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Individual Fe atoms on a Cu2N=Cuð100Þ surface exhibit strong magnetic anisotropy due to the crystal

field. We show that we can controllably enhance or reduce this anisotropy by adjusting the relative

position of a second nearby Fe atom, with atomic precision, in a low-temperature scanning tunneling

microscope. Local inelastic electron tunneling spectroscopy, combined with a qualitative first-principles

model, reveal that the change in uniaxial anisotropy is driven by local strain due to the presence of the

second Fe atom.
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The manner in which individual magnetic atoms interact
with their environment ultimately determines the macro-
scopic magnetic properties ofmaterials. Recent experimen-
tal advances such as the ability to probe and manipulate
individual magnetic atoms using scanning tunneling mi-
croscopy (STM) [1–3] make it possible to investigate these
interactions in detail. In general, two competing processes
can be identified, which both influence the preferred ori-
entation of atomic spins. On one hand, magnetic anisotropy
due to spin-orbit coupling and the local crystal field favors
certain axes for magnetization over others [4–7]. On the
other hand, neighboring spins can be subject to spin cou-
pling due to, e.g., superexchange [8,9] or Ruderman-Kittel-
Kasuya-Yosida interaction [10–12], leading to either
ferromagnetic or antiferromagnetic alignment of the spins.

An interesting situation arises when spin coupling and
magnetic anisotropy energies are comparable [13–15].
Recently, it was shown that placing only a few atoms in
this type of configuration results in remarkably stable
magnetic structures [15,16]. Understanding the physical
mechanisms underlying this sudden emergence of mag-
netic stability is of great importance for the development
of nanoscale data storage solutions.

In this Letter, we demonstrate that single atom magnetic
anisotropy may be tuned by atomically precise relative
positioning of two magnetic atoms. Using atom manipula-
tion in a low-temperature STM, we construct on a Cu2N
substrate a set of three geometrically distinct Fe dimers.
From inelastic tunneling spectroscopy on each dimer, we
infer that the anisotropy of the Fe atom varies according to
the precise positioning of its neighbor: the uniaxial anisot-
ropy parameter D may be either enhanced or reduced by
values up to 20%. Further, via a qualitative first-principles
model, we can attribute these changes in anisotropy to
variation in the N–Fe–N angle, driven by local strain due
to the presence of the second Fe atom.

Atomic structure and STM topographic images of each
of the three types of dimers are shown in Figs. 1(a)–1(c).
The dimers all have the same bond length within the Cu2N
surface network. We classify the dimers according to the

number of unit cells separating the two atoms in each
symmetry direction. For example, the dimer shown in
Fig. 1(b) will be referred to as f3=2; 1=2g. Each Fe atom
on Cu2N has a magnetic easy axis which is oriented toward
the neighboring N atoms (D< 0) [5]. As such, the atoms in
the f3=2; 1=2g dimer have their easy axes oriented perpen-
dicular to each other. The atoms in the f2; 0g dimer
[Fig. 1(a)] have parallel easy axes. This structure is iden-
tical to the atomic arrangement described previously by
Loth et al. [15]. Finally, the atoms in the f1; 1g dimer
[Fig. 1(c)] have parallel but laterally offset easy axes.
We performed inelastic electron tunneling spectroscopy

(IETS) measurements [1] at 330 mK on each of the atoms
in our Fe dimers, in various magnetic fields [Figs. 1(d)–1(f)
and S1]. In the resulting differential conductance spectra,
spin excitations appear as distinct steps at voltages corre-
sponding to the excitation energies. Excitations measured
on our dimers have significantly shifted compared to those
found on isolated Fe atoms on Cu2N [5]. In the following,
we demonstrate how these energy shifts can be accounted
for in terms of modifications to the local crystal field due to
local strain and spin coupling. Note that the two atoms of
the f3=2; 1=2g dimer show IETS spectra that differ from
one another [Fig. 1(b)]: assuming isotropic spin coupling,
this difference can only be accounted for by variation inD.
We modeled the observed excitation energies using a

Heisenberg Hamiltonian [17]

Ĥ ¼ X

i¼A;B

Ĥ
ðiÞ þ JŜðAÞ � ŜðBÞ; (1)

which couples the spins SðiÞ of atoms A and B in the dimer
through a Heisenberg coupling parameter J. The single

spin anisotropy Hamiltonian Ĥ
ðiÞ

describes for each spin
the magnetic anisotropy and the Zeeman effect due to an
external magnetic field B (�B being the Bohr magneton):

