic substrates

SP-STM and SP-STS can also be applied to study
spin-dependent scattering states around individual im-
purity adatoms on magnetic substrates. An important
example is given by chemisorbed oxygen atoms on
highly reactive transition-metal substrates, such as iron.
By preparation of single oxygen atoms on an Fe(110)
substrate, the spin-dependent scattering of Fe electrons
with d-like symmetry can be directly revealed in real
space by SP-STS (von Bergmann, Bode, Kubetzka, et al.,
2004). The spatial distribution of scattering states is
known to reflect the orbital character of the electronic
states involved in the scattering. While circular-
symmetric scattering states are observed around ada-
toms on noble-metal (111) substrates (see Fig. 43), the
shape of the scattering state observed in Fig. 58 reflects
the d-orbital symmetry of the Fe electronic states at the
particular energy determined by the applied sample bias
voltage. Moreover, by observation of the scattering
states around individual oxygen atoms chemisorbed on
oppositely magnetized Fe(110) surface areas, the spin
character of the scattering states can be determined un-
ambiguously. This is accomplished by analyzing the rela-
tive strength of the scattering for the two different spin
channels. It was found that the scattering of minority-
spin electrons of Fe is much stronger than that of
majority-spin electrons, in agreement with theoretical
studies (von Bergmann, Bode, Kubetzka, et al, 2004).
As a consequence, the microscopic origin of magnetore-
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FIG. 58. (Color) SP-STS image showing a spin-dependent scat-
tering state arising from a single oxygen atom chemisorbed on
a Fe(110) substrate. The contrast originates from the scattering
of minority-spin electronic states of d-like symmetry as re-
vealed experimentally by the spatial distribution of the scatter-
ing state and the relative strength of the scattering for the
minority- and majority-spin channels. The interpretation has
been supported by ab initio spin-resolved electronic structure
calculations. From von Bergmann, Bode, Kubetzka, et al.,
2004.

sistance effects, arising from the presence of impurities,
can be traced back directly to the spin-dependent scat-
tering at the atomic level.

F. Magnetization dynamics and spin transport phenomena

1. Thermally induced magnetization switching in nanoislands

In the previous sections, the focus was on applications
of SP-STM in magnetic imaging of static domain con-
figurations in thin films as well as investigating spin
states of nanoislands and single atoms that are stable in
time due to exchange coupling to a magnetic thin film or
the presence of an external magnetic field. In the follow-
ing, it will be shown that time-resolved SP-STM studies
allow insight into the thermal switching behavior of su-
perparamagnetic nanoislands and single paramagnetic
spins. The unambiguous interpretation of such data nec-
essarily requires antiferromagnetic SP-STM probe tips
because the magnetic stray field of a ferromagnetic tip
would modify the intrinsic magnetic switching behavior
of nanoislands or single atoms.

Since scanning microscopy techniques usually suffer
from a limited time resolution because the data are re-
corded sequentially, alternative modes of operation,
such as the line or point mode, have been introduced for
the investigation of dynamic phenomena. In these
modes, one or even two scanning directions are given up
in order to improve the time resolution in the SP-STM
experiment.

A typical experimental procedure starts with observ-
ing the spatial distribution of magnetic nanoislands or
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magnetic atoms before selecting an individual nano-
object for time-resolved study. Subsequently, the SP-
STM tip is held stationary above the individual magnetic
nano-object and the spin-resolved tunneling current or
the spin-resolved differential tunneling conductance sig-
nal is recorded as a function of time.

The first time-resolved SP-STM study of the thermal
switching behavior of magnetic nano-objects focused on
perpendicularly magnetized nanoscale Fe islands of
single atomic layer height on a Mo(110) substrate using
out-of-plane-sensitive Cr-coated W tips (Bode, Pietzsch,
et al., 2004; Bode, Kubetzka, von Bergmann, et al., 2005).
While Fe islands with an area larger than 40 nm? were
observed to be magnetically stable at the measurement
temperature of 7=13 K, smaller Fe islands exhibited a
time-dependent spin contrast (either between two sub-
sequent scan lines within one particular SP-STM image
or between subsequent SP-STM images; see Fig. 59). In-
terestingly, it was found that the magnetic switching rate
of the Fe nanoislands is not only determined by their
size, but also strongly affected by their shape, i.e., elon-
gated islands switch much more rapidly than compact
islands of the same volume (Bode, Pietzsch, et al., 2004).
This experimental observation has been explained by
different processes of magnetization reversal for com-
pact and elongated islands.

For compact islands, the switching rate v can be de-
rived under the assumption of a coherent rotation of
magnetization, i.e., at any time—even during the mag-
netic switching—the magnetic moments of the entire is-
land remain oriented in the same direction, behaving
like a single giant spin (Brown, 1963),

V=1 eXp(— EB/kBT) (43)

with the attempt frequency v, the energy barrier Ep
that separates two magnetization states (e.g., up and
down), the Boltzmann constant kg, and the temperature
T. The energy barrier for this type of magnetization re-
versal is given by the material-specific anisotropy energy
density constant K times the magnet’s volume V,

Ez=KV. (44)

