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We investigate the electronic and magnetic structures of Mn chains supported on a CuN surface, using
first-principles LSDA and LDA + U methods. The isotropic exchange integrals and anisotropic Dzyaloshinskii-
Moriya interactions between Mn atoms are calculated using the Green’s function technique and total energies
difference method. It is shown that lattice relaxation and on-site Coulomb interaction are important for an
accurate description of the magnetic properties of the investigated nanosystems. Based on a classical spin
Hamiltonian we conclude that the Mn antiferromagnetic nanochains on the CuN surface demonstrate weak
ferromagnetism. The net magnetic moment and direction of the spin canting are estimated in the framework of
a classical spin Hamiltonian. We show that some aspects of the experimental spectrum can be explained using
a quantum spin Hamiltonian, with parameters defined from first-principles calculations and extracted from

recent STM experiments.
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I. INTRODUCTION

The investigation of magnetic nanomaterials is an impor-
tant part of modern nanoscience that exerts influence on
progress in different sectors of technology (for instance,
medicine devices for therapy and diagnostics,'> magnetic
data storage systems,’ etc). Using intrinsic magnetic mo-
ments scientists can change physical properties of nanoma-
terials by applying external magnetic field. The technological
applications of magnetic nanomaterials should base on an
accurate control of the coupling between individual spins.

Recently, Hirjibehedin e al.* have reported the fabrica-
tion of Mn nanoparticles in the form of linear chains that
display a truly collective quantum behavior. Using local
spin-excitation spectroscopy technique, based on inelastic
scanning tunneling microscopy (STM), they were able to
show how the quantum properties of this system depend on
the number of atoms involved. They demonstrated a unique
method to measure and to control the magnetic interactions
between Mn atoms. The experimental spectra were analyzed
by authors using the simplest form of the Heisenberg model
with exchange interactions between the nearest neighbors.
However, there are some aspects of the Mn chain spectra that
are not understood in the framework of the Heisenberg
model: (i) a zero-field splitting that grows in energy with
increasing chain length, (ii) different zero-field energies of
the m= %=1 and m=0 excited states and (iii) an asymmetry of
the spectra with respect to voltage polarity.

Jones and Lin> have applied GGA+U approach to de-
scribe the electronic and magnetic structures of single and
pair of Mn atoms on the CuN(100) surface. The performed
spin-density analysis shows that Mn atoms on such surface
preserve their atomic spins S:%. This result agrees with
STM measurement.* Electron-density change and surface re-
laxation due to Mn atoms were also analyzed in Ref. 5.

The combination of an experimental STM approach and a
theoretical ab initio method® has been used to describe the
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large magnetic anisotropy of individual Mn and Fe atoms on
the CuN surface. The authors of Ref. 6 have provided the
phenomenological picture of the magnetic anisotropy. For
that purpose, the experimental spectra at different magnetic
fields were fitted with a simple on-site spin Hamiltonian.
Based on the fitting results they concluded that in case of
manganese system the easy axis is oriented out of plane.

In this paper we show that the local distortion of the sys-
tem results in superexchange isotropic interactions between
Mn atoms through 2p orbitals of N atoms. These interactions
are calculated using the Green’s function approach and total
energies difference method. Having diagonalized the Heisen-
berg Hamiltonian we estimate the energies of the first mag-
netic excitations. The obtained results are in good agreement
with experimental data.

In the previous theoretical investigations noncollinear
magnetic ground states for nanostructures on nonmagnetic
and magnetic surfaces were proposed.”® For instance, the
calculations results for the noncollinear triangular compact
trimer of Cr on the Au(111) (Ref. 7) predict that the angle
between each pair of Cr moments equals to 120° and, there-
fore, the total spin moment is zero. In this case the noncol-
linearity is the result of frustration of the trimer magnetic
interactions.

In the paper® authors have investigated different structures
of Fe, Mn, and Cr atoms on the Cu(111) surface. The Fe
clusters were found to be ferromagnetically ordered.
Whereas for the Mn and Cr clusters the antiferromagnetic
exchange interactions between nearest neighbors have been
found. The antiferromagnetic couplings produce either col-
linear or noncollinear magnetic structures due to frustration
of cluster geometry.

Interesting results for the trimer and tetramer configura-
tions of Mn and Cr atoms on the magnetic Ni(111) surface
were obtained in the paper.” One should stress that there are
two types of a magnetic frustration: (i) frustration within
adcluster and (ii) frustration arising from competing mag-
netic interactions between adclusters and surface atoms.

