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Abstract: In view of the recent increased interest in light-

induced manipulation of magnetism in nanometric length

scales this work presents metal clusters as promising ele-

mentary units for generating all-optical ultrafast magneti-

zation. We perform a theoretical study of the opto-magnetic

properties of metal clusters through ab-initio real-time

(RT) simulations in real-space using time-dependent density

functional theory (TDDFT). Through ab-initio calculations

of plasmon excitation with circularly polarized laser pulse

in atomically precise clusters of simple and noble metals,

we discuss the generation of orbital magnetic moments

due to the transfer of angular momentum from light field

through optical absorption at resonance energies. Notably,

in the near-field analysis we observe self-sustained circular

motion of the induced electron density corroborating the

presence of nanometric current loops which give rise to

orbital magnetic moments due to the inverse Faraday effect

(IFE) in the clusters. The results provide valuable insights

into the quantum many-body effects that influence the IFE-

mediated light-induced orbital magnetism in metal clusters

depending on its geometry and chemical composition. At the

same time, they explicitly demonstrate the possibility for

harnessing magnetization in metal clusters, offering poten-

tial applications in the field of all-optical manipulation of

magnetism.
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1 Introduction

Accurate control of the magnetic states in materials is

emerging as the fastest and the least dissipative method

for magnetic writing [1]. Thus, it promises to provide an

energy-efficient solution [1], [2] to the bottleneck problem

of present-day semiconductor technologies: increased heat

dissipation encountered in the miniaturization of storage

and computation units. At the same time, developments in

controlled and efficient manipulation of ultra-short laser

pulses from femtosecond to attosecond timescales has cre-

ated an impetus to explore ultrafast manipulation of mag-

netic properties of different materials pushing technolog-

ical possibilities of faster all-optical switching of magneti-

zation (AOSM) [3]–[10]. These recent developments have

not only resurrected [2] but also escalated research initia-

tives [11]–[22] on a long discovered physical phenomenon,

namely, the inverse Faraday effect [23], [24] (IFE) as it is

one of the possible pathways to enable fast AOSM. IFE is

a phenomenon where the transfer of angular momentum

from a circularly or elliptically polarized light leads to the

creation of magnetization in a material.

Due to the strong local enhancement of the electric field

at plasmon resonance plasmonic materials are well suited

for exploiting the IFE-induced magnetization even though

they are often intrinsically non-magnetic. Moreover, size-

dependent modulation of plasmonic resonances in metal

nanostructures gives the possibility of AOSM over a wide

frequency range. In graphene nanodisks transient magnetic

fields as strong as 0.7 T have recently been observed [25]

by excitation at plasmon resonance frequency in the ter-

ahertz range. While exploiting the plasmon resonance to

modify the magnetic state in a gold-nanodisc-on-TbCo-thin-

film system Parchenko et al. [22] have found that the use of

gold nanodisks enhances the effective IFE induced magne-

tization even when the conditions for plasmon resonance

excitation are not perfectly met. Gonzalez-Alcalde et al., has

observed [18] enhanced IFE-induced Faraday rotation at

plasmon frequency of gold nano-disks in an array of 50 nm

thick gold nano-disks. When excited at plasmon energy, 0.95

𝜇B∕atom IFE-induced magnetic moment was observed in

2-mm thick colloidal suspensions of 100-nm-diameter gold
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nanoparticle (NP) by Cheng et al. [11]. All these experimental

observations confirm that despite significant technical dif-

ferences in them the IFE-inducedmagnetization is robust at

plasmon resonance.

Since its phenomenological conception by Pitaevskii

[23] different theoretical approaches have been employed

to explain the IFE in plasmas [26], nano-rings [27], and other

materials. Quantum theory of IFE has been proposed using

perturbation theory to second order in the radiation field

[28], and also for solids described by generic itinerant band

[29]. Berritta et al. have studied the effect of spin–orbit cou-

pling on IFE in different bulk materials using density func-

tional theory (DFT) [30]. The spin and orbital contribution to

IFE has also been studied using hydrodynamic model of the

conduction electron gas [31] for nonmagnetic metals [14].