Most previous experimental studies of magnetic switch-
ing behavior have been performed on ensembles of
nanoparticles which were supposed to be identical. Since
the switching rate v depends exponentially on the parti-
cle’s volume, even a relatively narrow size distribution
may cause a significant variation in the switching rate.
Furthermore, the Néel-Brown law [Eq. (43)] is not gen-
erally applicable for irregularly shaped nanoparticles or
nanoislands. The magnetization reversal mechanism
may be completely different for elongated particles com-
pared to compact ones. In particular, it has been pre-
dicted theoretically (Braun, 1993, 1994) that for elon-
gated particles that exceed a critical length, determined
by the exchange stiffness A and the effective anisotropy
constant K, the nucleation of a reversed domain in the
interior of the sample is possible because the energy bar-
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FIG. 59. (Color) Time-resolved SP-STS on individual nanois-
lands. (a) Topographic STM image (bottom left) and 23 succes-
sive spin-resolved dI/dU maps of four superparamagnetic Fe
nanoislands on Mo(110) labeled a-d. Magnetic switching
events that were directly observed are marked by straight ar-
rows while zigzag arrows indicate switching events that must
have occurred when the tip did not scan across the particular
islands. (b) Time- and spin-resolved dI/dU signal of the four
nanoislands shown in (a). Since the position of the slow scan-
ning direction is fixed, this direction represents the time rather
than a lateral scale. The total observation time is about 40 min
with a 1 s increment. Five switching events of island a can be
recognized. (c) Averaged line profiles drawn along the time
axis. The effect of the dipolar coupling between islands a and b
is highlighted by the differently shaded regions. From Bode,
Kubetzka, von Bergmann, et al., 2005.

rier related to domain-wall creation in an elongated par-
ticle with a small cross section F given by

Ep=2F(AK)"? (45)

becomes lower than the energy barrier for coherent ro-
tation of magnetization. The experimental SP-STM re-
sults support this theoretical prediction of a shape-
dependent magnetization reversal process.

Moreover, the interparticle distances should be ex-
perimentally accessible in order to quantify the effect of
dipolar interactions on the particle’s intrinsic switching
rate at small interparticle spacings. The influence of such
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dipolar interactions on the switching behavior of closely
spaced nanoislands is shown in Fig. 59(a), where the
time-dependent magnetization states of the two Fe is-
lands a and b are strongly correlated because the dipolar
interaction between these two neighboring islands leads
to preference for an antiparallel alignment of their mag-
netization directions.

In conclusion, a careful characterization of the size
and shape of individual nanoparticles or nanoislands, as
well as the determination of interparticle spacings, is re-
quired in order to determine the magnetic switching be-
havior of nanoscale objects (Krause et al, 2009). SP-
STM is a powerful technique because detailed structural
and morphological information can be combined di-
rectly with the observation of time-dependent magnetic
states at the nanoscale.

As the size of the nanoscale object is further reduced
to the ultimate limit of single atoms, the characteristic
time scale for magnetic switching decreases and one
might expect that it will become more difficult, even in
the point mode, to resolve these fast switching events
with time-dependent measurements of the spin-resolved
tunneling current or tunneling conductance. However, it
has been theoretically predicted that SP-STM might be a
useful technique to perform “noise spectroscopy” of a
single spin, thereby directly probing the highly disor-
dered quantum states of a microscopic system (Nussinov
et al., 2003).

2. Spin-current-induced magnetization switching across a
vacuum barrier

It has been predicted theoretically that the magnetiza-
tion state can also be switched by spin-polarized cur-
rents which locally exert a spin torque leading to the
reversal of magnetization at sufficiently high current
densities (Berger, 1996; Slonczewski, 1996). While this
effect was first experimentally observed in magnetic
multilayer structures with a nonmagnetic metallic spacer
layer sandwiched between two magnetic layers (Tsoi ef
al., 1998; Myers et al., 1999), it was only recently that a
spin-polarized STM was used to demonstrate spin-
current-induced magnetization switching across a
vacuum barrier (Krause er al., 2007). In combination
with the ultimate lateral resolution of SP-STM, a sepa-
ration between the Oersted field and true current-
induced spin torque effects could be achieved, thereby
providing insight into the microscopic processes of
current-induced magnetization switching. This experi-
ment demonstrated that the same SP-STM setup can be
used to both manipulate and read out the magnetization
of nanoscale Fe islands consisting of only 100 atoms.

3. SP-STM studies of magnons

In addition to the investigation of dynamic and trans-
port phenomena in the time domain, SP-STM may be
applied to study magnetic excitations in the frequency
domain. This can be accomplished by combining SP-
STM with inelastic electron tunneling spectroscopy
(IETS), which is a well-established technique for planar
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tunnel junctions (Wiesendanger, 1994a). The tunneling
electron may lead to excitation of an object placed in the
gap between the two electrodes of the tunnel junction or
in the electrodes themselves if its energy eU is equal to
or larger than the energy of the excitation. Since the
number of possible final states increases, the tunneling
current is enhanced. This leads to a step in the differen-
tial tunneling conductance at the energy of the excita-
tion and, accordingly, to a peak in the second derivative
d’1/dU(U).

Inelastic scanning-tunneling spectroscopy (ISTS) has
been well established in studies of vibrational excitations
of single molecules placed between the STM tip and a
metallic substrate (Stipe et al., 1998). Recently ISTS has
been applied to observe spin flips of single atoms and
spin excitations in atomic chains exposed to an external
magnetic field (Heinrich et al., 2004; Hirjibehedin et al.,
2006, 2007). It has been possible to directly measure the
energy required to flip the spin of a single adsorbed Mn
atom and to probe the interactions between spins in lin-
ear atomic chains of up to ten Mn atoms. While these
studies have been performed with conventional non-
magnetic probe tips, the ultimate goal would be a com-
bination of inelastic and spin-resolved scanning-
tunneling spectroscopy for atomic-scale studies of spin
states and spin excitations.