©2009 The American Physical Society
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FIG. 1.
Mn,(n=1...4) chains on the CuN(100) surface (top view).

(Color online) Structure of supercells containing

Another source of the noncollinearity was proposed in
Ref. 10. Spin-polarized scanning tunneling microscopy ex-
periments have shown that manganese spins on a tungsten
(110) substrate are slightly canted antiferromagnetic. The re-
sulting magnetic structure is a spin spiral the authors inter-
preted using Dzyaloshinskii-Moriya interaction.

We found the same mechanism of the spin noncollinearity
for Mn dimer on the CuN surface. According to our calcula-
tions a local distortion between Mn atoms in the nanochain
results in the strong Dzyaloshinskii-Moriya (DM) interac-
tion. An important role plays a displacement of N atom out
of the surface. Based on first-principles calculations of the
Dzyaloshinskii-Moriya interactions between magnetic mo-
ments we point out that the Mn nanochains on the CuN
demonstrate weak ferromagnetism. This result is also con-
firmed by direct LDA+ U+ SO calculations. Some aspects of
experimental spectra can be reproduced with a quantum spin
Hamiltonian that contains single-ion anisotropy, isotropic
and anisotropic exchange interactions.

The rest of the paper is organized as follows. In Sec. II we
describe the methods of the investigation. In Secs. III A and
III B we present the results of local spin-density approxima-
tion (LSDA) and LDA+U calculations, respectively. The
analysis and comparison of obtained exchange interactions
with experimental data are given in Sec. III C. The discus-
sion of Dzyaloshinskii-Moriya interactions in investigated
systems is presented in Sec. III D. Section IV is devoted to
the analysis of zero-field energy splitting observed in STM
experiment and in Sec. V we briefly summarize our results.
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FIG. 2. (Color online) yz-plane projection of relaxed structure of
Mn-dimer supported on the CuN obtained by using LSDA method.
Yellow, blue and red spheres correspond to Cu, N, and Mn atoms,
respectively. Green arrows denote the directions of the atomic mag-
netic moments.

II. METHODS OF INVESTIGATION
A. DFT calculation details

We have used two complementary approaches to investi-
gate the electronic structure and magnetic properties of Mn
nanochains on the CuN surface.

(i) First-principles total energy and force calculations
were carried out using the projected augmented-wave (PAW)
method!! as implemented in the Vienna ab initio simulation
package (VASP).!>"14 Exchange and correlation effects have
been taken into account using the local spin-density approxi-
mation and the local-density approximation taking into ac-
count the on-site Coulomb interaction (LDA+U)."> In our
calculations we used an energy cutoff of 400 eV in the plane-
wave basis construction and the energy convergence criteria
of 10™* eV. The crystal structure was optimized until the
forces acting on atoms were less than 0.01 eV/A. For the
Brillouin-zone integration, a (4X4X1) Monkhorst-Pack
mesh!® and Gaussian-smearing approach with ¢=0.2 eV
were used.

It is well known that the L(S)DA underestimates lattice
constants of bulk transition metals.'” In particular the LDA
bulk fcc Cu lattice constant is 3.51 A in contrast to experi-

TABLE 1. Relaxed crystal data obtained by LSDA and LDA+ U approximations. The values of d;,(d,3)
and z are distances (in A) between Mn atoms and z coordinates of Mn (N) atoms at the center (edge) of chain,
respectively. « is angle of Mn-N-Mn bond. Zero level of z coordinate corresponds to the lowermost layer of

Cu atoms.

dp dy3 ZMn N (center) N (edge) aqn [42%)
Dimer? 3.61 7.32 7.22 6.30 174°
Dimer® 3.78 7.43 7.11 6.22 161°
Trimer® 3.71 7.42 7.10 6.5 5.93 143° 143°
Tetramer® 3.68 7.27 7.02 6.4 5.92 142° 133¢
4LSDA calculation.
"LDA+U calculation.
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FIG. 3. (Color online) Total and partial density of states of Mn-
dimer obtained from LSDA (PAW) calculations. (a) Total DOS, (b)
Projected DOS onto Cu atoms, (c) Projected DOS onto N atoms, (d)
Projected DOS onto Mn atom. The zero energy corresponds to the
Fermi level.

mental value of 3.61 A. For that purpose the lattice constant
for initial fcc Cu lattice was chosen to be 3.61 A in our
calculations. The lowermost layer of Cu atoms has been
fixed under relaxation. We have checked that the four layers
CuN slab is enough to simulate CulN surface and subsequent
increasing the number of layers does not significantly affect
on the atomic structure, electronic, and magnetic properties.
For instance, having compared results obtained with four and
five layers slabs we have found that the difference in the
resulting angles of Mn-N-Mn bond is less than 1°.

