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‘We study the role of static and dynamical Coulomb correlation effects on the electronic and magnetic properties
of individual Mn, Fe, and Co adatoms deposited on the CuN surface. For these purposes, we construct a realistic
Anderson model, solve it by using the finite-temperature exact diagonalization method, and compare the calculated
one-particle spectral functions with the LDA + U densities of states. In contrast to Mn/CuN and Fe/CuN, the
cobalt system tends to form the electronic excitations at the Fermi level. Based on the calculated magnetic response
functions, transverse relaxation times for the magnetic moments of impurity orbitals are estimated. To study the
effect of the dynamical correlations on the exchange interaction in nanoclusters, we solve the two-impurity
Anderson model for the Mn dimer on the CuN surface. It is found that the experimental exchange interaction can
be well reproduced by employing U = 3 eV, which is two times smaller than the value used in static mean-field
LDA + U calculations. This suggests an important role of dynamical correlations in the interaction between
adatoms on a surface. To estimate the correlated exchange interaction in the general case we derive a simple
and transparent analytical expression demonstrating that the renormalization of the electronic spectrum due to
dynamical correlations leads to a rescaling of the magnetic interactions compared to density functional results.
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I. INTRODUCTION

Recent scanning tunneling microscopy (STM) experiments
on atoms deposited on surfaces have demonstrated many
interesting and promising results varying from fundamental
phenomena, such as the Kondo effect' or giant magnetic
anisotropy,” to practical realization of logic gates.? Theoretical
support of these experiments requires the construction and
solution of realistic models that can capture the most essential
couplings and effects in the system. In case of the impurity
deposited on an insulating surface, such as a Mn (Co, Fe)
adatom on the CuN surface, it is natural to start the study with
a spin-type Hamiltonian,*> where the impurity is considered
as a localized spin. This simple and attractive approach has
been successfully applied to reproduce the Kondo effect in
Co/CuN (Ref. 5) or step-type excitations in the conductance
spectra observed for Mn/CuN.*¢

The next step toward realistic modeling of Mn/CuN,
Fe/CuN, and Co/CuN systems would be to take into account
the orbital nature of the adatom and hybridization effects be-
tween the adatom and surface states. This can be done by using
a density functional theory (DFT) method’ or a many-body
Anderson impurity model approach, or their combination.
The first-principles DFT-based calculations provide important
information concerning ground state properties of the surface
nanosystems. For instance, the densities of the states obtained
for Mn, Fe, and Co/CuN systems by using the local density
approximation (LDA), generalized gradient approximation
(GGA), and local density approximation taking into account
the on-site Coulomb interaction (LDA + U) demonstrated that
the one-particle excitation picture depends on the symmetry
of the particular 3d orbital of the adatom.”

On the other hand for the simulation of the electronic or
magnetic excitations in a surface nanosystem, the Anderson
model approach seems to be the most natural choice. The
parameters for this model can be estimated by using the
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first-principles calculations. However, the solution of the
Anderson model in the case of the five-orbital impurity at ex-
perimental temperatures is still a challenging methodological
and technical problem.

The correct description of the exchange interactions be-
tween impurity magnetic moments is another computational
and methodological problem. Numerous investigations based
on the LDA 4+ U or GGA + U approximations, that contain
a static spin- and orbital-dependent potential for localized
3d states of a transition metal atom, clarified the role of
the static Coulomb interactions. The information about the
influence of the dynamical Coulomb correlations on magnetic
excitations in surface nanostructures is still limited (here
by dynamical Coulomb correlations we mean the frequency
dependence of the self-energy part ¥(w) of the Green’s
function, which has a different meaning from that used in the
chemistry community®). The authors of Ref. 9 proposed that a
disagreement between theoretical and experimental estimates
of the isotropic exchange interactions can be related to the
lack of the dynamical correlation effects that renormalize the
electronic spectrum near the Fermi level. However, the proper
microscopic mechanisms of correlated exchange processes are
still unknown.