The application of inelastic SP-STM to observe the
local excitation of magnons has already been demon-
strated using bulk Fe samples and thin films of Co grown
on Cu(111) substrates (Balashov et al., 2006). Recording
of inelastic tunneling spectra with Fe-coated W tips in an
external magnetic field has given a strong indication of
the magnonic nature of the excitation. It was found that
the cross section for magnon excitation scales linearly
with the Co film thickness. Future inelastic and spin-
resolved STS studies may allow the investigation of
magnons in laterally confined nanoscale structures or
the study of localized magnon modes in the vicinity of
single magnetic impurities.

G. New developments

The previous sections have provided numerous ex-
amples of applications of SP-STM where theoretically
predicted magnetic states could be verified experimen-
tally for the first time thanks to the unprecedented real-
space resolution of SP-STM, e.g., the antiferromagnetic
ground states of single atomic layers of Mn on W(110)
and Fe on W(001), the topological antiferromagnetic or-
der of the Cr(001) surface, the atomically sharp domain
walls in ferromagnetic atomic layers of Fe on W(110), or
the quantitative determination of the magnetic vortex
core width in mesoscopic-scale magnetic islands. How-
ever, SP-STM has also led to discoveries of new mag-
netic states in ultrathin films. Three examples will be
presented in the following sections.
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FIG. 60. Discovery of a novel complex nanoscale magnetic
structure in a Fe monolayer pseudomorphically grown on an
Ir(111) substrate. (a) SP-STM image obtained with an in-plane-
sensitive Fe-coated W tip showing no magnetic contrast. (b),
(c) Magnetic superstructure of Fe on Ir(111) as revealed with
an out-of-plane magnetized Fe-coated W tip in different exter-
nal magnetic fields. (d) Spin structure model for the Fe mono-
layer on Ir(111) based on the experimental SP-STM data. (e)
SP-STM image revealing all three possible rotational domains
of the magnetic superstructure found on Fe/Ir(111). From von
Bergmann, Heinze, et al., 2006.

1. Novel types of magnetic order at the nanoscale

A complex magnetic structure with a nanometer-sized
two-dimensional magnetic unit cell was discovered by
SP-STM applied to Fe monolayers pseudomorphically
grown on an Ir(111) substrate (von Bergmann, Heinze,
et al., 2006). While in-plane-sensitive Fe-coated W tips
were unable to reveal any magnetic structure for this
particular system at a temperature of 13 K [Fig. 60(a)], a
clear magnetic contrast was seen using out-of-plane
magnetized probe tips [Figs. 60(b) and 60(c)], indicating
the presence of out-of-plane magnetic anisotropy. Inter-
estingly, an approximately square-shaped magnetic unit
cell with a lattice constant of about 1 nm was found,
consisting of 15 atoms. Due to the sixfold symmetry of
the hexagonal lattice of the Ir(111) substrate, three rota-
tional domains can be expected to occur, which are si-
multaneously observed in the large-scale SP-STM image
of Fig. 60(e). Assuming for simplicity a collinear spin
structure with perpendicularly orientated surface spins,
in agreement with the experimental SP-STM results ob-
tained with in-plane- and out-of-plane-sensitive probe
tips, a 7:8 mosaic spin structure can be derived where
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FIG. 61. (Color) Electronic structure of the Fe monolayer on
Ir(111). (a) Experimental dI/dU(U) spectrum for 1 ML of Fe
on Ir(111) compared to the calculated vacuum LDOS of (b) an
assumed ferromagnetic state and (c) for the mosaic spin struc-
ture model. From von Bergmann, Heinze, et al., 2006.

seven spins point in one direction and eight spins in the
opposite one [Fig. 60(d)]. Since different domains of the
proposed mosaic spin structure will exhibit an 8:7 ratio
equally as likely as the 7:8 ratio of spin-up and spin-
down sites, a net zero magnetization state of the Fe
monolayer film results, as would be the case for an an-
tiferromagnetically ordered state. Interestingly, the pro-
posed mosaic spin structure exhibits both ferromagneti-
cally and antiferromagnetically coupled nearest-
neighbor sites. Based on ab initio electronic structure
calculations it was shown that the total energy of the
proposed mosaic spin structure is indeed lower than that
of a pure ferromagnetic or a pure antiferromagnetic
state. Moreover, by comparison of the experimental tun-
neling conductance spectrum for the Fe monolayer on
Ir(111) with the caculated vacuum LDOS of an assumed
ferromagnetic state and the proposed mosaic spin struc-
ture (Fig. 61), one can see that the LDOS for a ferro-
magnetic Fe monolayer on Ir(111) would not fit the ex-
perimental data at all, whereas the agreement between
experiment and theory is remarkably good based on the
mosaic spin structure model.

While the presence of spin frustration for several sites
of the proposed mosaic spin structure can be expected to
lead to deviations from collinearity, the lack of in-plane
magnetic contrast in the experimental SP-STM data as
well as the good agreement of the calculated LDOS with
the measured tunneling spectrum under the assumption
of a collinear magnetic state suggest that the true mag-
netic structure of the Fe monolayer on Ir(111) cannot be
much different from the proposed collinear spin struc-
ture model displayed in Fig. 60(d). Many similar com-
plex nanomagnetic states can be expected to occur in
ultrathin magnetic films, which previously have re-
mained undetectable due to either a lack of spatial res-
olution or the limited sensitivity of conventional mag-
netic characterization techniques.