The plasmonic properties of the IFE in metal NPs were also

investigated by several groups using multiphysics modeling

[32], finite-difference time-domain method [33], hydrody-

namic treatment of electrons [34], [35], and very recently

using time-dependent density-functional theory (TDDFT)

[36]. Hurst et al. [34], used a quantum hydrodynamic (QHD)

model [37] to describe the IFE in gold NPs arising from

the excitation by circularly polarized light at the localized

surface-plasmon resonance (LSPR) energy. While in this

model the electrons are treated as a charged fluid, they

lack the orbital resolution. By treating electrons quantum

mechanically in NPs described by jellium spheres [36], some

of the authors of this article have confirmed that significant

orbital magnetism can be successfully triggered through

the IFE by irradiating non-magnetic NPs (about 0.04 𝜇B per

electron in the best case for potassium) at LSPR frequency

with circularly polarized light. The robustness of this light-

induced magnetism and the many-body effects on it are

also discussed over a wide range of parameters, including

atomic species, laser intensity, and the size of the NP. The

per-atom magnetic moment normalized with respect to the

laser intensity and the pulse-width matched the same order

of magnitude as found by Cheng et al. [11] for Au NPs.

Motivated by this increased interest in understanding

the fundamental mechanisms of IFE and inspired by the

miniaturization in current technologies, this work explores

for the first time the feasibility of generating light-induced

magnetism in metal clusters, which are an order of magni-

tude smaller thanNPs and are beyond the scope ofmodeling

by jellium description. We explore the quantum mechan-

ical nature of the IFE-induced orbital magnetism from a

purely ab-initio perspective by explicitly considering atom-

ically precise description of metal clusters within the many-

body theoretical framework of the time-dependent density-

functional theory (TDDFT).We simulate the time-dependent

dynamics of interaction of circularly polarized light with

clusters of simple and noble metals containing a few tens

of atoms. By considering the quantum many-body effects

of interacting electrons, the contribution of the chemical

species, and the laser pulse on the generation of orbital

magnetic moment through the IFE is investigated by ana-

lyzing the time-dependent dynamics of electrons excited by

circularly polarized light.

2 Methods

2.1 Ab-initio theoretical framework

We employed the real-time (RT) approach of TDDFT where

the evolution of the many-electron system under an exter-

nal perturbation is obtained from the solution of the

one-particle Schrödinger-like equations known as time-

dependent Kohn–Sham (TDKS) equations. They contain an

effective time-dependent potential known as Kohn–Sham

potential which, by theoretical construction, is a functional

of the time-dependent electron density n(r, t), and con-

tains both the Hartree and the exchange-correlation (XC)

contributions, thus accounting for the many-body effects.

Here we approximate the time-non-local dependence of the

Kohn–Sham potential by considering that it is a functional

of the instantaneous density. Furthermore, the XC part of

the Kohn–Sham potential is not known exactly and, in prac-

tice, requires an approximate potential. We have employed

the adiabatic gradient-corrected Perdew–Burke–Ernzerhof

(PBE) approximation [38], which describes collective excita-

tions well in metal clusters without using extensive compu-

tation resources. In addition, to correct the self-interaction

error so that the asymptotic behavior of the effective poten-

tial can be properly described, a scheme based on the aver-

age density [39] is used for the simple metals. The many-

electron system is perturbed at its ground state which is

calculated in static DFT using the same approximations

and corrections for the static KS potential as in the time-

dependent one. The absorption spectrum is obtained in RT-

TDDFTusing the time-propagation formalismof Yabana and

Bertsch [40], [41].