As for x-y extension of the supercells we used the differ-
ent structures depending on the chain length (Fig. 1). Since
CuN surface has almost insulating behavior the effective in-
teractions between Mn-chains in the different cells are expo-
nentially small. Therefore, we believe that the two free inter-
atomic spacing for different Mn-chains shown in the Fig. 1 is
enough to minimize the spurious supercell effects.

(ii) The second approach we used is the tight-binding
linear-muffin-tin-orbital atomic sphere approximation (TB-
LMTO-ASA) method'® in terms of LSDA, LDA+U (Ref.
15) and spin-orbit coupling LDA+U+SO (Refs. 19 and 20)
approaches. We would like to stress that we have used the
same version of the LDA+ U method in both PAW and TB-
LMTO-ASA calculations. In TB-LMTO-ASA calculations

RSN U U 54N
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we have used the relaxed atomic structures obtained with the
PAW approach. The radii of atomic spheres have been set to
r(Mn)=1.137 A, r(Cu)=1.322 A, and r(N)=0.793 A. In
order to fill the empty space of the unit cell required number
of empty spheres was added.

B. Spin Hamiltonian approach

To analyze the magnetic properties of Mn nanochains on
the CuN surface we use the following spin Hamiltonian:

H = Hyeis + Hpm + Hynis (1)

where the Heisenberg?! energy is

Hyeis = 2 JijSiSjs (2)

<j

the Dzyaloshinskii-Moriya®? energy is

HDM=25ij[Si X Sj]’ (3)

i<j

and the single-site anisotropy energy is
Haopis = 2 {AGS)* + EL(S)* = ()1} “)

The main task here is to define the isotropic and anisotropic
exchange interaction parameters from first-principles calcu-
lations. The single-site anisotropy constants were recently
calculated from the torque method®? and resulting values of
A and E are in reasonable agreement with the recent STM
experiments.*

To calculate the isotropic exchange interactions J;;, in Eq.
(2) between magnetic moments of the Mn atoms we have
used two different techniques. (i) Within so-called total en-
ergies difference method the isotropic exchange interaction is
calculated by the difference of the total energies of simulated
magnetic configurations. For instance, the spin Hamiltonian
for Mn dimer is given by

H=1JS,-S,. (5)

The corresponding total energies of the ferromagnetic and
antiferromagnetic configurations can be easily calculated for
classical spins and the exchange interaction J can be ex-
pressed in the following form:

FIG. 4. (Color online) Relaxed
structures of Mn chains on the
CuN surface obtained from LDA
+ U calculations. The two topmost
layers of the CuN slabs are pre-
sented. Yellow, blue, and red
spheres correspond to Cu, N, and
Mn atoms, respectively. Green ar-
rows correspond to directions of
magnetic moments of manganese
atoms.
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FIG. 5. (Color online) Total and partial density of states of Mn-
dimer on CuN surface obtained from LDA+ U calculations. (a) To-
tal DOS, (b) projected DOS onto Cu atoms, (c) projected DOS onto
N atoms, (d) projected DOS onto Mn atom. The zero energy corre-
sponds to the Fermi level.
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(i1) Within the TB-LMTO-ASA one can also calculate the
isotropic exchange interactions between magnetic moments
of Mn atoms (S=%) using the local force theorem and the
Green’s function technique®*-26

J=

" m

1 (Er
Ji=5—a f delm X, (A G A Grm),
mym’
’n//!mﬂf
()
where m, m’, m"”, and m" are magnetic quantum numbers
and the on-site potential A" =H;" —H};" . The Green’s
function is calculated in the following way:
k)™ ™ (k
GZlZ? ) E l(r( ) ) ( ) (8)
k.n €— Eg-(k)
Here ¢} is a component of the nth eigenstate, E is the

corresponding eigenvalue and k is quasimomentum in the
first Brillouin zone.