In this paper, we address the above mentioned problems and
study the correlation effects in transition metal atoms deposited
on an insulating CuN surface. We first analyze the spectral
functions obtained from the LDA 4 U and Anderson model
calculations. Based on the calculated spin-flip-type response
functions of the impurity orbitals we discuss the origin of
magnetic excitations and estimate the relaxation times for
magnetic moments of impurity orbitals. We clearly observe
the difference in magnetic excitations between Co and Fe
(Mn) systems. In contrast to the other, the cobalt system
demonstrates an orbital polarization of the response functions.
To connect lifetimes of quantum spin-flip excitations with
relaxation times of the orbital magnetic moment, we used
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FIG. 1. (Color online) Schematic representation of the individual
transition metal atom (Mn, Fe, and Co) on the CuN surface (top view)
simulated in this work.

a combination of linear response theory and the Bloch
equations approach. The effect of the dynamical correlations
on the magnetic exchange interaction is demonstrated with the
example of the Mn dimer on the CuN surface.

II. METHODS

In our study, we use two complementary approaches to
investigate the electronic structure and magnetic properties
of transition metal atoms deposited on the CuN surface:
(i) the projected augmented-wave (PAW) method'® for in-
dividual Mn, Fe, or Co atoms, and (ii) the tight-binding
linear-muffin-tin-orbital atomic sphere approximation (TB-
LMTO-ASA) method!! for the Mn dimer. The exchange and
correlation effects have been taken into account by using the
LDA and LDA + U (Ref. 12) approaches. The computational
details are presented in the Supplemental Material.'?

Geometry. The CuN(100) surface is built up from a (100)
surface of fcc copper and nitrogen atoms uniformly embedded
into the topmost layer with the Cu:N ratio of 2:1 (Fig. 1). The
formation of covalent bonds in the Cu-N network favors an
insulating behavior of this surface.'* The deposition of a single
transition metal (TM) atom on top of a Cu atom results in a
slight distortion in the surrounding geometry due to formation
of the N-TM-N bonds."> Equilibrium geometry for different
single atom adsorbates can be characterized by the distance
from the adatom to the unperturbed topmost surface layer,
and by the N-TM-N angle. In Table I, we list these quantities
for Mn, Fe, and Co adatoms considered in this work. As one
can see, in all three cases the geometries are similar, which

TABLE 1. Structural parameters for Mn, Fe, and Co adatoms
supported on the CuN surface obtained from the LDA and
LDA 4+ U (U = 3, 6eV) calculations: the surface-adatom distance (in
angstroms) and the angle (in degrees) of the nitrogen-metal-nitrogen
bond (in parentheses). See text for details.

Mn Fe Co
LDA 1.49 (118) 1.46 (118) 1.43 (118)
LDA+U (U =3¢eV) 1.46 (123) 1.38 (129) 1.37 (125)
LDA+U (U =6¢V) 1.53 (118) 1.43 (126) 1.40 (123)
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FIG. 2. (Color online) Partial one-particle spectral functions of

Mn/CuN (red), Fe/CuN (gray), and Co/CuN (blue) obtained from
LDA calculations.

suggests the same bonding mechanism for different adatoms.
In contrast to the dimer and longer chains of TM atoms on
CuN," the on-site Coulomb correlations do not significantly
affect the geometry of the system in the presence of a single
atom on the surface.

III. LDA RESULTS

First, we analyze spectral functions calculated by using
the local density approximation (Fig. 2). All the systems
demonstrate similar one-particle excitation spectra with the
shifted chemical potential due to the different number of 3d
electrons. The main feature of each spectrum is a peak at the
Fermi level that originates from the hybridization between the
adatom and surface states. The width of the LDA peak of
about 1 eV is approximately the same as for the Co adatom
on Pt(111), where strong hybridization and correlation effects
were observed.'® Thus the straightforward transition from the
complex electronic Hamiltonian to a simple spin model is not
justified.

To give a quantitative estimate for LDA results and to
extract the parameters for the many-body Anderson model,
one can use the different schemes. One commonly used way is
aprojection procedure'” that defines the Wannier functions and
the corresponding parameters for a tight-binding Hamiltonian.
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However, the energy bands of the surface nanosystems are
strongly entangled in a wide range, which makes the band
structure rather complicated. Moreover, since we use the exact
diagonalization solver there is a limitation on the number of the
surface orbitals. It is not clear which surface orbitals should
be included in the Wannier function (WF) basis. Thus the
construction of a moderate-size WF basis is not trivial for
surface nanostructures.