Ĥ ðiÞ ¼ DðiÞŜ2ðiÞz þ EðiÞðŜ2ðiÞx � Ŝ2ðiÞy Þ
��B

X

�¼x;y;z

gðiÞ� B�Ŝ
ðiÞ
� : (2)
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Here, the z axis is defined parallel to the in-plane easy

axis of the Fe atom. The anisotropy parametersDðiÞ andEðiÞ

as well as the g tensor gðiÞ� follow from second order
perturbation treatment of the spin-orbit coupling

�LðiÞ � SðiÞ [18]:

DðiÞ ¼ ��2

2
ð2�ðiÞ

zz ��ðiÞ
xx ��ðiÞ

yyÞ; (3)

EðiÞ ¼ ��2

2
ð�ðiÞ

xx ��ðiÞ
yyÞ; (4)

gðiÞ� ¼ 2ð1� ��ðiÞ
��Þ: (5)

In these expressions, the parameters �ðiÞ
�� represent the

degree of unquenched orbital momentum along the �
direction (where � ¼ x, y, z). These are defined as

�ðiÞ
�� � X

n

jhc 0jL̂ðiÞ
� jc nij2

En � E0

; (6)

where the sum runs over all n orbital excited states c n,
which have energies En [18,19]. As such, the energy
difference in the denominator directly relates to the crystal
field splitting of the orbitals. Unlike recently argued [20],

the anisotropy Hamiltonian (2) should be projected only
onto the basis of spin states (using S ¼ 2 for Fe), not the
orbital states, as this projection is already incorporated in

the �ðiÞ
�� parameters. The negative value of the spin-orbit

constant � ¼ �12:4 meV [18] agrees with previously
observed g values g > 2 [5,13].
Using the total Heisenberg Hamiltonian (1), we

generated simulated IETS spectra, as described in
Refs. [5,21,22]. As discussed below, �zz is much more
sensitive to local strain than �xx and �yy. Therefore, the

only parameters that were allowed to vary between atoms
were �zz and J, so the transverse anisotropy parameter E
was not changed from its isolated-atom value 0.31 meV
[5]. By carefully fitting simulated spectra to the measured
spectra on each atom for all magnetic field directions, as
shown in Figs. 1(d)–1(f) and Fig. S1, we find values for J,
�zz, and D for all three dimers. These values are summa-
rized in Table I.
Close inspection of the obtained parameter values

reveals that the magnitude of the uniaxial anisotropy pa-
rameter jDj has increased compared to its isolated-atom
value D ¼ �1:55 meV [5] for both atoms in the f2; 0g
dimer and for atom A in the f3=2; 1=2g dimer. In contrast,
it has decreased for atom B in the f3=2; 1=2g dimer and for
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FIG. 1 (color online). (a–c) Diagrams and STM topographic images for (a) f2; 0g dimer, (b) f3=2; 1=2g dimer, and (c) f1; 1g dimer.
Magnetic easy axes for Fe atoms are indicated by red lines: the Cu2N unit cell is shown in (a). Topographic scale bars correspond to
2 nm. (d–f) Measured IETS spectra (dots) and corresponding simulated spectra (lines) on all three types of dimers, for zero magnetic
field and magnetic fields applied in the z and y directions. At-field spectra offset for clarity; the STM temperature is 330 mK. In (e),
atoms A and B are distinguished; in (d) and (f), the atoms of the dimer are essentially identical, but both sets of spectra are presented
for comparative purposes. The discrepancy between measured and simulated spectra near zero bias in (f) for 8 TðyÞ can be accounted
for by assuming a �2� misalignment of the magnetic field to the y axis.
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both atoms in the f1; 1g dimer. It appears, therefore, that
for Fe atoms on Cu2N, the magnitude of the uniaxial
anisotropy increases when a second atom is placed along
(or within one bond length of) its easy axis, and that it
decreases for those atoms where the second atom is further
away from the easy axis.

