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Theoretical study of the interaction between a magnetic nanotiy and a magnetic surface

H. Ness and F. Gautier
Institut de Physique et de Chimie des Materiaux de Strasbourg, Groupe d'Etude des Materiaux Metalliques,

B&timent 69, 23 rue du Loess, 67037 Strasbourg Cedex, France
(Received 14 April 1995)

A theoretical study of the electronic structure of transition-metals magnetic nanotips and of the in-
teraction of such tips with magnetic surfaces is performed within the tight-binding scheme. The real-
space recursion method is used to calculate the local densities of states of the interacting tips and sur-
faces. We consider more especially Fe supported tips and both Cr and Ni magnetic surfaces. A strong
enhancement of the magnetic moments is observed on the tip's surfaces and tip's apex atoms. The in-

teraction of such tips with Cr(001) and Ni(001) surfaces is studied in regime for which the adhesive
forces are dominant. Different magnetic tip-sample (TS) configurations are considered. The electronic
structure of both the tip and sample are found to be substantially modified due to the TS interaction.
These modifications lead to the decrease of the corresponding magnetic moments for decreasing TS dis-
tances. The TS interaction energy curves, the magnetic TS coupling energy, and the magnetic "ex-
change" forces are also calculated when the tip's apex is located above high-symmetry surface's sites.
Large antiferromagnetic (AP) couplings are found between interacting Fe tip and Cr surface, instead of
small ferromagnetic (P) couplings for the Ni surface. According to the values of the magnetic TS "ex-
change" forces and to their variations upon the considered surface s sites, high spatial resolution is ex-
pected for such a magnetic force microscopy. Finally, the experimental feasibility for the measurement
of such forces and the influence of the tip's morphology on the magnetic contrast are also examined. To
our knowledge, this is the first study of the magnetic coupling energy for tip-sample systems.

I. INTRODUCTION

The atomic force microscopy has proven its ability to
study surfaces at the atomic scale. ' Using nonmagnetic
tips, atomic resolution was achieved on diA'erent materi-
als (layered materials such as graphite, boron nitride,
transition-metal dichalcogenides, ' ionic crystals, and
metallic surfaces ). On the other hand, by using magnetic
tips we can also expect to investigate the surface magne-
tism with a high spatial resolution and up to the atomic
scale. Such a possibility is very interesting for the study
of the magnetism of surfaces, clusters, and of surface de-
fects such as steps, magnetic impurities, etc.

Up to now, the magnetic forces measured in the mag-
netic force microscopy were mostly the long-range mag-
netic dipolar forces arising from the long-ranged interac-
tions between the magnetic dipole of the tip and of the
sample, the magnetic tip being essentially sensitive to the
stray fields of the surface. The typical tip-sample (TS)
separations are of the order of 10 nm for such long-range
force measurements. This allows us to study large-scale
features such as magnetic domains, the lateral resolution

0
being of the order of several hundred A (see Ref. 8 and
references therein).

Recent scanning tunneling microscopy experiments us-
ing magnetic tips were also performed to study, for exam-
ple, Cr(001) surfaces. They have shown the importance
of the relative orientation of the tip and surface magneti-
zation vectors on the tunneling current, this current be-
ing enhanced (reduced) in the case of parallel (antiparal-
lel) orientation of the tip and surface magnetizations. The
importance of such difFerent magnetic couplings was first
recognized in the conductance model of Slonczewski for

two ferromagnets separated by a tunneling barrier. ' It
has been suggested ' that the magnetic forces between
the tip and the studied sample can be measured for small
TS distances (d =2—5 A). For such distances, the mag-
netic couplings come from the direct interaction between
the tip and sample electronic states. They are thought to
be sufficiently large to allow the observation at the atomic
scale of the surface magnetic moments distribution.
However, the use of this imaging procedure is a priori
limited to intermediate values of the TS distances be-
tween two extreme regimes whose salient features are
now briefly discussed.