2. Spin spirals in ultrathin films as examples of noncollinear
spin structures

While the previous example illustrated that complex
collinear magnetic structures can exist with nanometer-



Roland Wiesendanger: Spin mapping at the nanoscale and atomic scale 1537

5 ] 10
lateral displacement [nm]

FIG. 62. (Color) Discovery of a surface-related spin spiral state by SP-STM. (a) SP-STM image of a single monolayer of Mn
pseudomorphically grown on a W(110) substrate. In addition to the local antiferromagnetic order on the atomic scale, an addi-
tional long-wavelength modulation having a periodicity of about 6 nm is observed, which is due to a spin spiral state (Bode et al.,
2007). (b) Schematic of the spin spiral having a unique sense of rotation, or chirality, with respect to the surface that is different

from its mirror image. From P. Ferriani.

sized magnetic unit cells, other types of complex mag-
netic states based on noncollinear spin structures were
already predicted (Wortmann et al., 2001, 2002; Heinze
et al., 2002). It was pointed out that SP-STM can play a
key role in the verification of such noncollinear spin
states, which typically occur in magnetically frustrated
layers of antiferromagnetic materials on triangular (111)
substrate lattices.

Another type of noncollinear spin structure, a so-
called spin spiral, has recently been discovered by SP-
STM on a single atomic layer of Mn pseudomorphically
grown on a W(110) substrate (Bode et al., 2007). While
we learned in Sec. IV.D.1 that such a monolayer of Mn
on W(110) is antiferromagnetically ordered on the local
scale (Heinze et al., 2000), an additional long-wavelength
modulation is visible in larger-scale SP-STM images, as
shown in Fig. 62(a). SP-STM experiments with in-plane-
as well as out-of-plane-sensitive magnetic probe tips al-
lowed the observed supermodulation to be attributed to
a spin spiral state, whereas a spin-density-wave state was
ruled out. The observed spin spiral exhibits a unique
sense of rotation, or chirality, with respect to the surface,
and can be attributed to the Dzyaloshinskii-Moriya in-
teraction (Dzyaloshinskii, 1957, Moriya, 1960) which
arises from spin-orbit scattering of electrons in an
inversion-asymmetric crystal field,

Epy = E ﬁij' (8; % 5,‘)- (46)
l’}

Here 5,»,]» denotes the spin on the atomic site i (j) and
Di; is the Dzyaloshinskii-Moriya vector. Since low-
dimensional systems, such as single atomic layers on
metal substrates, generally lack structural inversion sym-
metry, homochiral spin structures [Fig. 62(b)] may occur.
Another surface-related spin spiral state was found by
SP-STM for a single atomic layer of Mn on a W(001)

substrate, but in this case with a much smaller spin spiral
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periodicity, leading to a strong noncollinearity of neigh-
boring Mn spins (Ferriani et al., 2008).

While spin spirals were previously known to occur in
bulk crystals that lack inversion symmetry, the discovery
of chiral spin structures in nanoscale magnets by SP-
STM may play an important role in spintronic devices
because a spin-polarized current flowing through a chiral
magnetic structure will exert a spin torque on the mag-
netic structure. Ultimately, the concepts of spin-current-
induced magnetization switching across a vacuum gap,
introduced in Sec. IV.F.2, may be applied to chiral mag-
netic nanostructures.

3. Spin-resolved imaging through adsorption layers or
ultrathin nonmagnetic metal films

Since magnetic transition and rare-earth metals are
highly reactive, the application of SP-STM has been lim-
ited to ultrahigh-vacuum conditions so far. It remains a
challenging future task to find chemically inert overlay-
ers which allow for high-resolution spin mapping by SP-
STM through such overlayers even under ambient con-
ditions.

A first step toward this goal has been made by inves-
tigating Fe nanoislands in a magnetic vortex state by
SP-STM before and after adsorption of sulfur (Berbil-
Bautista et al, 2006). A comparison between spin-
resolved dI/dU(U) spectra before and after sulfur ad-
sorption shows that the spin-resolved local density of
states of the Fe nanoislands prepared on a W(110) sub-
strate is only weakly modified due to the presence of a
¢(3%1) sulfur overlayer which is manifested by an al-
most rigid shift in energy of the most prominent features
in the tunneling spectra (Fig. 63). As a result, the mag-
netic vortex state of the Fe nanoislands can still be im-
aged through the sulfur layer by SP-STM, though with a
reduced signal-to-noise ratio. The observed behavior for
sulfur adsorbed on Fe/W(110) is in strong contrast to
the chemisorption of oxygen on the same magnetic sub-
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strate. In the latter case a drastic change in the spin-
resolved electronic structure even at significantly lower
oxygen coverage is found (see Fig. 58). Since sulfur and
other chalcogenides are known to lead to inert surfaces,
e.g., in transition-metal dichalcogenides which can easily
be imaged by STM with atomic resolution even under
ambient conditions, a sulfur coverage equivalent to a
closed monolayer may be sufficient to lead to a chemi-
cally nonreactive surface.