A more appropriate approach is to define some effective
surface orbitals that reproduce the main features of the LDA
density of states. It can be done within a minimization scheme
where the noninteracting Green’s function is diagonal in the
orbital space and each LDA spectrum is fitted by the following
expression

—1
2
GLDA _ |Vip|2
Proy=|o—a-> ——| . (1)

e
where ¢; (€,) is the energy of the impurity (effective surface)
states and V;, is the hopping between ith impurity and
pth effective surface orbitals. The calculated parameters are
presented in Ref. 13. The typical values of the hybridization
between the surface and impurity states for all the systems are
ranging from 80 to 200 meV.

It is also important to discuss the account of the atomic
relaxation effects in our study where the relaxation is taken
from LDA calculations. Within such an approach we neglect
the influence of the correlated electrons on the atomic
structure. The use of the LDA 4 U relaxed structures will
not improve the situation due to the missing of the dynamical
correlations that, as we will show below, strongly change the
magnetic and electronic properties of the surface nanosystems.
Probably, the most appropriate numerical scheme for the
correct description of the interplay between electronic effects
and atomic structure in the correlated nanosystems would
be the LDA + DMFT (dynamical mean-field theory) method
implemented with plane-wave pseudopotentials,'® we left such
refined simulations for future investigations.

The choice of U. The correct description of the localized
nature of the 3d states of a transition metal adatom requires
the proper account of the Coulomb correlation effects. It can
be done by using the LDA + U calculation scheme. In such
calculations, one needs to specify the values of the on-site
Coulomb U and intra-atomic exchange Jy interactions. There
are DFT-constrained'® and hybrid functionals® procedures to
calculate U and Jy. However, depending on the approach that
can be the local density approximation, generalized gradient
approximation, or random phase approximation (RPA), the
resulting Coulomb interaction values are rather different.
These values are also sensitive to the details of the surface. For
instance, the constrained-LDA method gives U = 6.75 eV for
an individual Co atom on a Pt(111) surface.!® On the other
hand the constrained-GGA results in U = 0.8 eV in case of
the Co/CuN system.”

We also note that a common practice is to use the U and
Jy as fitting parameters to achieve the best agreement with
known experimental data. For instance, the LDA + U method
with U = 5.88 eV gives the isotropic exchange interactions
between Mn atoms on the CuN surface that agree well with
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experimental estimates.'> As we will show below, this value of
the U parameter can be substantially renormalized by taking
into account the dynamical Coulomb correlation effects. Thus
there is no unique set of the U and Jy parameters for a
particular surface nanosystem.

In this work, we simulate the nanosurface systems in
different interaction regimes with two sets of the U and Jy
parameters: U =3 eV (Jy =09eV)and U =6 eV (Jy =
0.9 eV). The first set corresponds to the nearly itinerant state
with the effective Coulomb interaction (Uegg =U — Jy =
2.1 eV), whereas the second can be associated with a localized
regime (U = U — Jyg = 5.1 eV). As the U parameter of a
single transition metal atom is known to decrease with the
distance of the atom to the surface,’! two interacting regimes
can be interpreted as two possible states, corresponding to
different separations of the adatom from the surface. Moreover,
comparing the Anderson model results for defined U values
will give us the opportunity to retrace the corresponding
changes of the electronic structure and magnetic properties.

IV. ANDERSON MODEL RESULTS

To simulate the many-body correlation effects in Fe, Co, and
Mn adatoms on the CuN surface, we use the single-impurity
Anderson model that can be written in the following form:

H = ZEPC;()'CPU + Z(Ei - /‘L)nia
po io
1
+§ lZgMBBeff(niT —n;y)

1
+ E (V[pd;cpg + H.c.) + 5 Z Uijkld:,djt,/dlg’dka-
ipo ijkl

2

Here ¢; and €, are the energies of the impurity and bath states,
and d;} and ¢y, are the creation operators for impurity and
surface electrons, respectively. Beg is an effective magnetic
field applied in the z direction, V;, is the hopping between
the impurity and surface states, U;jy; is the Coulomb matrix
element, and the impurity orbital index i (j, k, [) runs over the
3d states. In our work, we use the full form of the Coulomb
interaction matrix. For each system under consideration the
Anderson model is solved by using the finite-temperature exact
diagonalization method on the real energy axis.!®

It is important to discuss the magnetic field contributing
to the Hamiltonian. The experimental values of the magnetic
fields (1 to 7 T) being used in our model can lead to a nearly
paramagnetic state with tiny magnetization®® or to a magnetic
solution with a low-spin state. It is mainly due to the use of the
full Coulomb interaction matrix that contains spin-flip terms
destroying the magnetic state. To obtain the magnetic solutions
with the magnetic moment corresponding to the experimental
spin (Table IT), we need to use the effective magnetic fields of
about 20 to 50 meV.