In the first regime, i.e., for very small TS distances, the
forces occur from the overlap between the electronic den-
sities. They are strongly repulsive and are easily mea-
sured. However, they lead to strong tip and sample de-
formations which can be irreversible so that the interpre-
tation of the images can be difficult. In the other extreme
regime, i.e., for large TS distances, the attractive forces
occur from small van der Waals and magnetic dipolar
pair interactions. The resulting forces can be measured
by dynamical force measurements which are related to
the resonance frequency shift of the corresponding oscil-
latory cantilever. " They do not introduce significant de-
formations but they are sizable because they result from
the superposition of a huge number of individual pair in-
teractions arising from the tip s extremity. Global insta-
bilities can occur when the force gradient exceeds the
cantilever spring constant. '

In the intermediate regime the tip and sample deforma-
tions are assumed to be relatively small. The van der
Waals forces are not necessarily negligible but the scale of
their variations is related to the tip's radius and is much
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larger than the atomic scale we are interested in here.
Using both scanning tunneling and atomic force micros-
copics, Diirig, Ziiger, and Pohl have extensively studied
in this regime the adhesion forces at the atomic scale for
bimetallic systems. ' They have shown that the short-
range adhesive forces can be measured for tip-sample dis-
tances larger than those for which electrical and mechan-
ical contacts successively occur. In this regime, these
adhesive forces between the tip apex atoms and the sur-
face dominate the total interaction force gradient as com-
pared to the corresponding contribution of the long-
range van der Waals interactions. ' These authors have
estimated the contribution of these later forces over the
whole tip and have found they are nearly constant for the
considered TS distances. Similar results have been re-
cently obtained from a theoretical study of the atomic
force contrast using the molecular mechanics to deter-
mine the interaction and the deformations between a sil-
icon tip and a graphite sample. '

In this work, we consider only the intermediate in-
teraction regime as studied experimentally by Durig,
Ziiger, and Pohl. We focus our interest only on the mag-
netic interactions in this regime. These interactions are
determined by subtracting the interaction energies for
two different TS magnetic configurations at the same TS
distance so that the corresponding contribution of the
van der Waals interactions is zero. We are only interested
in the general trends of such magnetic interactions, their
order of magnitude, and their variations from site to site
to assess the feasibility of magnetic force microscopy at
the atomic scale. This is why we neglect here as a first
step the deformations of the tip and the sample which are
thought to be sufficiently small to keep unmodified our
present conclusions. From these assumptions, we study
the behavior of such short-range magnetic forces versus
the TS distances and their dependence upon the magnetic
nature of the tip and the sample. We also study the im-
portance of the tip's morphology on its magnetic struc-
ture and on the TS interaction. Such phenomena have
been shown to be important for nonmagnetic interac-
tions. ' '

We investigate in this paper both (i) the magnetism of
transition-metals' supported nanotips and (ii) the TS mag-
netic interactions taking account of the electronic struc-
ture of the considered systems. Furthermore, the nano-
tips we consider here are realistic atomically sharp tips,
i.e., pyramidal tips built from up to 30 atoms, deposited
on the surface of the same metal. Such nanotips have
been already obtained experimentally in the case of tran-
sition metals. ' The interaction between the tip and the
sample is calculated versus the TS separation and for
different tips' positions above the surface. A large num-
ber of inequivalent atoms are perturbed by such an in-
teraction. Therefore ab initio self-consistent band-
structure calculations for these systems require too large
supercells and are dificult to achieve for reasonable corn-
puting times. This is why we choose the tight-binding
approach to describe the band structure of the TS sys-
tems. Furthermore, we use the real-space recursion
method in order to calculate the local densities of states
(LDOS). Note that this method has been also used to

study, for example, the magnetic couplings in transition-
metal superlattices and gives the good trends for the os-
cillatory behavior of the coupling energies. '

The paper is organized as follows. We present the
method of calculation we use in order to determine the
electronic structure of the TS systems (Sec. II). We
briefly recall the results obtained for the electronic struc-
ture of supported tips and the magnetism of such tips
(Sec. III). Then Sec. IV is devoted to the TS interaction,
i.e., to the modifications of both tip apex and sample sur-
face LDOS due to their interaction and to the behavior of
the tip and sample magnetic moments for different mag-
netic configurations. Finally, the magnetic coupling ener-
gies and the corresponding magnetic forces are presented.
The experimental feasibility for measuring such forces is
also discussed.

