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The spin-polarized scanning tunneling microscope (SP-STM) operated in the constant current mode
is proposed as a powerful tool to investigate complex atomic-scale magnetic structures of otherwise
chemically equivalent atoms. The potential of this approach is demonstrated by successfully resolving
the magnetic structure of Cr/Ag(111), which is predicted on the basis of ab initio vector spin-density
calculations to be a coplanar noncollinear periodic 120° Néel structure. Different operating modes of the
SP-STM are discussed on the basis of the model of Tersoff and Hamann.
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Exploiting the spin, rather than the charge degrees of
freedom, is the core vision behind the current excitement
driving the rapid developments in magneto- and spin elec-
tronics. Some of the key issues relate to the understanding
of the magnetic properties of nanoscale magnets with com-
peting exchange interactions between neighboring atoms.
Examples are (ultrathin) ferromagnetic films in contact
with antiferromagnetic ones, as is common for exchange-
bias systems [1] used in the magnetic recording industry.
In many cases, the geometrical arrangement of the atoms
does not allow one to satisfy the competing exchange in-
teractions between neighboring atoms, which leads to frus-
trated spin structures. Frustration gives rise to a wide
variety of complex spin structures on the atomic scale, such
as antiferromagnetism, spiral spin-density waves (SSDW),
or general noncollinear states [2]. These spin structures
are still poorly understood because of the inability of tradi-
tional techniques to spatially determine the magnetic struc-
ture. Even the currently most advanced techniques, the
x-ray spectromicroscopy [3] and the spin polarized scan-
ning tunneling microscope (SP-STM) in the spectroscopy
mode [4,5], have no atomic-scale resolution.

In this paper we introduce a new powerful method —the
SP-STM operated in the constant current mode—to im-
age complex magnetic structures at surfaces on the atomic
scale. By applying the Tersoff-Hamann model [6] to the
case of a SP-STM and considering the effect of the vacuum
barrier on the lateral resolution of the STM, we show that
in general the SP-STM image of any periodic magnetic su-
perstructure of otherwise chemically equivalent atoms dis-
plays a pronounced pattern corresponding to the magnetic
configuration and not to the geometric arrangement of the
atoms. This is in contradiction to the conventional wisdom
that spin polarization is a small effect and that therefore
the nonspin-polarized STM image reflecting the atomic
structure will be only slightly modulated in the SP-STM
experiment.

This approach opens up a new route for using the STM,
namely, besides the exploration of the topological, chemi-
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cal, and ferromagnetic structure of surfaces, and also the
inherently much more difficult investigation of surfaces
with noncollinear spin structures with ultimate, i.e.,
atomic, resolution. This new concept was very recently
applied for the first time to prove experimentally [7] the
existence of antiferromagnetism in two dimensions (2D),
predicted [8] more than ten years ago. Here, we extend
the applicability to arbitrary spin-structures. The potential
of the SP-STM in the constant current mode is demon-
strated by successfully resolving the magnetic structure
of one monolayer (ML) Cr on Ag(111). On the basis
of first-principles total energy calculations the magnetic
ground state of one Cr monolayer on Ag(111) is predicted
to be a 2D noncollinear periodic 120° Néel structure.

The working principle of the SP-STM is the tunneling of
spin-polarized electrons between tip and sample across the
vacuum barrier. It can be realized by coating a common
STM tip with various magnetic materials, e.g., Fe or Gd
[4,9], and using these spin-sensitive probes to scan the sur-
face of the magnetic sample. In the following we assume
the coated tip to be ferromagnetic with a spin-polarized
electronic structure of spin-up (1) and spin-down (|) states
with respect to the quantization axis given by the magne-
tization axis é5; of the tip.

According to Bardeen’s [10] description of tunneling,
the tunneling current / as a function of the bias voltage V
and the position of the tip Ry is written in the nonspin-
polarized case as

2
IRr,V) = “25 STf(el — er) = f(e] — er)]
o,V
X 8(e) — €5 — eV)IM, (R, (1)

where f(€) is the Fermi function, €/, are the energies of
the tip/sample states, and e is the Fermi energy. The key
problem is to calculate the matrix elements given by

M, (Ry) = (WU 1W3), )

T/S
/v

where Ur denotes the potential of the tip.
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To extend the description to the spin-polarized case,
Eq. (2) is rewritten in a more general form using the two
component spinors for the wave functions. For a ferro-
magnetic tip, the spinor of the tip—wave function can be
written in terms of a pure spin-state:

T _ ol ) T _ < 0 )
v, ( OT or WV, ul ) 3
The sample, on the other hand, may possess a variety of
different magnetic structures. In general, the wave func-
tions of the sample ‘I’i are spin mixed. This is evi-
dently true for noncollinear systems since no quantization
axis exists which allows a state to be written in terms of
pure spin-up or spin-down character, but even for collinear
samples the states will be spin mixed if the quantization
axis of the sample and the tip is not aligned in parallel.
Thus, by using for both tip and sample the quantization
axis of the tip, the state of the sample will be of the gen-

eral form
¢Sr>
v =< 5. 4)
# ‘pul

Assuming spin conserving tunneling across the vacuum
barrier, i.e., ignoring spin-flip processes, e.g., due to the
spin-orbit interaction or defects, the tip potential Uy is di-
agonal in spin space, and the spin-dependent matrix ele-
ment can be written as

27 CH?
Uog. (5

MS,(R7) = () o |Urgolipy ) = —
Km

where o = 1, | denotes the spin index. The right-hand side
of Eq. (5) can be derived following Tersoff and Hamann
[6] by replacing the wave function at the tip apex atom
by a spherically symmetric s wave. We assume that the
spin-up and spin-down s-wave states can be characterized
by the same decay constant « and the same normaliza-
tion coefficient C. In analogy to the model of Tersoff and
Hamann we further assume that the spin-up, nTT(E), and

spin-down, an(e), tip density of states (DOS) are constant
in energy but different in size to account for the magnetiza-
tion of the tip, my = (nTT - an)e;,. Inserting the matrix
elements into Eq. (1) leads to

873C2h3e
1R, v.0) = " ETE [ degy Y (e, - o
K m 7

X [np SR P + nplyd, RO, (6)

with gy(€) = f(e — €r) — f(e + eV — €r). O(R7,V)
denotes the angle between the magnetization direction of
the tip and the sample at Ry and depends on the degree
of spin mixing of all states u within the energy interval
between €r and €r + eV. For a collinear orientation
(6 = 0°,6 = 180°) of the tip and sample magnetization,
Eq. (6) can be understood as a trivial generalization of
the standard, nonspin-polarized expression of Tersoff and
Hamann. For a general magnetic structure, however, the

situation is more complicated as Iwil /T(RT)I2 can no
longer simply be interpreted as a local DOS (LDOS). In
this case it is instructive to write the current as

I(R7,V,0) = IH(R7,V) + Ip(R7,V,0), @)

473C2R3e
T 2
We have introduced the integrated LDOS (ILDOS)
fis(R7, V) and the vector of the integrated local magneti-
zation DOS mg(R7, V) of the sample. The latter is given
by an energy integral of the local magnetization DOS,
ms(RT, E)I

[nriis(R7, V) + mpmg(Ry, V)], (8)

ms(Ry,€) = > 8(e, — OV (Rr)oe WS (Rr), (9)
w

s(Ry, V) = f degy(@ms(Rp,e).  (10)

Analogously, the LDOS and the ILDOS of the sample
ns(R7,€) and 7ig(R7,V) are defined by Egs. (9) and
(10), replacing Pauli’s spin matrix o by the unit matrix.
Equations (7) and (8) state that the tunneling current can
be separated into an unpolarized part Ip depending on
the ILDOS of the sample at the position of the tip and
a spin-polarized contribution /p given by the projection
of the vector of the integrated local magnetization DOS of
the sample onto the magnetization direction of the tip.
In the case of a nonspin-polarized STM experiment, i.e.,
using either a nonmagnetic tip or sample, the second
term vanishes and the current reduces to the result of the
Tersoff-Hamann model.

The main objective in obtaining a magnetic contrast in
the SP-STM image is to decouple Ip from Iy. The SP-STM
experiments reported recently, such as the investigation of
the dipolar antiferromagnetism of Fe nanowires on W(110)
[4], the topological antiferromagnetism of Cr(001) [5], or
the magnetic domains of thin films [11], were not carried
out in the constant current, but in the spin-polarized scan-
ning tunneling spectroscopy mode, i.e., a map of the dif-
ferential conductivity dI/dV,

dl

v (R7,V) < nrng(Ry, ep + eV)

+ meS(RT,ep + BV), (11)

at a well-chosen bias voltage V is correlated with the
topography of the sample. Comparing Eq. (11) with
Eq. (8) reveals the essential difference between the
contrast mechanisms of the two operating modes. While
the differential conductivity is directly proportional to ng
and mg at the energy e + eV, which is chosen such
as to maximize the value of mg over ng, the constant
current STM image, given by the vertical adjustment
Az(r),V,0) of the tip to constant tunneling current /,
is governed by the energy integrated quantities 7is and
mg. 7ig or Iy always increases with the bias voltage V,
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while mg or Ip may stay constant. Thus the constant
current mode of the SP-STM provides little magnetic
contrast between different magnetic domains since I
dominates the tunneling current. This makes an imaging
of alternating magnetization directions across domains
using the constant current mode [12] extremely difficult.