In order to explain the observed behavior qualitatively,
we consider the immediate environment of the Fe atom,
specifically its two nearest-neighbor N atoms, as shown in
Fig. 2(a). According to previously published density func-
tional theory (DFT) calculations, in the case of an isolated
Fe atom on Cu2N, the N atoms are situated slightly lower
than the Fe atom [23]. The resulting crystal field has C2v

symmetry, which lifts all degeneracies between the five
d-orbitals [25] [Fig. 2(b)]. In this situation, the expression

(6) for ��� reduces to matrix elements of L̂� in the basis

of d-orbital states, many of which are zero [18,22].
Specifically, the unquenched orbital momentum along the
z axis �zz depends only on the energy difference E1 � E0

between the dxy and dx2�y2 orbitals [Fig. 2(b)] and is

inversely proportional to this energy difference. This
means that if the N–Fe–N angle � becomes closer to
180�, E1 � E0 tends to zero, and �zz and therefore jDj
rapidly increase. Likewise, if the angle becomes smaller,
jDj decreases. In contrast, �xx and �yy (and therefore the

transverse anisotropy E) relate to the energy differences
E2 � E0 and E3 � E0, which remain finite in the
limit � ! 180� and therefore will depend much less dra-
matically on the bond angle.

Figures 2(c)–2(f) demonstrate how the observed varia-
tions in D in our dimers can be explained in terms of
changes to the N–Fe–N angle, which follow from the
previously known relaxation of Fe=Cu2N. When an Fe
atom is deposited on Cu2N, the neighboring N atoms and

the next-nearest-neighbor Cu atoms are pulled upward and
toward the Fe atom [5]. In the case of the f2; 0g dimer, we
may expect that the central Cu atom will be raised even
more, due to bonding to two Fe atoms, leading to an
increased N–Fe–N angle [Fig. 2(d)] and hence increased
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FIG. 2 (color online). (a) Splitting of d-orbital energies in a
linear crystal field. (b) Splitting of d-orbital energies in a crystal
field where the ligand-metal-ligand angle � is slightly smaller
than 180�. The electron configurations for the orbital states c n

are shown. (c) Schematic of a single Fe adsorbed onto Cu2N,
after structure calculated using DFT [5]: a section in the yz plane
along the Cu–N direction is shown. (d) Equivalent schematic
section of the f2; 0g Fe dimer: dashed outlines show atom
positions for the single Fe case. Since the central Cu atom is
lifted due to bonding to two Fe atoms, � is larger (closer to 180�)
for the dimer than for a single Fe atom. (e) Schematic of a
f3=2; 1=2g Fe dimer in the xz plane. For a single Fe atom
adsorbed onto Cu2N, the N–Fe–N angle in the xz plane
� ¼ 180�: in the case of the f3=2; 1=2g dimer, the presence of
Fe A compresses bond lengths along the Cu–N direction [as in
(d)], so that for Fe B, �< 180�. Similarly, for the f1; 1g dimer
(f), for both Fe atoms, �< 180�. In (e) and (f), dashed outlines
show the unperturbed Cu2N lattice. Atomic displacements are
only indicative and are not to scale.

TABLE I. Values for J, �zz, and D (which follows from �zz)
found for each atom in all three types of Fe dimer, studied by
fitting measured IETS spectra with simulated spectra. Only in
the case of the f3=2; 1=2g dimer are atoms A and B distinguish-
able. In the last row, for each atom, the anisotropy energy shift
�D with respect to the isolated-atom value D ¼ �1:55 meV is
presented. For all atoms, we found �xx ¼ 0 and �yy ¼
4:0 eV�1, giving E ¼ 0:31 meV. An identical constant of up
to 2 eV�1 can be added to all the ��� values without visibly

altering the simulated spectra. This constant has no influence on
the values for J, D, and E.

A B

Dimer type f2; 0g f3=2; 1=2g f1; 1g
A B

J (meV) þ0:70 þ0:20 �0:69
�zz (eV

�1) 14.2 13.1 10.5 10.9

D (meV) �1:87 �1:70 �1:30 �1:37
�D (meV) �0:32 �0:15 þ0:25 þ0:18
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jDj. The same reasoning applies to atom A of the
f3=2; 1=2g dimer. For atom B of this dimer, the situation
is different. In this case, we expect the N atom to be pulled
sideways due to the strain caused by atom A, as a result of
which the N–Fe–N angle in the horizontal plane decreases
[Fig. 2(e)], leading to a decreased jDj value. A similar
situation occurs for both atoms of the f1; 1g dimer
[Fig. 2(f)]. It should be noted that we assume that the
strain modifies only the crystal field of the Fe atom and
that the spin moment and coupling to the electron bath are
not changed from the single atom case. Evaluation of these
parameters would require a full DFT treatment, which is
beyond the scope of this study.