2.2 Systems and simulation details

We have considered model clusters of Na and Ag having

pentagonal symmetry and both rod-like (Na19 and Ag19)

and disk-like (Na7 and Ag39) shapes. The seven-atom struc-

ture, Na7, is derived from the five-atom pentagonal ring of

13-atom decahedral cluster (having D5h symmetry) and by

keeping the two atoms on both side of the ring. This cluster
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has been well studied before by many experimental groups

[42], [43] and the calculated absorption spectrum (cf. top

panel Figure 1) is in accordance with earlier results. The

19-atom structures are derived by stacking the same five-

atom rings plus a central atom along the five-fold rotational

axis (see Figure 1). These kind of geometries have previously

been studied for the effect of aspect ratio on absorption

spectra of noble-metal nanorods [44], [45], and recently also

for electromagnetic screening in metal clusters [46]. The

39-atom structure is derived by surrounding the 19-atom

structurewith two coaxial ten-atom rings having a diameter

twice that of the five-atom rings of the 19-atom structure.

The geometry of this structure has partial icosahedral sym-

metry as shown in Figure 4. Since the structures are treated

as model systems, their geometries were not relaxed.

The ionic potential in these clusters is described by

atom-centered norm-conserving Troullier–Martins pseu-

dopotentials [47]. The number of valence electrons per atom

is considered to be one s-electron for Na and one s-electron

plus ten d-electrons for Ag. All calculations are performed in

the real-space code octopus [48]. The real-space grid spacing

was set to 0.18 Å. The calculation domain was constructed

by the union of spheres around each atom of the cluster.

The radius of the sphere was set to be 5 Å and 10 Å for

atoms in the Ag and Na clusters, respectively. For the time-

propagation of the TDKS equations the ETRS propagator

(“enforced time-reversal symmetry”) was used. The interval

between two consecutive time-steps was set to 0.0024 ℏ∕eV
(≈1.58 attoseconds) and 0.0019 ℏ∕eV (≈1.25 attoseconds) for
Ag and Na clusters respectively. To obtain the absorption

spectra using the 𝛿-kick RT-TDDFT method [40], [41] we

have used a total propagation time of 37.5 fs. A damping of

0.0037 atomic units of energy (≈0.1 eV) was also used for the
exponential window function during the Fourier transform.

The time-dependent orbital magnetic moment is calculated

from the time-dependent current density which are written

for every 50th step of time-evolution.

3 Results and discussion

3.1 Magnetic moment at plasmon resonance

Ametal cluster is maximally responsive to an external opti-

cal perturbationwhen excited at the energy of LSPRwhich is

a collective resonant interaction of the conduction electrons

with the electromagnetic field. LSPRs are characterized by

well-defined peaks in the absorption spectrum. In the top

panel of Figure 1 we show the absorption spectra obtained

by 𝛿-kick RT-TDDFT calculations [40], [41] for Na7, Na19
and Ag19 clusters due to excitation along the x-axis. As the

clusters are highly symmetric along the XY plane, the spec-

tra along any direction on the XY plane remains the same.

We observe the LSPR peak for Na7 (the blue curve) at 𝜔p =
2.53 eV. For the Na19 cluster, due to its shape the electrons

are more confined in the lateral direction (XY plane) as

compared to the axial one (Z direction). Due to this quantum

(size-)confinement in the XY plane the electronic transitions

responsible for the plasmon along this plane split intomany

Figure 1: Top: the geometrical structures of Na7, and rod-like clusters

Na19 and Ag19, and their absorption spectra corresponding to excitation

along the lateral direction (i.e. perpendicular to the rod axis: XY plane).

The arrows represent strongest resonance in the near-ultraviolet and

visible part of the spectra.Middle: time dependance of the x-and

y-component of the orbital magnetic moment (i.e. Mx(t) and My (t))

generated due to the excitation by circularly polarized laser pulses with

plane of polarization along the XY plane (i.e., same as for the spectra)

and frequency corresponding to the LSPR of respective clusters marked

by the arrows in the spectra. Bottom: Mz(t), time dependance

of the z-component of the generated orbital magnetic moment.
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energetically close electron-hole excitations giving rise to

plasmon fragmentation. This means that the LSPR in the

XY plane consists of several energetically close transitions

(the green curve). The strongest of these transition is at

𝜔p = 2.65 eV. Finally, in Ag19 (the red curve) we observe

broad peaks, the strongest is centered around𝜔p = 3.54 eV.