A different solution used to decouple Iy from Ip was
recently introduced to investigate magnetic domains at
a ferromagnetic surface [13]. By using a different tip
setup, the magnetization of the tip was dynamically modu-
lated at high frequency. According to Eq. (8) this leads
to a signal given by the differential magnetic conductiv-
ity dI/dmy o ing. Thus, both the spectroscopy and the
modulated tip magnetization mode have already shown
their potential in resolving nanoscale spin structures, in
accordance with Eq. (8). However, their resolution seems
limited to about 1 nm. Thus they are inapplicable to re-
veal complex atomic-scale spin structures. Surprisingly,
the simple constant current mode, as we will now show, is
capable of providing this ultimate magnetic resolution.

The constant current image, Az(ry, V, 6), is determined
by the change A of the tunneling current. For a surface
with 2D translational symmetry, Al can be written in terms
of a 2D Fourier expansion:

Al(ry,z,V.0) = D> Algi(z,V,0)e'im, (12)
n#0

where G denotes the reciprocal lattice vectors parallel to
the surface, and Algﬁ(z, V,0) is the tip-sample distance
(z) dependent expansion coefficient. This expansion can
be applied to the unpolarized part of the current, Iy, as
well as to the spin-polarized part, Ip, of Eq. (7). The ex-
pansion coefficients decay exponentially with increasing
length of Gﬁ' [14] and hence the STM image is dominated
to a good approximation by the smallest nonvanishing re-

ciprocal lattice vector G| ),

2 D /h\2
AIGh')(Z,V,a) o e—ZZ\/Zm/h |eF+eV|+(G‘(| /2) ) (13)

Any magnetic superstructure lowers the translational sym-
metry. Therefore, smaller reciprocal lattice vectors be-
come relevant for the spin-polarized part of the tunneling
current, /p, with coefficients which are consequently ex-
ponentially larger than those of the unpolarized part, /. A
constant current SP-STM image thus reflects the magnetic
superstructure rather than the atomic or chemical unit cell
even in the case of small effective spin polarization, for ex-
ample, if the angle 6 is close to 90°. A first experimental
verification of this imaging mechanism was very recently
given by the investigation of 2D antiferromagnetism at
surfaces [7].

Even though we expect the magnetic signal to be strong
due to different decay lengths, the electronic structure,
contained in Algr, of a specific surface can still compete
with this effect favoring the contribution of the lowest G|
vector, and hence first-principles calculations need to be
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performed in order to interpret the experiments unambigu-
ously. On the basis of such calculations we now propose
to investigate the complex spin structure of 1 ML Cr on
Ag(111) by SP-STM. The nearest neighbor exchange in-
teraction of Cr is antiferromagnetic [8] and the Ag(111)
substrate provides a triangular lattice, thus, we expect a
frustrated spin structure. We investigate the ground-state
spin structure of 1 ML Cr on Ag(111) by performing
self-consistent ab initio calculations based on the density-
functional theory in the local spin-density approximation
[15]. We apply the full-potential linearized augmented
plane-wave method in film geometry [16] as implemented
in the program FLEUR recently extended [17] to treat non-
collinear magnetic structures such as SSDWs [18].

We calculate the total energy E(Q)) and the magnetic
moments M(Q)) of the SSDW for a discrete set of wave
vectors Q| along the high-symmetry lines of a 2D Brillouin
zone (BZ). This path includes all important magnetic high-
symmetry states such as the ferromagnetic (FM) state, the
row-wise antiferromagnetic (RW-AFM) state [a unit cell
of two atoms, which are ferromagnetically aligned along
a row of nearest neighbor atoms and antiferromagnetically
aligned from row to row (see Fig. 1)], and the 120° Néel
state [a 2D noncollinear structure with three atoms per sur-
face unit cell, which consists of spins forming 120° angles
between nearest neighbors (see Fig. 2)]. The calculations
are carried outina p(1 X 1) unit cell, taking 256 k-points
in the full 2D BZ into account. The system is modeled
by 1 ML of Cr on a substrate of four layers of Ag. The
equilibrium interlayer distance between Cr and Ag was
determined for the FM state by force calculations. We
found that the Néel state has the lowest energy of all con-
sidered magnetic structures and is the magnetic ground
state. It is 312 meV/atom lower in energy than FM and
39 meV/atom lower in energy than the RW-AFM state.