II. METHOD OF CALCULATION

As mentioned above, we use in this study the tight-
binding approximation and the real-space recursion
method to determine the electronic structure of the sys-
tems. The total energy results from two contributions: (i)
the attractive band term Eb, obtained from the LDOS
which are spin dependent for magnetic elements and (ii)
the repulsive term E„ensuring the crystal stability. We
restricted our attention to "d" bands, the band energy
Eb, thus being the electronic contribution due to these
"d" electrons. This assumption is sufficient to get a realis-
tic description of the transition-metal s bulk and surface
magnetism. Let us now briefly describe the main as-
sumptions used for the calculations.

The spin-dependent tight-binding Hamiltonian H is ob-
tained from the energy levels E;~=(i A, tr ~H~ik, o ) which
are spin dependent [o.=(+ ) or (

—) is the spin com-
ponent along the local quantization axisj and from the
hopping integrals tz„(R;)=(iko~Hj~po ) between two
orbitals A, and p located on two different sites i and j con-
nected by the R," vector. The hopping integrals are as-
sumed to be spin independent and are obtained from the
three Slater-Koster parameters ddt', ddt, and dd5. '

These parameters are fitted to recover the bulk band
width 8'b of the considered elements. For example, the
8'b values we have chosen for Cr, Fe, and Ni are
8'b =7.28, 5.34, and 3.80 eV, respectively.

Furthermore, the hopping integrals t„~(R)between
atoms 3 and B of different chemical species are obtained
by the Shiba prescription (t~~ =t»t»). "They are also
assumed to decay continuously with interatomic dis-
tances R;. with a hyperbolic cosine analytical form and
have zero values when R;J ~ R4 (R„being the equilibrium
distance between two nth nearest neighbors). It has been
shown that this peculiar distance dependence of the hop-
ping integrals does not strongly modify the LDOS in
comparison to a "classical" exponential dependence. '

Within the molecular-field approximation, the ex-
change splitting b, ; between the energy levels of spin (+)
and (

—), i.e., 6; =s'; ' —c.';+' (dropping the orbital sym-
metry indices), is assumed to be proportional to the local
magnetic moment m; via an effective "exchange integra1"
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I; (6;=I;m; ). The local magnetic moment is defined by
m;=% +' —X ', where X; is the spin-dependent band
filling. We obtain N; from the-spin dependent LDOS
n;i (E): N; =Xi f n;i (s)ds (s~ being the Fermi level).

The exchange splitting and the local magnetic mo-
ments are determined in a consistent way, the ratio
(E'; ' —sI+))l(N( ' N—')=I, being assumed to depend
only on the chemical nature of the considered site i. The
values of the exchange integrals are chosen to recover the
values of the bulk magnetic moment mb„lk. For example,
the value of mb„&k for Cr, Fe, and Ni are mb„ik=0.6, 2.2,
and 0.6p~, respectively. Furthermore, we required the
self-consistent local neutrality on each atomic site. This
approximation is valid because the electronegativity
difference between the constituents we consider here is
not too large. The self-consistency is performed assuming
that the energy levels are independent of the considered d
orbital symmetry (s;&=E; ). These levels are determined
to obtain the band filling X;=N +'+N ' within the lo-
cal neutrality with an accuracy of 10 . The N; values we
have chosen for Cr, Fe, and Ni are X;=5.0, 7.0, and 9.4,
respectively. In practice, the self-consistent procedure is
performed for a limited number of atoms defining the

1Set of inequivalent

&
sites

"perturbation domain. " This domain is made of the tip's
atoms and of those atoms of the tip's support and of the
sample's surface which are strongly perturbed by the
presence of the tip. This has been already described else-
where' (see, for example, Fig. 1, which represents a
schematic top view of the supported tip).

Finally in this model, the band energy Eb, is written as
the sum of local band energies over all the sites i of the
system. These local energies results from the integration
of the spin-dependent LDOS [X& j sn;&(E)ds], sub-
tracting the electrostatic [N;(sI+'+E'; ') j2] and magnet-
ic [ I;m;—l4] local energies which are counted twice in
the one-electron LDOS integrals. The repulsive energyE„is described by a pair potential of the Born-Mayer
type, whose parameters are fitted to get the equilibrium
lattice parameter, the bulk isotropic compressibility, and
cohesive energy.

The spin-dependent LDOS are obtained from the
Green's function using the recursion method. The
Careen's function is expressed as a continued fraction of 1V
exact levels (we have used N =8 recursion levels for the
Fe-Cr system and N = 14 for the Fe-Ni system' ) involv-
ing the recursion coefficients and terminated in the usual
square-root way, the last coefFicients being obtained by
being obtained by the Beer-Pettifor method.