Another approach for getting a chemically inert sur-
face for SP-STM studies under ambient conditions is the
use of noble-metal overlayers, such as Au or Pt. It was
shown that SP-STM imaging of magnetic domain walls
at Co(0001) single-crystal surfaces is possible through ul-
trathin Au films that are 1.3 or 2.6 ML thick (Wulfhekel,
2005). The spin contrast was found to decrease only
weakly with increasing Au thickness, thereby demon-
strating that SP-STM imaging through a protective
metal layer is possible. The experimental observations
can be explained by the slow decay of the electron spin
polarization as a function of the thickness of the non-
magnetic overlayer. The spin-scattering length usually
exceeds the mean free path of the electrons, being on
the order of several tens of nanometers in the case of
Au.

While the spin information is carried through the non-
magnetic metal overlayer, a serious concern is the modi-
fication of the interface magnetic anisotropy upon the
adsorption of a nonmagnetic metal on a magnetic thin
film. Therefore, the challenge remains to identify the
most suitable chemically inert overlayer material leading
to a negligible perturbation of the magnetic state of the
system investigated while carrying the spin information
up to the surface probed by SP-STM.
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FIG. 63. (Color) Magnetic im-
aging through adsorption lay-
ers. (a) Spin-resolved dI/dU(U)
spectra and spatially resolved
SP-STM (350350 nm?) data
of a clean Fe nanoisland in a
magnetic vortex state prepared
on a W(110) substrate. (b) Spin-
resolved dI/dU(U) spectra and
spatially resolved SP-STM data
of a similar Fe nanoisland cov-
ered by a c(3X1) sulfur layer.
The adsorption of sulfur leads
only to a weak perturbation of
the spin-resolved electronic
structure of the Fe nanoisland
thereby still allowing the spin-
resolved mapping of the mag-
netic vortex state through the
adsorption layer. From Berbil-
Bautista et al., 2006.

V. MAGNETIC EXCHANGE FORCE MICROSCOPY

While SP-STM and SP-STS have provided insight into
magnetic domain structures and atomic spin configura-
tions at surfaces, the applications of these methods is
limited to electrically conducting samples such as mag-
netic metals or magnetic semiconductors. In order to re-
veal atomic spin structures at surfaces of insulators and
to open up the exciting possibility of studying spin or-
dering effects with atomic resolution while going
through a metal-insulator transition, a force-microscopy-
based technique is needed. A new type of magnetic mi-
croscopy, i.e., magnetic exchange force microscopy
(MExXFM), has recently been introduced (Kaiser et al.,
2007), involving detection of the short-range spin-
dependent exchange and correlation forces at very small
separations (typically 0.3—-0.5 nm) between a magnetic
tip and a magnetic sample.

A. Principles and methods of MExFM

In contrast to the well-established magnetic force mi-
croscopy (MFM) technique (Martin and Wickra-
masinghe, 1987; Saenz et al., 1987), which is based on the
detection of long-range magnetic dipole forces at typical
tip-to-surface distances of 10—20 nm achieving a lateral
resolution of 10—50 nm (Hartmann, 1999; Schwarz et al.,
2004, 2007; Abelmann et al., 2005), MExFM aims at a
combination of atomic force microscopy (AFM) (Binnig
et al., 1986) with in-plane atomic resolution and single-
spin sensitivity. An important starting point for achiev-
ing atomic-resolution spin mapping on surfaces of insu-
lators is the development of noncontact atomic force
microscopy (NC-AFM) with true atomic resolution
(Giessibl, 1995, 2003). Currently NC-AFM allows atomi-
cally resolved studies of any material system (Morita et
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al., 2002), even in the case of curved surface topogra-
phies (Ashino et al., 2004). MEXxFM combines the possi-
bilities of NC-AFM with atomic-scale spin resolution us-
ing atomically sharp magnetic probe tips with a well-
defined spin state at the tip apex.

As for SP-STM the relative orientation of the spins of
the tip apex atom and the surface atoms is important for
MExFM. According to the Heisenberg model the mag-

nitude of the interaction between two spins 51 and §2 is
given by their scalar product:

H=J,5,-S,, (47)

where Jy, is the exchange integral. Thus, the interaction
between the spins of tip and sample is strongest for ei-
ther parallel or antiparallel spin orientations.

The knowledge gained during the development of SP-
STM in preparing tips with a well-defined spin orienta-
tion (see Sec. III.A) has proven to be indispensable for
the success of MExXFM experiments. Typically, an ultra-
thin layer of Fe is evaporated in situ in UHV onto Si tips
that are integrated into Si-based AFM cantilevers. Such
Fe-coated tips are sensitive to the in-plane surface spin
component, like the Fe-coated W tips used for SP-STM
studies. An external magnetic field of up to several tesla
can be used to reorient the magnetization of the Fe-
coated tip into the direction along the tip axis, i.e., per-
pendicular to the sample surface plane, thereby making
the tip sensitive to the out-of-plane surface spin compo-
nent. Such ferromagnetic Fe-coated probe tips are use-
ful for the investigation of antiferromagnetic material
systems, as discussed in the following section. However,
if ferromagnetic insulators are to be investigated by
MExFM, the use of ferromagnetic probe tips has to be
avoided in order to exclude the disturbing influence of
dipolar magnetic interactions. Such dipolar interactions,
which are inherently present in conventional MFM ex-
periments, can perturb the intrinsic magnetic state of the
sample or modify the magnetic state of the probe tip
during imaging, particularly at small tip-sample separa-
tions. Therefore, antiferromagnetic MEXFM probes,
such as Cr-coated Si tips, are prefered in order to avoid
magnetic stray fields from the tip.