It is possible to estimate the orbital energy splittings
based on the measured values of D, E, and g�. According

to Eqs. (3) and (4), adding an identical offset to �xx, �yy,

and �zz will not affect D or E, and hence a very high
magnetic field would be necessary to separately define all
the���. However, by making fits to IETS data taken on an

isolated Fe atom in magnetic fields up to 7 T in all three
directions [5], we can constrain this offset to <2 eV�1.
Using median values for �zz in Eq. (6), we find that
E1 � E0 ¼ 310� 30 meV for the isolated Fe atom and
ranges from 260� 20 meV for the atoms in the f2; 0g dimer
to 350� 30 meV for atom B of the f3=2; 1=2g dimer. The
magnitude of these values compared to the spin-orbit con-
stant � ¼ �12:4 meV justifies our choice to treat spin-orbit
coupling as a perturbation with respect to the crystal field.

Additional validation for our interpretation of strain-
induced changes in anisotropy comes from studying varia-
tion between multiple instances of the f3=2; 1=2g dimer.
Figure 3 shows IETS spectra taken on both atoms of 14
different instances of this dimer at zero magnetic field: for
these dimers, we find D values varying from the mean by
�6%. The anisotropy shifts are anticorrelated between
atoms A and B (see the inset of Fig. 3). This suggests a
variation in local lattice strain, applied to the whole
dimer: if the local lattice is expanded, the strain induced
by each Fe atom in the dimer on the other is reduced,
and both Fe atoms’ D values move closer to the isolated-
atom value of D ¼ �1:55 meV [26]. Variation in spin
excitation energies of �5% were previously observed for
single Fe atoms on Cu2N and were attributed changes in
the local environment caused by strain in the Cu2N islands
[5,27].

In the current study, the simulated IETS spectra were
produced using a purely isotropic Heisenberg coupling
parameter J. This is in contrast with previous work on
the f2; 0g dimer, in which only coupling between the z
components of the spins was considered, giving Jz ¼
þ1:2 meV [15]. In conjunction with increased values for
jDj, we find a lower value J ¼ þ0:70 meV for this dimer.
In addition to the observed changes in D, Table I
also indicates variation in the strength and sign of the
coupling J, which changes from antiferromagnetic in the

f2; 0g and f3=2; 1=2g dimers to ferromagnetic in the f1; 1g
dimer. The change in sign of J is probably due to the
distance dependence of the Ruderman-Kittel-Kasuya-
Yosida interaction, although we cannot exclude potential
influence from superexchange, as the total coupling is
likely a combination of these two factors [28]. The ability
to tune the sign of the interatomic magnetic coupling
through atom manipulation will enable atomically engi-
neered spin structures to be designed in which a broad
range of magnetic phenomena is realized.
In summary, we have been able to control the magneto-

crystalline anisotropy of a magnetic adatom embedded in a
covalent surface network by carefully adjusting the posi-
tion of a second nearby adatom. Strain due to the presence
of this second adatom causes a slight change in the angle
between the magnetic atom and its neighboring ligands.
Using a qualitative first-principles model, we demonstrate
that the magnetic anisotropy depends highly sensitively on
this angle. We suggest that this strain-enhanced anisotropy
may play a critical role in the reported magnetic stabiliza-
tion of atomically assembled antiferromagnetic structures
[15]. The ability to engineer magnetic anisotropy at the
atomic scale will enable the creation of novel atomic-scale
magnetic memory devices and low-dimensional spin
lattices.
We thank J. Fernández-Rossier, C. F. Hirjibehedin,

A. J. Heinrich, and G.A. Steele for discussions and
R. Hoogerheide for technical support. This work was
supported by the Dutch funding organizations FOM and
NWO (VIDI) and by the Kavli Foundation. B. B. and A. S.
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FIG. 3 (color online). IETS measurements performed on 14
different instances of the type f3=2; 1=2g dimer at 330 mK and
zero magnetic field, showing a spread of the step positions for
both atoms in the dimer. Spectra were collected at either 0.9 or
2 nA; no current dependence on the step position was observed.
In the inset, the anisotropies of the two atoms of each dimer DðAÞ
and DðBÞ, obtained by fitting the measured IETS spectra, are
plotted against each other, indicating a strong anticorrelation
between the two atoms (with Pearson correlation coefficient R ¼
�0:93). The error bars represent the fitting uncertainty for D.
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