To assess the effect of the dynamical correlations, we
compare the one-particle spectral function obtained from the
Anderson model calculations with those calculated with the
LDA 4 U approach (Figs. 3 and 4). In the case of Mn and
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TABLE II. Comparison of the magnetic moments (in  g) of Mn,
Fe, and Co atoms obtained from the LDA + U and Anderson model
calculations with U = 3 and U = 6 eV. The impurity model results
were obtained with gug Begr = 0.05 eV.

Experiment LDA+U LDA+U Anderson Anderson
U=3 U=6 U=3 U=6
Mn 5(S=3)° 4.0 4.4 4.5 4.7
Fe 4(S=2)" 3.0 32 3.7 3.7
Co 3(S= %)C 2.0 2.2 2.6 2.8

4Reference 29.
bReference 22.
‘Reference 1.

Fe/CuN systems, we observe the tendency of the Anderson
model solution to enhance the splitting between spin-up and
spin-down states for partially filled orbitals. It is not the case
for the Co/CuN system, where the account of the dynamical
correlations for the Co adatom results in excitations at the
Fermi level. In our model, the difference between Mn/CuN
and Fe/CuN concerns the xy orbital, which demonstrates a
tiny magnetization in the case of the Fe adatom. It is also
important to note that we consider the magnetic solution of
the Anderson model, which means that the correlation effects
could be partially suppressed by magnetism.

Spin-flip response functions. To study the magnetic excita-
tions, we have calculated the spin-flip response function for
each impurity orbital using the Kubo’s linear response theory,

|(n'|S;" n)|?
X (@) = (gus)’ Y L
ot ®— DNy +iT(Ayy)

’

(e—ﬁEn _ e—ﬂEn’)7

3)

where E, and |n) are the eigenvalues and eigenstates of the
Anderson Hamiltonian, respectively, and A,, = E, — E,, is
an excitation energy. The corresponding spectral functions are
antisymmetric,?* i.e., they are positive for @ > 0 and negative
for w < 0.2 Here we phenomenologically introduce the finite
width for the collective spin excitations, I'(A,,/), that relates
to the lifetimes of these excitations, T = % This allows us to
decrease the effects of the discretized bath on the excitation
spectrum. In general, the width can be calculated by using
the self-energy part of the two-particle Green’s function. To
simplify the consideration, we use the principal property of I',

that is,

F(Ann’) < Ann’- (4)

L(Auw)

The corresponding estimate for the ratio can be

found in the previous theoretical works. For instance, the
authors of Ref. 6 have fitted the experimental STM curve for
Fe/CuN with the widths I' = 0.01 to 0.03 meV. Taking into
account the spin excitation energy of 1 meV, we can estimate
Hlwr) — 0,01.

nn

Since we simulate the magnetic states of the impurity with
magnetic moments ranging from 2.2 (Co/CuN) to 4.4 up
(Mn/CuN)), the intensity of the zz component of the response
function is strongly suppressed. Below we will analyze the
x and x* contributions that are related to each other by
Im(x;" (=) = ~Im(x; (@))-
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The resulting spectral functions are presented in Fig. 5. One
can see that there are well-separated low- and high-energy
excitations with the gap ranging from 3 (Mn/CuN) to 1 eV
(Co/CuN). The low-energy peak is a response of the system on
the external magnetic field B, as the resonance energy is fully
controlled by the static z component of the magnetic field By.
At the same time, the high-energy structure corresponds to the
intra-atomic spin-flip excitations. Analyzing these excitations
at the time scale, it can be seen the intra-atomic excitations
(1 to 2 eV) are typical for ultrafast processes at the fs scale,
whereas the response to the external magnetic field can be
associated with the nanoscale range.

Importantly, all the magnetic orbitals of Fe and Mn atoms
demonstrate the same intensity of the low-energy peak. It is
not the case for the Co impurity where the intensity of the
response function depends on the symmetry of the 3d orbital
with the largest response resulting from the x> — y? orbital.
4 - 4r
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FIG. 3. (Color online) Comparison of the partial spectral func-
tions obtained from the LDA + U (gray lines) and Anderson model
calculations for the Mn/CuN (left) and Fe/CuN (right) systems
(U=3eVand Jy =09¢eV).
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FIG. 4. (Color online) Comparison of the partial spectral func-
tions obtained from the LDA + U (gray lines) and Anderson model
calculations for the Co/CuN system (U = 3 eV and Jy; = 0.9 eV).