We now present the predicted STM images for both
the RW-AFM structure and the 120° Néel state. Fig-
ure 1 shows the calculated STM images for the RW-AFM
structure. Figure 1(a) shows an image calculated for a

a) nonmagnetic tip (b) tip magnetizationg
S il e

K2 Oy
O
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FIG. 1 (color). Calculated STM images for the RW-AFM
structure at a bias voltage of —0.5 V for a tip-sample distance
of 3.7 A and a fully spin-polarized tip [19]. The left (right)
panel shows the image calculated for a nonmagnetic (magnetic)
STM tip. The structure of the unit cell (yellow), the directions
of the magnetic moments (red), and its projection on the
direction of the moment of the tip (green) are superimposed.
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FIG. 2 (color). Calculated STM images for the Néel structure.
The image for conventional STM (nonmagnetic tip) and for
two different directions of the tip magnetization, i.e., for two
different values of #, are displayed.

nonmagnetic STM tip resulting in a hexagonal pattern cor-
responding to the chemical unit cell. Figure 1(b), on the
other hand, displays the SP-STM image calculated for a
magnetic tip with a magnetization axis parallel to the one
of the sample. We find a stripe pattern reflecting the bro-
ken symmetry between the atoms of different rows. Atoms
with a magnetic moment parallel to the magnetization of
the tip are imaged as protrusions while atoms with antipar-
allel magnetic moments appear as depressions. This setup
provides maximal magnetic contrast (Az = 0.2 A fora tip
with a spin polarization of 40% [7,9]) as the angle between
the direction of the magnetization of the tip and the mag-
netization of the sample is zero. A different angle would
simply lead to a reduction of the magnetic contrast, even
restoring Fig. 1(a) for § — 90°.

Now we turn to the Néel structure displayed in Fig. 2.
Again, Fig. 2(a) shows the STM image as expected for
an unpolarized tip which is of course the same as the one
shown in Fig. 1(a). The other two plots [Figs. 2(b) and
2(c)] correspond to SP-STM images calculated for mag-
netic tips with two different directions of the magnetiza-
tion. For Fig. 2(b) the magnetization of the tip has been
chosen parallel to the magnetic moment of one of the three
magnetically inequivalent atoms, while the projection of
the magnetic moment of the two other atoms onto the tip
magnetization is the same. Consequently, the image dis-
plays a (/3 X +/3) superstructure (Az = 0.1 A). If the
projected magnetization, igej;, is different for all atoms
in a surface unit cell as in Fig. 2(c), additional features ap-
pear in the image and the contrast is reduced. We conclude
that not only the magnitude of the magnetic contrast but
also the pattern of the SP-STM image depends on the direc-
tion of the magnetization of the tip for the 120° Néel struc-
ture. While it is not clear whether the images as shown in
Figs. 2(b) and 2(c) could be distinguished in a real experi-
ment, it is obvious that the RW-AFM and the Néel state
can be easily distinguished, depending on whether a stripe
pattern or a (+/3 X +/3) superstructure will be found.

We discussed the constant current, the spectroscopy, and
the modulated tip magnetization mode of a SP-STM prob-
ing a magnetic surface with an arbitrary magnetic structure.
On the basis of the spin dependent Tersoff-Hamann model
we propose the investigation of complex atomic-scale mag-
netic structures at surfaces using a SP-STM operated in

the constant current mode. The SP-STM image will corre-
spond to the magnetic superstructure and not to the atomic
or chemical unit cell. To demonstrate this concept we cal-
culated SP-STM images of a monolayer Cr on Ag(111).
Based on total-energy calculations, we predict that the
magnetic ground state is a 120° periodic Néel state. We
conclude that the SP-STM allows a clear distinction be-
tween the proposed 120° Néel state and the competing
RW-AFM or FM state. Very likely this concept can be
carried over to image magnetic interfaces buried below sur-
faces of metals with strongly dispersive electron states. As
pointed out by Wortmann et al. [20] quantum-well states
between the surface and the interface will develop which
will mediate the information of the interface to the surface.
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