In this first study, we consider three materials having
different magnetic behaviors; i.e., a strong ferromagnet
(Ni), a weak ferromagnet (Fe), and an antiferromagnetic
material (Cr). Furthermore, we consider only the shar-
pest possible perfect Fe pyramids (pyr) built from h =4
perfect bcc Fe(001) planes [denoted pyr(001) hereafter].
These tips, having a monoatomic apex, are deposited on
the (001) surface of a perfect semi-infinite bcc Fe crystal.
The samples are also assumed to be perfect semi-infinite
bcc Cr or fcc Ni crystals and are limited by a perfect

bcc (001) surface

Atoms of the
pyramidal tip
self—consistently
treated.

Atoms of the support
self-consistently treated.

Atoms of
the support
with frozen
levels.

fcc (001) surface

FIG. 1. Schematic top view of the supported pyr(001) h =4
tip. The perturbation domain is defined by the tip and tip s sup-
port atoms which are labeled to be "self-consistently" treated.
It extends on the first four tip support (001) planes. Note that
only a limited extent of the tip's support surface plane is shown.
Owing to symmetry properties, the equivalent tip and tip sup-
port atoms are contained in the irreducible eighth (white and
black triangles, respectively). For simplicity, the perturbation
domain on the sample surface is not shown. However, it has the
same lateral extent as the ones of the tip's support.

H ':.

X

FIG. 2. Schematic representation of the different high sym-
metry surface sites [hollow (H) and top (T) sitesj for both the
Cr(001) and Ni(001) surfaces.
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(001) surface. The high-symmetry surface sites above
which the tip is located are shown in Fig. 2.

Finally, as mentioned in the introduction we assumed
that (i) the distance d between the apex and the sample's
surface varies only between one and three bulk interpla-

0
nar distances 1~00,~, i.e., between 1.5 and 4.5 A; (ii) both
transition-metal-based tip and sample are separated rigid-
ly from each other without surface relaxation, recon-
struction, or deformations. At this stage it is relevant to
comment upon this approximation in relation with recent
molecular-dynamics studies of deformations and instabili-
ties for nonmagnetic tip-sample junctions. The instabili-
ties for which both "surfaces" snap together have been
studied using semiempirical potentials. ' ' They are
strongly dependent upon the tip's morphology and the
mechanical properties of the considered systems. For ex-
ample, the behavior of the hard transition-metal
systems —such as Ir—is very different from the one of
soft materials such as lead. This has been confirmed by
a tight-binding molecular-dynamics study of a Re nano-
tip interacting with a Re surface. Therefore, the defor-
mations induced by these interactions in the regime we
consider here are small for transition metals. Moreover,
the magnetic contrast being obtained from a difference of
the interaction energies between different TS magnetic
configurations, these deformations lead to changes of the
contrast which are not relevant as far as general trends
for magnetism are concerned.

III. SUPPORTED TIP MAGNETISM

Let us briefly recall the main features of the apex
LDOS and describe the results concerning the surface
and tip apex magnetism. The apex LDOS width is essen-
tially determined by the number n; of first and second
nearest-neighbor (i =1,2, respectively) of the apex atom:
n i =4 and n2 = 1 for pyr(001). It is independent of Ii and
is smaller than or equal to the width of the corresponding

surface (n i, nz=4, 5 for (001); 4,3 for (111) surface). No
strong surface peak appears near the middle of the apex
LDOS as can be seen in Fig. 3.

The surface magnetism and the corresponding magnet-
ic moment enhancement can be qualitatively explained in
terms of reduced bandwidths. Within the tight-binding
scheme, the reduced bandwidth is related to the reduced
number of nearest neighbors for surface or tip apex atoms
as compared to bulk atoms. In agreement with such a
qualitative criterion, we find large magnetic moments on
surfaces and very large magnetic moments on the tip's
apex atom. In order to make precise the magnetic mo-
ment enhancement and to relate it to the reduction of the
coordination number, we list below the values of the Fe
and Cr magnetic moments for decreasing values of the
coordination number: bcc bulk Fe m =2.20p~, Fe(001)
surface m =2.62pii, Fe(111) m =2.75@ii, apex of a Fe
pyr(001) ii =4, m =2.91pii. For bcc bulk Cr,
m =0.60pz, Cr(001) m =2.29pz, Cr(111) m =2.98p~,
apex of a Cr pyr(001) h =4, m =3.38p~. Note that the
value of the magnetic moment for the Fe pyr(001) apex is
nearly saturated.