The smallest intensity of the low-energy peak is demonstrated
by the xy orbital. The difference between them is due to the
hybridization with the nitrogen states. While the orbital of the
xy symmetry points in the direction of the largest overlap with
nitrogen, the x> — y? orbital lobes look away from nitrogen.

V. ORBITAL RELAXATION TIMES

For practical purposes it is important to show a connection
between the lifetimes of quantum excitations and relaxation
times of the magnetic moments of individual impurity orbitals.
For this purpose, we use the Bloch’s?® approach and consider
the nonequilibrium behavior of the orbital magnetic moments
of the impurity in the magnetic field éeff. This field has a
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FIG. 5. (Color online) Low- (left) and high-energy (right) parts
of the spin-flip response functions [in (gup)*eV ~'] calculated with
U =3 and Jy = 0.9 eV. The blue, red, purple, and brown lines
correspond to the xy, yz (xz), 3z> — r2, and x> — y? orbitals. The
gray lines are examples of the fitting by using the Bloch equation,
Eq. (6).

stationary z component of frequency wy = gup By andqweak
time-dependent component along the x axis. Thus Beg =
(Bjcoswt,0, By).

The impurity in the strong magnetic field applied along
the z direction yields a finite magnetization. The z component
of the magnetization of the ith orbital, m}, fluctuates near
the stationary solution m?. Taking into account a small
oscillating magnetic field in the x direction we obtain that
the x and y components of the magnetization oscillate near
the zero value. If m; is perturbed from the equilibrium state
(mf,ml.y # 0) the return to this state will take characteristic
times 7| (longitudinal) and 75 (transverse). The corresponding
equations of motion for the x and y components of the impurity
orbital magnetization are given by

dm g
= Im; X Defflx,y — -
dt T

®

The solution of this system of differential equations corre-
sponds to the following susceptibility:?’

7 () = gMBm?I: 1
K= Ll — o + (/TR
1
S— |, 6
(w6+w)2+(1/T2’)2} ©

where m? is the equilibrium value of the magnetic moment of
the irh orbital. Approximating nonequilibrium ¥;*(w) by the
spin-flip susceptibilities obtained within the linear response
theory, % (w) = %(X;F + Xl.i), we can estimate the orbital
relaxation times.
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TABLE III. Orbital relaxation times 7} estimated by minimizing
Eq. (6).

Xy vz 3722 —r? Xz x2 —y?
Low-energy (slow) excitations
Mn 7 ps 7 ps 7 ps 7 ps 7 ps
Fe 6 ps 7 ps 7 ps 7 ps 7ps
Co 40 fs 50 fs 60 fs 50 fs 80 fs
High-energy (fast) excitations (fs)
Mn 70 70 70 70 70
Fe 17 22 15 22 11
Co 9 11 9 11 12

The spin-flip response function contains low- and high-
energy structures that correspond to different types of spin
excitation in the system. We substitute these parts into Eq. (6)
separately to simulate the magnetization dynamics on different
times scales. In this case, the parameter m? controls the
capacity of the corresponding susceptibility part and it can
only be associated with the equilibrium magnetic moment
of the impurity orbital. Let us start from the analysis of the
low-energy excitations attributed to a response to the external
magnetic field. The obtained relaxation times are presented in
Table III. For Mn/CuN and Fe/CuN systems, we obtain the
same relaxation times for the magnetic orbitals. In the case of
the cobalt system, there is a small variation of 75 for different
impurity orbital states. Another important result is that the
cobalt relaxation times are of two orders of magnitude faster
than those of iron and manganese systems. It is due to the fact
that the Co/CuN system is more itinerant than the others.

The spin-flip excitations of intra-atomic nature correspond
to the high-energy part of the spectral function for v > 1 eV.
The minimization procedure for this part of the spectrum
leads to a picture of ultrafast relaxation times for the orbital
magnetization (Table IV). The main difference from the
low-energy excitation is that the Fe/CulN and Co/CuN systems
demonstrate a complex cascade of the spin-flip excitations
within the energy window of 1 to 2 eV. The manganese
impurity shows two isolated excitations.