While both static and dynamic modes of AFM opera-
tion are known, MExFM makes use of the dynamic
mode where the cantilever oscillates with amplitude A,
self-excited at or near the resonance frequency

wo=27fy = \c,Im, (48)

where ¢, is the spring constant of the cantilever and m is
its effective mass. In the dynamic mode of AFM opera-
tion the measured signal is related to the force gradient
F!. To calculate F, one assumes that the spring constant
of the cantilever is effectively softened or hardened by
an attractive or repulsive interaction, respectively,
CeffZCZ—F,. (49)

Z

As a result, the actual oscillation frequency « deviates
from the frequency w, of the free noninteracting canti-
lever by
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Aw=w - w). (50)

The minimal detectable force gradient is limited by all
kinds of external noise sources and by the sensitivity of
the deflection sensor (Albrecht et al., 1991),

OF pinl 92 = \4c, ks TB/wyQ(A?), (51)

where kp is Boltzmann’s constant, 7 is the temperature,
B is the measurement bandwidth, Q is the quality factor
of the oscillator, and (A2) is the mean square amplitude
of the cantilever oscillation. It immediately follows from
Eq. (51) that high-sensitivity dynamic AFM measure-
ments necessarily require soft cantilevers, low tempera-
tures, and a high Q factor, achieved under UHV condi-
tions. The development of UHV-AFM instruments
which can operate at low temperatures (Allers et al.,
1998; Liebmann et al., 2002) proved to be important for
the development of MExXFM (Kaiser et al., 2007).

B. Applications of MExFM

1. Antiferromagnetic insulators

The ultimate test system for MExFM with atomic res-
olution is an insulator in an antiferromagnetic ground
state. NiO with its Néel temperature of 525 K and an
almost perfectly bulk-terminated (001) surface [Fig.
64(a)] was found to be well suited for MEXFM studies
(Kaiser et al, 2007). Upon sample cleavage atomic-
resolution NC-AFM images can routinely be obtained
on the (001) cleavage plane as shown in Fig. 64(b).
Analysis of the observed atomic periodicity makes it
clear that only one atomic species (either nickel or oxy-
gen) is imaged as bright spots in NC-AFM experiments
(Allers, Langkat, and Wiesendanger, 2001; Langkat et
al., 2003). Since AFM is primarily sensitive to the total
valence-charge distribution, the atomic protrusions
(bright sites) have to be assigned to the oxygen sublat-
tice because the oxygen sites exhibit a larger valence
charge density than the nickel sites [Fig. 64(c)]. No dif-
ference can be observed between magnetically inequiva-
lent Ni sites in spin-averaged NC-AFM data [Fig. 64(b)].

The spin structure of the collinear antiferromagnet
NiO can be described by ferromagnetic (111) sheets
stacked in an antiferromagnetic order as shown in Fig.
64(a). Within each (111) sheet the spins of the nickel
atoms point in the [211] direction. The spin orientation
therefore alternates on neighboring rows along [110] di-
rections on the (001) surface. According to the superex-
change model, the magnetic exchange interaction be-
tween the localized Ni d states in NiO is mediated
through the oxygen atoms. If a magnetic tip is brought
close to a NiO(001) surface within a distance of
0.3-0.5 nm, either direct magnetic exchange between
the tip apex atom and the surface Ni atoms or indirect
superexchange interaction between the tip atom and
subsurface Ni atoms via surface oxygen atoms can occur.
In order to reveal the magnetic superstructure on the
NiO(001) surface by MEXFM the use of out-of-plane
magnetized probe tips was found to be of crucial impor-
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FIG. 64. (Color) Application of NC-AFM to NiO(001). (a)
Crystal structure of NiO with a (001) surface plane. The lattice
constant of NiO is a=0.417 nm. (b) Atomically resolved NC-
AFM image of NiO(001) showing only one atomic species as
bright spots. In addition, a single adsorbate is visible on the
right-hand side of the image. From Allers, Langkat, and Wie-
sendanger, 2001. (c) Total valence charge density distribution
for the NiO(001) surface indicating that the oxygen atoms
should appear as protrusions (bright sites) in NC-AFM images
whereas the Ni atoms should correspond to the dark sites.
From Castell et al., 1999.

tance (Kaiser et al., 2007). Such MEXFM probes were
obtained by magnetizing Fe-coated Si tips in strong ex-
ternal magnetic fields of up to 5 T applied along the tip
axis, i.e., perpendicularly to the sample surface plane
[Fig. 65(a)]. These external fields do not influence the
antiferromagnetic order of the NiO sample because the
exchange coupling energy between the spins of the
nickel atoms is much larger than the Zeeman energy
related to the externally applied magnetic field. Figure
65(b) shows atomic-resolution MEXFM data of the
NiO(001) surface as obtained with an out-of-plane mag-
netized Fe-coated tip. Unit-cell averaging has been em-
ployed for this particular data set in order to improve
the signal-to-noise ratio. It can be seen that every sec-
ond row of apparent topographic depressions (nickel
sites) appears darker than the row of nickel sites in be-
tween, leading to a superperiodicity as expected for an
antiferromagnetically ordered state. The 2D Fourier
transform of the raw data set, shown in Fig. 65(c), con-
firms the presence of a superstructure corresponding to
the antiferromagnetic state of the NiO(001) surface be-
cause an additional pair of spots representing the size of
the magnetic unit cell is visible in addition to the four
brightest spots representing the atomic lattice structure
of the NiO(001) plane.