Taking into account spin-orbit coupling the
Dzyaloshinskii-Moriya interaction, Eq. (3) can be calculated
using the second variation in the total energy over small
deviations of magnetic moments from a collinear ground
state:2>27

1
Djj=-—5Re LO deE (AGLH}S GLAGl,
- AGLHY GLA G+ AGHA GLHY G
- AGIAGLHY G, )

where HS°=)\kLS and A\, is spin-orbit coupling constant for
site k. We have used the value N\=47 meV calculated by
using the LDA + U+ SO approach.?’ Here we present only the
z component of the Dzyaloshinskii-Moriya vector. The x and
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FIG. 6. (Color online) Total and partial density of states of Mn-
trimer chain on CulN surface obtained from LDA+ U calculations.
(a) Total DOS, (b) projected DOS onto Cu atoms, (c) projected
DOS onto N atoms, (d) projected DOS onto central Mn atom, (e)
projected DOS onto edge Mn atom. The zero energy corresponds to
the Fermi level.

y components can be obtained from the z ones by rotation of
the coordinate system.

III. RESULTS
A. LSDA results

We have performed the LSDA calculations of an antifer-
romagnetic Mn-dimer supported on the CuN surface. Figure
2 shows the relaxed structure of the Mn-dimer obtained us-
ing the PAW method. The information about relaxed dimer
structure is presented in Table I. One can see that Mn-N-Mn
bond angle of 174° is close to 180° that corresponds to the
maximum of superexchange interaction between 3d atoms.

The total and partial densities of states obtained by using
the PAW approach are presented in Fig. 3. The valence band
contains low and high energy parts separated by 6 eV. The
low energy states located around —15 eV have mainly N
origin. In the high energy part (between —7 and 5 eV) all
states are highly mixed.

The calculated TB-LMTO-ASA and PAW values of the
magnetic moments of Mn atoms are 3.78up and 3.34up,
respectively. These values are substantially smaller than ex-
perimentally observed spin-%. The calculated exchange pa-
rameter J;; within the Green’s function approach, Eq. (7) is
20.4 meV, whereas total energies difference method value,
Eq. (6) is 24.8 meV. These values are at least three times
larger than that extracted from experiment.4 Thus, one can
see that the main electronic and magnetic properties of the
Mn-dimer cannot be correctly reproduced within the LSDA
approach.

B. LDA+U results

The results of Sec. IIl A have demonstrated the draw-
backs of the LSDA approach to describe the magnetic prop-
erties of the Mn-dimer on the CuN surface. It is a well-
known problem of the local-density approximation in case of
transition-metal compounds.'> To overcome this problem we

144418-4
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TABLE II. Values of magnetic moments of Mn atoms (in up)
calculated using LMTO (PAW) method.

n Medge Mcemer

1 4.70 (4.69)

2 4.32 (4.37)

3 4.34 (4.42) 4.37 (4.32)
4 4.41 (4.39) 4.45 (4.35)

have used the LDA + U approximation that takes into account
the Coulomb correlations of localized states neglected in
LDA. The on-site Coulomb interaction U and the intra-
atomic exchange interaction Jy of the manganese atoms are
5.88 and 0.88 eV, respectively. We have chosen these values
for two reasons. (i) The effective Coulomb interaction Uy
=U-Jy agrees with that calculated in Ref. 6. (i) As we will
show below the isotropic exchange interactions calculated
using the LDA+U approach are in good agreement with
those extracted from the STM experiment.*

The relaxed structures of the single, dimer, trimer, and
tetramer systems calculated within the PAW method are
shown in Fig. 4. We summarize information about relaxed
atomic structures in Table 1. Let us analyze difference be-
tween CuN surface systems with and without Mn atoms.
Placing Mn atoms on top of Cu atom in the CuN surface
causes a substantial rearrangement of upper layer atoms of
the CuN substrate. This rearrangement concerns the N atoms
and, in contrast to bare CuN, for the system with Mn
nanochains they are significantly shifted from the top layer.
This fact agrees with results of the recent GGA calculations.’
The calculated LDA+ U angle of the Mn-N-Mn bond equals
to 161°. The N atoms at the edges of chains also have some
displacement from the plane in z direction, but to a smaller
extent than N atoms situated inside the chain.