Now let us briefly discuss the distribution of the mag-
netic moments on the Fe pyr(001) Ii =4 tip and its
perturbation's extent on the tip's support. Figure 4 shows
the magnetic moment distribution on the Fe tip and on
the first layers of the Fe(001) tip support. Note that due
to the symmetry properties of the tip, only the irreducible
eighth of the perturbation domain needs to be represent-
ed. The strongly enhanced magnetic moments are those
of the less coordinated atoms, i.e., those sitting on the
pyramid's surface and more especially the apex atom.
The perturbation induced by the tip on its support ex-
tends only on the four first surface layers. Moreover, one
can notice that out of the range of the tip's support per-
turbation domain shown in Fig. 4, the magnetic proper-
ties of the free surface (i.e., the surface in the absence of

bulk (001) surface apex pyr(001)
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FIG. 3. LDOS of Fe for (a) a
bulk atom, (b) a (001) surface
atom, and (c) the apex atom of
the pyr(001) h =4 tip. The ener-
gies are given in eV, the values
of the density of states are given
in states per eV, and the vertical
line represents the Fermi level
c,F as in the following LDOS
figures.
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Fe(S -3)
[ 2.19 ]

Fe(S-2)
[2.01 j

sample's surface nearest neighbors, (ii) the behavior of the
magnetic moments of the apex atom and of its surface
nearest-neighbor atoms depending on the P and Ap mag-
netic configurations and on the nature of the surface site
facing the apex, and finally (iii) the TS coupling energies
and the corresponding magnetic exchange forces.

A. Modi6cations of the local densities of states

Fe(S- 1)
[2.06 t

Fe (S)
[2.61]

Fe
(Base)

Fe
(Base + 1)

Fe
(Base + 2)

Fe
(Base + 3)

(apex)

Fe (Base)
Fe (Base + ) )
Fe (Base + 2)
Fe (Base + 3) (apex)

Fe(S -3)
Fe(S -2)
Fe(S - I)
Fe (S)

FIG. 4. Magnetic moments distribution on the Fe pyr(001)
h =4 tip and tip support atoms according to the irreducible
eighth defined in Fig. 1. The inset is a simplified representation
of the tip and tip support. The values in brackets for the
different tip support planes are the values of the magnetic mo-
ment for the corresponding planes of a free surface (surface in
the absence of the tip). The magnetic moments are given in p&.

the tip) are recovered. This clearly shows the localization
of the tip's perturbation on its support.

IV. MAGNETIC TIP-SAMPLE INTERACTIONS

We study the magnetic TS interactions in order to un-
derstand the origin of the magnetic contrast in magnetic
force microscopy at the atomic scale. In order to deter-
mine such magnetic "exchange" forces, two different
magnetic configurations are considered. Starting from
the uncoupled TS system, the "ferromagnetic" (P)
configuration t "antiferromagnetic" (AP) configuration]
corresponds (respectively) to a parallel (antiparallel)
orientation of the magnetic moment of the tip's atoms
and of that of the sample's surface. The electronic struc-
ture of the interacting system is calculated for decreasing
d values and for the two magnetic configurations con-
sidered above.

In this section, we calculate the interactions between
the perfect Fe supported tip pyr(001) Ii =4 and both
Cr(001) and Ni(001) surfaces. We assume that the tip's
apex occupies either a hollow surface site (i.e., a site
above the center of a square of first surface nearest neigh-
bors) or a top site (i.e., a site on top of a sample's surface
atom) such as depicted in Fig. 2.

The following sections are devoted to a discussion of (i)
the modifications of the LDOS of the apex and of its

First we discuss the qualitative modifications of the
apex LDOS and of its surface nearest neighbors. As the
TS distance decreases, the coordination number of the
apex and of its surface nearest neighbors increases. Such
a coordination increase implies a broadening of the corre-
sponding LDOS. This broadening is more important for a
hollow site than for a top site because the number of
bonds participating in the TS interaction is larger for a
hollow than for a top site. Moreover, the LDOS of the
apex and its surface nearest neighbors are strongly
modified due to the strong TS interaction.