Direct comparison of NC-AFM data on NiO(001)
with pure chemical contrast and MEXFM data with ad-
ditional spin contrast is shown in Fig. 66. No contrast
between magnetically inequivalent Ni sites is observed
in the NC-AFM data of Fig. 66(a), as becomes evident
on a closer inspection of a corresponding line section.
The minima of the measured atomic-scale corrugation,
corresponding to the nickel sites, appear exactly at the
same height level. On the other hand, an apparent
height difference of 4.5 pm between the nickel (dark)
and oxygen (bright) sites can be deduced from the line
section of the chemical-contrast NC-AFM image. The
MEXFM image shown in Fig. 66(b), however, exhibits a
difference between magnetically inequivalent Ni sites:
Ni atoms with opposite spin orientations now show up
with an apparent height difference of 1.5 pm as revealed
by the corresponding line section. This small apparent
height difference between magnetically inequivalent
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FIG. 65. (Color) Atomic-resolution spin mapping by MEXFM. (a) Schematic of the spin structure of antiferromagnetic NiO(001)
probed by a spin-sensitive MEXFM tip. (b) Spin-resolved image of NiO(001) with atomic resolution as obtained by MEXFM after
unit-cell averaging. (c) Fourier transform of the raw MEXFM data showing two spots which correspond to the magnetic super-
structure period of the antiferromagnetic spin ordering at the NiO(001) surface. From Kaiser et al., 2007.
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FIG. 66. (Color) Comparison of (a) an atomic-resolution image of NiO(001) as obtained by conventional NC-AFM exhibiting pure
chemical contrast and (b) atomic-resolution MEXFM data showing the additional superstructure due to the antiferromagnetic
structure of NiO. The line section in (a) reveals an apparent height difference of 4.5 pm between nickel (dark) and oxygen (bright)
sites, corresponding to a chemical contrast as explained in Fig. 64. In the MEXFM image of (b) the oxygen atoms reveal the same
contrast throughout the image while the nickel atoms with opposite spin orientations now show up with an apparent height
difference of 1.5 pm. This small height difference in the MExXFM data results from the magnetic exchange force interaction
between the magnetic atom at the tip apex and the magnetic atoms on the sample surface depending on the relative spin
alignment. Unit-cell averaging has been employed in order to improve the signal-to-noise ratio in the data sets.

nickel sites in the MExFM image of NiO(001) results
from the direct exchange interaction between the mag-
netic Fe atom at the tip apex and the magnetic Ni atoms
at the sample surface, which depends on the relative
spin alignment according to Eq. (47). Experimentally it
was found that the spin-dependent exchange and corre-
lation forces on the antiferromagnetic NiO(001) surface
can be detected only at very small tip-surface separa-
tions. This observation can be explained by the localized
nature of the Ni d states in NiO as typical for an insu-
lating sample system.

In order to resolve an apparent height difference of
1.5 pm only, as found between the magnetically in-
equivalent Ni sites on the NiO(001) surface, a very good
signal-to-noise ratio is required. This usually implies the
need for operating the MEXFM instrument at low tem-
peratures and in UHV, according to Eq. (51). Within the
limits of detection sensitivity no contrast was found be-
tween the oxygen sites in the MExFM data shown in Fig.
66(b). Therefore, it can be concluded that the superex-
change between the magnetic Fe tip atom and the sub-
surface Ni atoms via the surface oxygen atoms is much
weaker than the direct exchange interaction between the
tip atom and the surface Ni atoms, as expected.

An interesting question related to the dynamic mode
of MExFM operation is whether the periodic approach
of the oscillating magnetic tip to the sample surface
within a distance of 0.3—-0.5 nm can lead to some kind of
spin excitation. Such spin excitation should be detect-
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able in MExFM by analysis of the dissipation signal re-
lated to the damping of the cantilever oscillation. Figure
67 shows a comparison of MExXFM data of the NiO(001)
surface and the simultaneously recorded spatially re-
solved dissipation signal. Interestingly, the dissipation
image [Fig. 67(b)] appears inverted with respect to the
corresponding MEXFM image [Fig. 67(a)], i.e., the high-
est dissipation signal is detected above the Ni sites. This
behavior would indeed be expected if the energy dissi-
pation is related to local spin excitations. A different
value of the dissipated energy is observed above the
magnetically inequivalent Ni sites. This can be explained
by a dissipation mechanism based on spin excitation,
which is sensitive to the relative orientation of the spins
of tip and sample atoms. Surprisingly, a different value
of the dissipated energy is also found above the oxygen
sites which otherwise remain indistinguishable in the
MEXFM data of the NiO(001) surface. It may be specu-
lated whether some energy dissipation might occur
through superexchange interaction between the mag-
netic tip atom and subsurface Ni atoms via the surface
oxygen sites.

2. Antiferromagnetic metals

While the prime motivation for the development of
MEXFM has been the extension of atomic-resolution
spin mapping to insulating magnetic sample systems, the
applicability of MExXFM is not limited to insulators. Like
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FIG. 67. (Color) Comparison of (a) atomic-resolution MEXxFM data on NiO(001) and (b) corresponding data set of the simulta-
neously recorded dissipation signal. The contrast in the dissipation data appears to be inverted compared to the MEXFM image,
i.e., the dissipation is highest above the Ni sites. Interestingly, the dissipation data also show contrast between different oxygen
sites, which might be explained by the detection of superexchange interactions between the magnetic tip atom and subsurface Ni

atoms via the surface oxygen atoms.