Experimental investigations’® aiming to describe spin-
relaxation times of surface nanostructures are mainly focused
on the stability of the magnetic moment due to the single-ion
anisotropy of the adatoms. The typical time scale for corre-
sponding longitudinal excitations was defined as nanoseconds
one. Here we studied another type of relaxation process that is
associated with the fast transverse fluctuations of the magnetic
moment in the z-oriented magnetic field. Thus our numerical

TABLE IV. Total exchange interaction Ji, and the largest orbital
contributions (in meV) to the magnetic coupling obtained from the
LSDA, LDA+ U (U =5.88 eV) (Ref. 15), and Anderson model
(U = 3 eV) calculations.

dyy-dyy dy2_2-dy, dyo-da_yn Jiz
LSDA 5.9 1.7 2.7 15.3
LDA+U 1.8 1.2 1.7 6.5
Anderson 1.5 1.4 1.1 7.1
Experiment® 6.4

4Reference 29.
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FIG. 6. (Color online) Schematic representation of the Mn dimer
on the CuN surface (top view) simulated in this work.

results extend and supplement the experimental picture of
spin-relaxation processes in nanosurface systems.

VI. CORRELATED EXCHANGE

The next step of our study is to examine the influence of the
dynamical correlations on the isotropic exchange interactions
between adatoms on the surface. For these purposes we chose
the Mn-dimer on the CuN surface’® that demonstrates the
largest exchange interaction of 6.4 meV. The geometry of the
Mn-dimer on the CuN surface (Fig. 6) is described in detail in
our previous investigation.!> To define the parameters of the
two-impurity Anderson Hamiltonian, we use a combination
of the projection procedure and minimization of the on-site
LDA Green’s function. The detailed discussion is presented in
the Supplemental Material.'* The constructed model is solved
by using an exact diagonalization technique. The comparison
of the calculated spectral functions with those obtained from
the LDA 4 U calculations is presented in Fig. 7. One can
see that, in contrast to LDA + U results, the Anderson model
demonstrates additional excitations at the Fermi level for the
3z — r? and xz orbitals.

Before our discussing the two-impurity Anderson model
and the results of its solution, let us analyze qualitatively
possible effects of the dynamical Coulomb correlations on the
exchange interaction. For that we consider a general expression
for the total exchange interaction of a given site with all of the
magnetic environment,**-32

1 Er
]0 = — Im/ A()(G 0— G ())da)
27 §2 o v !
1 Er
— Im/ A()G QA()G oda), (7)
27 §2 o v '

where G, is the spin-dependent on-site local Green’s func-
tion, the on-site potential Ay = GIOI — G;&, and Ef is the
Fermi energy. The Green’s function taking into account the
dynamical Coulomb correlations that can be obtained, for
instance, in the (local spin density approximation) LSDA + X
approach®! is written in the following form:

Goo(@) =) [o+pn—e®—-Z@]", @8
k

where o denotes spin, u is the chemical potential, £§ is the
self-energy, and € (k) is the LSDA spectrum. If the self-energy
part in Eq. (8) is zero, then we obtain the local LSDA Green’s
function.
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FIG. 7. (Color online) Left: Comparison of the partial spectral
functions obtained from the LDA (gray lines) and noninteracting
model Hamiltonian for the Mn dimer on the CuN system. Right:
Comparison of the partial spectral functions obtained from the
LDA + U (gray lines) and Anderson model calculations for the Mn
dimer on the CuN surface with U = 3 eV and Jy = 0.9 eV.

Let us compare the magnetic couplings calculated in LSDA
(static mean field) and LSDA + ¥ (dynamical mean field)
approaches. For that, we expand the real part of the self-energy
in the vicinity of the Fermi energy. Leaving only the linear
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term, one obtains

ReZ(w) ~ pu+ (1= Z o, ©)
where the quasiparticle residue is given by
dReX(w) !
Z=\1-——lo=0) - (10
dw

In turn, the correlated Green’s function, Eq. (8), can be reduced
to the effective LSDA form

Goo(@) = ) [0Z ™' — e (k)] ", (1)

k

with rescaled frequencies. This correlated Green’s function
being substituted into Eq. (7) leads us to the following
expression for the correlated exchange interaction

JOLSDA+2 — ZJOLSDA. (12)