For example, when the Fe tip is facing the hollow site
of the Cr(001) surface, states above and below E~ in the
apex LDOS are progressively shifted towards the top and
bottom of the band as d decreases [Fig. 5(a)]. These shifts
induce a strong hole in the middle of the apex LDOS.
Note that the surface peak observed in the majority spin
band of the Cr(001) surface atoms (nearest neighbors of
the apex atom) disappears progressively [Fig. 5(b)].
Another example, which has been already pointed out in
the case of nonmagnetic TS systems, ' concerns the pres-
ence of new strong peaks near the top of the bands when
the Fe tip is located above a surface top site (A and 8
peaks in Fig. 6). These peaks, which exist for both spin-
dependent LDOS of the Fe tip's apex and of its Cr sur-
face nearest neighbor, are due to the strong interaction
between the apex atom and its on-top surface nearest
neighbor. They are at the same energies for each spin
direction and correspond to strong d 2 directed bonds.

Z

When the Fe tip is facing the hollow site of the Ni(001)
surface, one observes the same qualitative behavior.
However, owing to the difference of magnetic behavior
and of the surface symmetry properties between the Ni
and Cr surfaces, the modifications of the Fe apex LDOS
are quite different from those described previously. For
example, the peak in the minority spin bands just above
c~ behaves differently compared to the Fe-Cr system.
This peak, mainly due to the d 2 and d & 2 orbitals, has

an increasing magnitude for decreasing d values in the
case of the Fe-Ni system (A peak in Fig. 7). This behavior
is opposite to the one observed in the Fe-Cr system. Such
a difference comes from the following features: (i) the Ni
is a strong ferromagnet —note that even for the smallest
TS distances shown in Fig. 7, i.e., for d/dN;~oo, v=0. 90,
the majority spin band is still saturated, (ii) the Ni(001)
surface LDOS does not present any surface peak, and
finally (iii) the d 2 & tip s apex orbital points directly to-

x —y
wards the apex nearest-neighbor atoms of Ni(001) surface
as shown in Fig. 2 (compare with the effect of the d, or-Z'

bital when the tip is located on top of a surface atom). Fi-
nally, the LDOS modifications of the Ni surface atoms,
nearest neighbors of the apex, are less marked than those
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FIG. 5. LDOS of (a) the Fe
pyr(001) h =4 tip apex and (b)
its Cr(001) surface nearest neigh-
bors for different TS distances.
The tip is facing a hollow site for
the P magnetic configuration.
The TS distances are
d/dc, (00&) =2.00 (full line), 1.20
(dotted line), and 0.80 (dashed
line). The Cr(001) surface peak
is also indicated in (b).
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of the Cr surface atoms.
This study shows that the TS interaction we consider

here involves strong modifications of the LDOS of the
apex and of its surface nearest neighbors. However, these
modifications depend strongly on the nature of the mag-
netic behavior of the corresponding chemical species and
on the nature of the surface's site facing the tip's apex.

B. Magnetic moments of the apex and of its surface neighbors

From the previous discussions, it is expected that the
magnetic moments of the tip's apex atom and of its sur-
face nearest-neighbor atoms decrease when the tip is

brought close to the surface. However, the magnetic mo-
ment decrease is expected to be different when consider-
ing different TS systems and different magnetic
configurations.

First let us discuss the results obtained for the Fe-Cr
system. The behaviors of the magnetic moments of the
apex and its surface nearest neighbors versus the TS dis-
tances are shown (for a hollow site) in Fig. 8. The mag-
netic moments decrease strongly with decreasing d values
for both the Fe apex and its Cr surface nearest neighbors.
These moments nearly vanish for d/dc, (00, )

(1.0 in the
case of the P magnetic configuration. The magnetic mo-
ments of the surface atoms are always smaller for the P
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FIG. 6. LDOS of (a) the Fe
pyr(001) h =4 tip apex and (b)
its Cr(001) surface nearest neigh-
bors for different distances d.
The tip is facing a top site for
the AP magnetic configuration.
d/dz, (00&) =2.60 (full line), 2.00
(dotted line), and 1.50 (dashed
line). The A and B peaks come
mainly for the d & orbital.
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FIG. 7. LDOS of (a) the Fe
pyr(001) h =4 tip apex and (b)
its Ni(001) surface nearest neigh-
bors for di8'erent distances d.
The tip is facing a hollow site for
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magnetic configuration than for the AP con6guration.
However, the apex magnetic moment varies quite
di8'erently. Finally, note the strong sensitivity of magnet-
ic moments of the Cr surface atoms to the magnetic
configurations as compared to the Fe apex moment.