NC-AFM, the MEXFM technique can be applied to met-
als and semiconductors as well. An example is given by
the antiferromagnetic atomic layer of Fe on W(001)
which was introduced in Sec. IV.D.1 (Schmidt et al.,
2009). The magnetic superstructure of that system corre-
sponding to its antiferromagnetically ordered state at a
measurement temperature of 8 K is well resolved in
raw-data MExFM images [Fig. 68(a)]. The measured
corrugation between Fe atoms in spin-up and spin-down
states amounts to 5.3 pm, which is significantly larger
than the apparent height difference between magneti-
cally inequivalent Ni sites on the NiO(001) surface. It

(b)

was found experimentally that the magnetic superstruc-
ture of the antiferromagnetic Fe monolayer on W(001)
can be observed with tip-surface separations much
larger than for MEXFM measurements on the NiO(001)
surface. This behavior can be explained by the fact that
the d states of the metallic Fe monolayer extend farther
into the vacuum region than the localized d states of Ni
in the insulating NiO. As a consequence, the spin states
can be probed up to larger tip-surface separations when
MEXFM is applied to a metallic system compared to an
insulating sample.

FIG. 68. (Color) Application of MEXFM to magnetic metal surfaces. (a) Atomic-resolution MEXFM data (3.2 3.2 nm?) of an
antiferromagnetic atomic layer of Fe grown on a W(001) substrate. (b) The Fourier transform of the MEXFM data reveals two sets
of spots corresponding to (c) the magnetic superlattice and (d) the atomic lattice periodicities. Therefore, both types of information
are included in the raw data. (e) The MEXFM image contrast is strongly dominated by the long-period magnetic superstructure

compared to the short-period atomic lattice structure.
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As shown in Fig. 68(b) the 2D Fourier transform of
the MExFM image obtained on the antiferromagnetic
Fe monolayer on W(001) contains two sets of spots, one
corresponding to the magnetic superstructure [Fig.
68(c)] and the other to the atomic lattice structure [Fig.
68(d)]. This means that both types of information, mag-
netic order and atomic lattice periodicity, are contained
in the MExXFM data. However, the MExFM image ap-
pears to be dominated by the long-period magnetic su-
perstructure [Fig. 68(e)], similar to the case of SPSTM
images of the antiferromagnetic monolayers of Mn and
Fe on W(110) and W(001), respectively (see Sec. IV.D.1).

C. Comparison of MExFM and SP-STM

The recent development of atomic-resolution
MExFM, and in particular its application to metallic
magnetic systems as discussed in the previous example,
calls for a direct comparison between MExFM and SP-
STM. At present, both techniques require UHV condi-
tions. Both methods can be applied even in high exter-
nal magnetic fields. While MExFM has so far
successfully been demonstrated at low temperatures
only, SP-STM has already been applied in a wide range
of temperatures (from 300 mK up to 350 K).

Both experimental methods require the preparation
of magnetic probe tips with a well-defined spin state of
the tip apex atom. Moreover, both techniques rely on an
overlap of spin-polarized electronic states of tip and
sample surface atoms. Static spin structures as well as
local spin excitations can be probed down to the atomic
level by using either SP-STM or MExFM. While the
combination of SP-STM with inelastic tunneling spec-
troscopy is required to probe local spin excitations by
STM-based techniques, the same goal can in principle be
achieved by a combination of MExFM with simulta-
neous measurements of the dissipation signal. SP-STM
combined with SP-STS certainly has its strength in pro-
viding access to the spin- and energy-resolved local den-
sity of states, while MExFM is unique for its applicabil-
ity to insulating sample systems.

VI. SUMMARY AND CONCLUSIONS

The experimental techniques of SP-STM and MExFM
are providing new insight into spin structures and local
spin excitations at length scales that are inaccessible by
other magnetization-sensitive measurements. The com-
bination of atomic resolution in direct space, single-spin
sensitivity, and high energy resolution (in the case of SP-
STS) offers unique possibilities for probing spin-
dependent interactions in any kind of material system.
Moreover, the combination of SP-STS with inelastic tun-
neling spectroscopy methods or the combination of
MExFM with measurements of the energy dissipation
opens up exciting opportunities for probing local spin
excitations down to the atomic length scale.

Rev. Mod. Phys., Vol. 81, No. 4, October—December 2009

While the instrumental developments and the optimi-
zation of probe tip preparation have required a signifi-
cant amount of time and effort, SP-STM and MExFM
have recently led to new discoveries such as complex
nanoscale magnetic order in ultrathin films or unex-
pected magnetic properties of individual magnetic ada-
toms. Another recent exciting research direction is the
combination of spin manipulation based on spin-
current-induced switching and spin read out based on
SP-STM methods. Ultimately, a new type of magnetic
recording technology might be developed based on spin-
state writing and read out rather than on magnetic stray
fields. While the detection of magnetic stray fields be-
comes more and more difficult as the magnetic bit size is
further reduced, the concept of spin manipulation and
spin state determination was demonstrated down to the
atomic level using SP-STM-based techniques. However,
AFM-based methods are more widely used in industry
than STM-based techniques; therefore it is expected that
MExFM will finally have the greatest impact on the fur-
ther development of magnetic devices. On the other
hand, SP-STM and SP-STS are most useful for exploring
the fundamentals of magnetic interactions at various en-
ergy scales and at the level of individual atoms and mol-
ecules.
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