The performed qualitative consideration demonstrates that
many-body correlation effects tend to renormalize a static
mean-field (LSDA) value of the isotropic magnetic coupling.
Here the quasiparticle weight Z can be calculated by a
many-body approach or can be estimated from angle-resolved
photoemission (ARPES) experiments. It is easy to show
that the anisotropic interactions, such as the Dzyaloshinskii-
Moriya interaction and single-ion anisotropy, are satisfied by
the same relation (12) between static and dynamical values.
Physical quantities related to the exchange interaction are
also rescaled. For instance, one can consider the Curie-Weiss
temperature that in the high-temperature limit can be written
as Tew = w

Since the iinli)urity system we study demonstrates a complex
many-orbital behavior, it requires accurate numerical calcu-
lations. For reliable quantitative estimates of the magnetic
coupling within the Anderson model approach, we used the
exchange interaction in a strongly correlated formulation,?!

1 Er
st st
Jip = ﬁlm/_m 61,5563 dw, (13)

where X} = EiT - Ef is the self-energy part of the on-site
Green’s function and GY, is the intersite correlated Green’s
function.

We now turn to the analysis of the calculated exchange
interaction between manganese impurities on CuN. In the pre-
vious work, > we demonstrated the effect of the static Coulomb
correlations by comparing magnetic couplings calculated by
employing LSDA and LDA + U approaches. The account of
the U correction leads to a strong renormalization of the
exchange interaction. Here one can see that the account of
the dynamical correlations leads to an additional decrease of
the exchange interaction between magnetic moments of the
manganese atoms. We note that approximately the same value
of the total exchange interaction is obtained in the LDA 4+ U
and Anderson model calculations with completely different
values of the on-site Coulomb interaction, U = 3 (Anderson)
and U = 5.88 eV (LDA+U).1

The decrease of the orbital contributions to the exchange
interaction in LDA + U and Anderson model calculations with
respect to the LSDA results is not uniform. As can be seen from
Table IV the interaction between the xy orbitals of manganese

085112-7



V. V.MAZURENKO et al.

0.01 | Anderson

v Experiment
model =,

=
L
= 0.005
K=/
‘5 A
£ 0F
8 X
& 0.005 F
(5]
8 E
_§ -0.01
Q
X 5
M 0.015 F
- i | 1 1 1 1
4 %) 0 2 4
Fermi Energy (eV)

FIG. 8. (Color online) Exchange interactions calculated in the
LDA+4+ U (U =5.88 eV) and Anderson model (U =3 eV) as a
function of the Fermi energy.

atoms demonstrates the strongest renormalization. This allows
us to conclude that the account of the frequency dependence of
the self-energy plays a crucial role for the correct description
of the magnetic couplings in surface nanostructures. The best
agreement with the experimental value of 6.4 meV is achieved
by using U = 3.1 eV in the Anderson model calculations.

One can see that both LDA + U and two-impurity Anderson
model approaches lead to the exchange interactions that are
close to the experimental estimate. Both methods take into
account all the 3d states of manganese atoms, hybridization
with surface states, and on-site Coulomb interaction. However,
the LDA + U approximation is a one-particle static mean-field
approach that only describes the ground state properties of
a nanosystem. To account for temperature effects, quantum
fluctuations between impurity and surface states, and other
many-particle excitations, it is instructive to use the Anderson
model approach. From this point of view our two-impurity
model results are closer to reality.

PHYSICAL REVIEW B 88, 085112 (2013)

Since applying the voltage between the tip and sample in
STM experiments, one shifts the Fermi level E ¢ of the sample;
it is of interest to examine the stability of the antiferromagnetic
coupling with respect to Er. Figure 8 gives the dependence
of the exchange interaction on the upper integration limit in
Eq. (13). One can see that the deviation from the half-filled
state in Mn-dimer leads to ferromagnetic solutions both in the
LDA + U and Anderson model calculations.

To conclude, using the combination of the LDA and
Anderson model calculations we have studied the electronic
and magnetic excitations in Mn, Fe, and Co impurities
deposited on the CuN surface. In the framework of the
linear response theory, we observe fast intra-atomic spin-flip
excitations at high energies and slow excitations that are due
to the external magnetic field. The estimated relaxation times
of the magnetic moments of 3d-Co orbitals are found to be
two times smaller than that for iron and manganese adatoms
on CuN. The two-impurity model calculations reveal a strong
renormalization of the exchange interaction between magnetic
moments of Mn atoms due to the dynamical correlations.
We present a simple expression for estimating the correlated
exchange interactions. These results should be carefully taken
into account for a realistic modeling of surface nanostructures.
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