For the Fe tip facing a top site of the Cr(001) surface,
one obtains the same qualitative behavior for the magnet-
ic moments. However, since the TS interaction occurs
essentially via the tip's apex and its unique surface
nearest neighbor, the decrease of the magnetic moments
begins for larger TS distances than in the case of a hollow
site as shown, for example, in Fig. 9.

Finally, instabilities of the magnetic moments such as
reversal of the moments with respect to the initial mag-
netic configuration have been observed in the case of the
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FIG. 8. Magnetic moments of (a) the Fe pyr(001) h =4 tip
apex and (b) its Cr(001) surface nearest neighbors versus the TS
distance for both the P (circles) and AP (squares) magnetic
configurations. The tip is facing a hollow site. The magnetic
moments of the Cr(001) surface atoms are given in absolute
values for the AP configuration (as below).
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FIG. 9. Magnetic moments of the Fe pyr(001) h =4 tip apex
interacting with the Cr(001) surface for difFerent tip positions.
Only the results for the P magnetic configuration are shown.
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P coupling. Note that in these cases the TS separation
distances are quite small (slightly smaller than the corre-
sponding interlayer spacing dc,~z»~) when the tip is locat-
ed above a hollow surface site. The TS deformations must
be taken into account to confirm such a behavior.

I.et us now summarize the results we obtained when
considering the two ferromagnetic Fe-Ni systems. We
find qualitatively the same behavior for the magnetic mo-
ments of the Fe apex and of its Ni surface nearest neigh-
bors for decreasing TS distances (Fig. 10). The main
differences between this system and the Fe-Cr system can
be summarized as follows: (i) for approximately the same
range of TS distances, the decrease of the magnetic mo-
ments is much less important for the Ni(001) surface than
for the Cr(001); (ii) the magnetic moments decrease faster
for the AP magnetic configuration, so that this magnetic
configuration is less stable than the P configuration; and
(iii) the same relative sensitivity to the P or AP magnetic
configuration is observed for both the Fe tip's apex and

its Ni surface nearest neighbors, the Fe apex being less
sensitive to the difference of magnetic configuration than
when such tip interacts with the Cr(001) surface.

In conclusion, this study has emphasized two impor-
tant features as far as the tip's apex and its surface
nearest neighbors are concerned. The magnetic moments
are strongly dependent (i) on the nature of the surface site
facing the tip's apex and (ii) on the TS magnetic
configuration with respect to the magnetic nature of the
considered metals (antiferromagnet, strong or weak fer-
romagnet).

C. Magnetic coupling energies

The TS magnetic coupling energy is defined by the
difference of the TS interaction energy between the two
magnetic configurations: E„„zh„s=E;„,(P ) —E;„,(AP ).
It has been calculated versus the TS distance for the sys-
tems considered previously and for different tip positions
over the sample's surface.

The results we obtain for the coupling energies are
summarized in Fig. 11. According to the previous dis-
cussions concerning the behavior of the magnetic mo-
ments of the strongly interacting TS atoms, we obtain
large AP couplings between the Fe tip and Cr(001) sur-
face and small P couplings for the Ni(001) surface. The
values of the couplings' energy extreme E* and the corre-
sponding TS distances d* are strongly dependent on the
considered surface site. For example, in the case of the
Cr(001) surface, the E* (d") values are (respectively)
much larger (smaller) for the hollow (top) surface site, the
tip and sample interacting via a larger (smaller) number
of TS bonds. However, the sign of the couplings (P or
AP) is only sensitive to the nature of the tip and sample
chemical species.

In order to compare the values of the TS separations
corresponding to the coupling energy maxima for the
different systems, we have reported the normalized cou-
pling energies in the same figure (Fig. 12), the normaliza-
tion being done with respect to the E values for each
system.