From a geometrical point of view the important difference
between results of LSDA and LDA+U calculations is the
angle of Mn-N-Mn bond. Let us analyze this fact within the
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TABLE III. Values of exchange interactions J;; (in meV) be-
tween magnetic moments of Mn atoms calculated using the
Green’s function method (TB-LMTO-ASA). Values obtained us-
ing total energies difference method (PAW) are given in
parenthesis.

n Jia Ji3 I3 J34 Jo4

2 6.5 (6.8)

3 50(.1) -05(-0.6) 5.0(5.1)

4 62(6.0 -05(-1.00 5664 6.2(6.00 -0.5(-1.0)

framework of hopping integrals. For simplicity, we assume
that there is the only strong hopping parameter between or-
bitals of two 3d atoms. The hopping integral #;; is propor-
tional to cos a, where « is an angle of metal-ligand-metal
bond. The isotropic exchange interaction between transition
metal atoms in the atomic limit of Hubbard model can be

2
expressed as J;;= 4—;}2, here U is on-site Coulomb integral. One
can see that both the hopping integral and the isotropic ex-
change interaction are strongly suppressed within LDA+U
approach.

The total and partial densities of states of the dimer and
trimer systems obtained by using the LDA + U approximation
are presented in Figs. 5 and 6, respectively. The calculated
value of the magnetic moments is listed in Table II. One can
see that the values of magnetic moments of Mn atoms vary
from 4.7up (single atom) to 4.3up (dimer). A similar trend
was observed in previous calculations. The obtained values
are in better agreement with experimentally determined
value of S =%.

Let us qualitatively discuss the single-site anisotropy of
the Mn-dimer using LDA+U partial densities of states
shown in Fig. 7. The main feature of the DOS is a broaden-
ing of the density of states of the d,2_,» orbital which
strongly contributes to states near the Fermi level. According
to the Bruno analysis (Ref. 28) the magnetic anisotropy en-
ergy is proportional to the difference of orbital moments and
therefore connected with orbital-polarization above and be-
low the Fermi level. Consequently, the main contribution to
the anisotropy is provided by 3d states of x”—y? symmetry.
As we will show below the easy axis of Mn-dimer system is
along z direction which related to the (x*>—y?|L|xy) matrix
element of the orbital moment operator. We have also found
that the LSDA density of states are qualitatively similar to
LDA+U results in the vicinity of the Fermi level.

C. Isotropic exchange interaction

The next step of our investigation is determination of the
Heisenberg exchange interaction parameters in Eq. (2). The

TABLE 1V. Energies of first-excited states (in meV) of the
Heisenberg model obtained by using ALPS code.

[ |
- -2 0
Energy, eV

(S}
S
(=2}

FIG. 7. (Color online) Partial densities of 3d states of manga-
nese atom obtained from LDA+U calculations of Mn dimer. The
red and green solid lines correspond to spin-up and spin-down
states, respectively. The zero energy corresponds to the Fermi level.

n ESP Eﬁ\l/fTo Elc;icw

2 6.4 6.5 6.8

3 16.0 15.0 15.8
29 32 3.2
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FIG. 8. (Color online) Schematic representation of displacement
of the ligand atom.

magnetic couplings between Mn atoms calculated using the
Green’s function technique [Eq. (7)] and the total energies
difference method [Eq. (6)] are presented in Table III. One
can see that the obtained values of the dimer interaction are
in good agreement with the experimental result of 6.4 meV.
The value of the isotropic exchange integral between nearest
Mn atoms in the trimer is smaller than that in the dimer
system. In addition, there is a small ferromagnetic coupling
between edge Mn atoms. As we will show below this cou-
pling plays an important role for accurate description of the
experimental spectrum.

In the case of the Mn-tetramer there is a difference be-
tween exchange integrals J;, and J,3. The PAW coupling
between central atoms of the chain is smaller than that be-
tween edge atoms. This result probably corresponds to oscil-
lations of the exchange interaction parameter depending on
chain length. It is important to identify the source of these
strong oscillations (see Mnj results in Table III) of nearest-
neighbor exchange interactions in Mn, nanochains. Such
analysis is left for future investigation.

Using the full diagonalization subroutine of the ALPS
library?>*® we have calculated spin excitation spectra. The
energies of first-excited states are presented in Table IV. De-
spite of the fact that the J, of the trimer has smaller value
than in the dimer case, a weak ferromagnetic J,5 interaction
between edge atoms compensates this difference. It gives us
opportunity to reproduce experimentally observed excitation
energies with a good accuracy.