Up to now we have only considered atomically sharp
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FIG. 10. Magnetic moments of (a) the Fe pyr(001) h =4 tip
apex and (b) its Ni(001) surface nearest neighbors versus the TS
distance for both the P (circles) and AP (squares) magnetic
configurations. The tip is facing a hollow site.

FIG. 11. Coupling energy curves versus the TS distance for
both of the different considered systems and surface sites. The

0
TS distances are given in A.
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We have reported in Fig. 14 the values of such TS in-
teraction forces for both the P and AP magnetic
configurations in the case of Fe tips interacting with the
Cr(001) surface. Only the "band term" force
(Eb, = V'dEb, ) is —reported in the figure because, in the
present model, this is the only contribution to the total
TS interaction force which is dependent on the magnetic
configuration. We are only interested in the difference
hd of the TS distances between P and AP magnetic
configurations for a given constant force. Ed is related
to the large step height values Ah and small step height
hh by hd= —,'(hh —b.h ). For a constant force of
Fb„d= —1.50 nN; the Ad values are approximately 0.07
A for a hollow surface site and 0.06 A for a top site. The
most striking fact is that such a magnetic contrast does
not strongly vary with the tip's morphology. Indeed, for
the blunt Fe tip (with N, =40 apex atoms), the value of
the magnetic contrast is only Ad =0.09 A. This implies
that for such a measurement of the magnetic contrast, it
is not necessary to deal with an atomically sharp tip.
However, as mentioned above, the atomically sharp tip is
always needed to achieve a lateral high spatial resolution.
Finally, if the measurement of such step height is experi-
mentally achievable, Ad will be opposite to the one ob-
served by scanning tunneling microscopy.

FICx. 14. Band contribution to the TS interaction forces
(Fb, = —VdEb, ) versus the TS distance for both the P and AP
magnetic configurations. Different tips facing the Cr(001) sur-
face have been considered: a sharp Fe pyr(001) h =4 tip facing
a hollow and a top surface sites (full lines) and a blunt Fe tip
(with X, =40 apex atoms) facing a hollow site (dashed lines). It
is shown that the 4d values for a given constant force are not
strongly dependent on the tip's morphology.

Ni(001) surfaces. The band structure of the considered TS
systems is described within the tight-binding approxima-
tion and the LDOS are determined by the real space re-
cursion method. The electronic and magnetic structure
of the interacting tip and sample atoms, the TS interac-
tion energies, are calculated versus the TS distances when
the tip is facing high symmetry surface sites. Two mag-
netic configurations have been considered: the P and AP
configuratiOnss, for which the tip and sample surface mag-
netizations are parallel or antiparallel, respectively.

The study of the tip's electronic structure has revealed
that the reduced coordination number of the tip's surface
and apex atoms leads to an enhancement of the corre-
sponding magnetic moments as compared to the bulk
magnetic moments. In the case of an Fe apex atom, the
magnetic moment is nearly saturated (2.9lp~).

We have studied the TS magnetic interaction within
the intermediate TS interaction regime (i.e., for d =2—5
A). The LDOS of the apex and of its surface nearest
neighbors change drastically for decreasing TS distances.
The observation of a strong hole in the middle of the
bands or of new peaks occurring from strong directed TS
bonds depends on the nature of the surface sites facing
the tip's apex. The corresponding magnetic moments' de-
crease is also sensitive on this parameter. However, the
behavior of the magnetic moments and the inAuence of
the magnetic configuration on their values are strongly
dependent on the chemical species of the considered
atoms. For example, the magnetic moment decrease is
less marked for the Ni atoms than for the Cr atoms, the
Fe tip apex being an intermediate case. The Cr surface
atoms are very sensitive to the magnetic configuration be-
tween the tip and the sample. For example, in the case of
P configuration, the Fe tip can induce strong perturba-
tions on the Cr(001) surface magnetism.

Finally, considering the TS magnetic coupling energies,
we obtain large AP couplings between the Fe tip and the
Cr(001) surface and small P couplings for the Ni(001) sur-
face. The corresponding TS magnetic coupling forces are
also calculated. The variations of these forces according
to the considered surface sites are expected to lead to
high spatial resolution for such a magnetic force micros-
copy. The experimental measurement of the magnetic
coupling forces and the inAuence of the tip's morphology
on the magnetic contrast have been also examined.
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