D. Dzyaloshinskii-Moriya interaction

From a crystal symmetry point of view there is no inver-
sion center at the point bisecting the straight line between
Mn atoms of the investigated nanosystems. Therefore, in ac-
cordance with Moriya’s rules?> a Dzyaloshinskii-Moriya
coupling exists. Let us first perform a simple geometrical
analysis of the symmetry of the Dzyaloshinskii-Moriya vec-
tor. There are two sources of the inversion symmetry break-

TABLE V. Values of the x component of the Dzyaloshinskii-

Moriya interactions 5ij (in meV) between magnetic moments of
Mn atoms calculated by using the Green’s function method [Eq.
(9)] within LDA+U approach.

n Dy, Dy, Dy,
0.015

3 0.013 0.013
0.01 0.008 0.01

PHYSICAL REVIEW B 79, 144418 (2009)

TABLE VI. Values of canting angles and y components of the
net magnetic moments (in wp) obtained by minimizing of the clas-
sical spin Hamiltonian [Eq. (1)].

n Angle M el
2 a=0.07° 0.008
3 a=0.13°, 5=0.03°, y=0.07° 0.002

a=0.11° g=0.03° 0.012

ing in the investigated systems. (i) The first one is a substrate
surface. Based on the fact that results of the previous inves-
tigations of metallic nanochains on nonmagnetic 3d surfaces
have no sign of noncollinearity, one can conclude that the
surface gives a negligibly small contribution to the aniso-
tropic exchange interaction. (ii) More importantly, the sec-
ond source of the inversion symmetry breaking is a vertical
displacement of N atom. The Dzyaloshinskii-Moriya vector,

D, between Mn atoms is proportional to [FX R,,],>' where

R, is a unit vector along the line connecting the magnetic
ions and 7 is a shift of the ligand atom from this line (Fig. 8).

One can see that in our case 7 and R;, have z and y compo-
nents, respectively. Therefore, the direction of the
Dzyaloshinskii-Moriya vector is x axis.

o
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FIG. 9. (Color online) Schematic representation of spin canting
of dimer, trimer, and tetramer systems.
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TABLE VII. Calculated magnitude and orientation of the spin
and orbital moments in a Mn dimer on the CuN surface.

PHYSICAL REVIEW B 79, 144418 (2009)

TABLE VIII. Matrix elements of the Heisenberg Hamiltonian
Eq. (11).

Atom Spin moment Orbital moment [T,1) [, 1) IT,1) [L,T)
1 4.3<(0.0,0.004,-0.999) 0.14 % (0.0,-0.53,0.85) ﬁ 0 ”?:‘2 _%
2 4.3%(0.0,0.004,0.999) 0.14<(0.0,0.53,0.85) 0 _ﬁ _% iTz
iDf Dy, J M
The calculated anisotropic exchange interactions, Eq. (9) _[D‘]‘ i, _]4 2
are presented in Table V. For all systems under consideration 4 E 2 4

the Dzyaloshinskii-Moriya vector lies along x axis (perpen-
dicular to the Mn chain and parallel to the CuN surface).
Therefore, if all spins lie in the yz plane, the canting exists
and there is weak ferromagnetism. The ratio between

Dzyaloshinskii-Moriya and isotropic exchange interactions,

D
l 11'2‘ =0.002 is of the same order of magnitude as in case of

well-known antiferromagnets Fe,O; and La,CuO, with weak
ferromagnetism.

We minimized the classical spin Hamiltonian [Eq. (1)]
with first-principles exchange parameters in respect to the
directions of the individual spins. The obtained values of the
canting angles and net magnetic moments of the Mn
nanochains are presented in Table VI and Fig. 9. One can see
that the net magnetic moment increases with length of the
nanochain. Therefore one can expect that the weak ferromag-
netism can be experimentally observed for long nanochains.

In order to test the reliability of the weak ferromagnetism
results for the dimer we have performed the LDA+U+SO
calculations in the framework of PAW scheme. The size and
the direction of the spin and orbitals moments extracted from
the equilibrium state are shown in Table VII. One can see
that there are spin and orbital contributions of the same order
to the total magnetic moment canting. Another interesting
point is that the z components of the orbital magnetic mo-
ments have the same sign. It means that the magnitudes of
the total magnetic moments are slightly different.

The resulting canted ground state is in good agreement
with experimental observations® where the easy axis of a
system with single Mn atom on the CuN surface is z axis.
The spin canting angle of 0.21° obtained by using the
LDA+U+SO calculations corresponds to the following
Dzyaloshinskii-Moriya interactions  Dj;=J;; tan(7m—2a)
=0.047 meV. The obtained values of the model canting
angles for the dimer (Table VI) are about three times smaller
than those obtained in our first-principles LDA+ U+ SO cal-
culations. This can be related with spherical approximations
for the Green’s function technique for estimating the
Dzyaloshinskii-Moriya parameters [Eq. (9)].

Clearly, the ultimate test of our results will to compare
them with experiment. Unfortunately, at the moment there
are no magnetization measurements on Mn nanochains on
the CuN surface. In Sec. IV we will show that some aspects
of an experimental spectrum®* can be explained by using a
quantum spin Hamiltonian.

IV. ZERO-FIELD SPLITTING

To explain experimentally observed different zero-field
energy of m==*1 and m=0 excited states* we use the fol-
lowing quantum spin Hamiltonian:

A =17S8,8,+ DS, X Sy]+ 244,892 + E[(S5)? - (821},

(10)

where A; and E; are axial and transversal contributions to the
single-site anisotropy.*
For simplicity, let us first consider the case of S= —l and
D12—(D12,0,0). Since the single-site anisotropy Vanlshes for
=% one can rewrite Eq. (10) in the following form:
H=J(8i85+ 818+ 589 + DL(SIS5- §589. (1)
The basis functions for this Hamiltonian can be written as
follows,

(12)

Using well-known rules for spin operators,

A 1 N i A 1
Fin=210 $In= §|L> $n =3I

A 1 A
Fly=3In $l=- =3I,

one can define the matrix elements of this Hamiltonian pre-
sented in Table VIII. The eigenvalues of this matrix are given
by

Ei=?
=y

J A\ +4(D},)?

="y —— 12
™ 4 2
_J NP +4(DD)?
574 2 :

One can see that the energies of m=0 and m=*1 triplet
states are different. Therefore, one might expect that the an-
isotropic exchange interaction helps us to explain the similar
difference in the experimental spectra for the Mn dimer on
the CuN surface.

Since in the case of S=5/2 the situation is more compli-
cated, we have numerically calculated the excitation spectra
by means of the ALPS library?*3° using the single-site aniso-
tropy estimated in Ref. 6 and the obtained exchange interac-
tions. These results are presented in Table IX. One can see
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TABLE IX. The energies of the three lowest excited states ob-
tained by diagonalizing Eq. (11) with J=6.5 meV, D
=0.015 meV, A=-0.039 meV and E=0.007 meV.

E, E, E;5
This work 6.33 6.54 6.63
Expt. (Ref. 6) 5.96 £0.05 5.83+0.05 5.83+0.05

that the calculated first-excited states have different energies
in the zero magnetic field. This is a result of the single-site
anisotropy terms of the spin Hamiltonian [Eq. (10)]. Accord-
ing to the experiment® the zero-field energies of the first-
excited states are 5.96*+0.05 and 5.83£0.05 meV for m
=0 and m= =1, respectively, and correspond to AE*P
=0.13*=0.05 meV. We can compare this value with the cal-
culated splitting between maximum and minimum energies
of the first-excited states, AE°31°=E3—E1=0.3 meV (Table
IX). Taking into account some ambiguities in determination
of the experimental splitting we conclude that there is good
agreement between theoretical and experimental results.

Using the spin Hamiltonian with the Dzyaloshiskii-
Moriya interaction estimated from the LDA+U+SO calcu-
lations (D};=0.047 meV) we obtained the same splitting pic-
ture. Therefore, in quantum case there is a tiny effect of the
Dzyaloshinskii-Moriya interaction on the excitation
spectrum.

V. CONCLUSION

We have performed a first-principles investigation of the
electronic and magnetic structures of Mn nanochains sup-

PHYSICAL REVIEW B 79, 144418 (2009)

ported on the CuN surface. Based on the calculated isotropic
and anisotropic exchange interactions we propose the antifer-
romagnetic ground state with weak ferromagnetism. It re-
sults from the atomic structure distortion that breaks the in-
version symmetry between Mn atoms. The calculated values
of the canting angles are of the same order as for classical
antiferromagnets with weak ferromagnetism, Fe,O; and
La,CuO,. Using quantum spin Hamiltonian we have ex-
plained the experimentally observed different zero-field en-
ergies of m=0 and m= £ 1 states. Based on our results we
suggest the noncollinear magnetic phenomenon for general
surface nanosystems. For instance, we found significant spin-
orbit canting effect in Co nanochain on a Pt surface.
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