This broadening is because of strong coupling between

the fragmented LSPR peak and the excitation arising from

interband transition involving d-electrons of Ag atoms. In

order to generate strong orbital magnetic moment we have

excited the metal clusters with circularly polarized laser

field which can, in general, be described as.

E(t) = Ex(t)x̂+ Ey(t)ŷ = F(t)
[
cos(𝜔Lt)x̂+ cos

(
𝜔Lt −

𝜋

2

)
ŷ

]

(1)

where,

F(t) = E0

⎧
⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

sin2
(

𝜋

2𝜏0
t

)
for t ≤ 𝜏0;

1, for 𝜏0 < t ≤ tuni, where tuni = nuni𝜏0;

cos2
(

𝜋

2𝜏0
(t − tuni)

)
, for tuni < t ≤ tend,

where, tend = tuni + 𝜏0;

0, for t > tend,

(2)

where 𝜏0 is chosen to be 20ℏ∕eV (≈13 fs), and 𝜔L rep-

resents the frequency of the laser field. The maximum

amplitude is E0 = 10−2 V∕Å; tuni = nuni𝜏0, where nuni is an

integer and determines the constant-in-time segment of

the envelope. The duration of the ascending segment of

the pulse is 𝜏0, the same is for the descending segment,

and the duration of the uniform segment is (nuni − 1)𝜏0,

which makes the total duration of the laser pulse (nuni +
1)𝜏0. The temporal profile of the laser pulse overlaid with

the piece-wise envelope function is shown in the Figure S2

of the Supplementary Material. As shown in the Equation

(1), the plane of polarization of the electric field is along the

XY plane (i.e., same as for the spectra). The time-dependent

orbital magnetic moment is calculated as,

M(t) = 1

2∫
V

dr r × j(r, t) (3)

where, V is the volume of the simulation domain, r is

the displacement vector from the center of mass of the

cluster (which is also the center of the simulation domain),

and j(r, t) is the microscopic current density obtained from

the Kohn–Sham orbitals using the code octopus [48]. A

detailed theoretical discussion can be found in Ref. 36. The

frequency of the laser is chosen to be at LSPR (i.e.,𝜔L = 𝜔p)

of respective clusters as indicated by arrows in the spectra,

and the duration of the pulse is set by choosing nuni = 1.

The temporal profiles of the x and y components of the

generated orbital magnetic moment (i.e. Mx(t) and My(t))

are shown in the middle panel of Figure 1, while the bottom

panel shows the same for Mz(t) the z-component ofM(t) for

the three clusters.

For all the three clusters the induced orbital magnetic

moment is found to be negligibly small along the directions

(x and y) on the plane of polarization of the perturbing elec-

tric field: of the order of 10−3𝜇B for Na7, and 10
−5𝜇B for Na19

and Ag19. The z-component of the induced orbital magnetic

moments Mz(t) in Na clusters increase with the duration of

the laser pulse and oscillate around a non-negligible value:

0.3𝜇B for Na19 and 0.12𝜇B for Na7 when the laser is switched

off. Similar temporal dependence of Mz(t) was observed

previously [36] in RT-TDDFT calculations on NPs modeled

by jellium description which corroborates the generation

of magnetic moment at LSPR in simple-metal clusters. In

contrast to the jelliummodeling, here theMz(t) in atomically

precise clusters shows the presence of an oscillation after

turning the laser off. This oscillation is due to the fact that

in Na7 the laser field primarily excites thewell-defined LSPR

with very little overlap with the low-strength shoulders

appearing on both sides of it. In Na19 the LSPR is built up by

many energetically closely-spaced electronic transitions of

comparable strength and the laser field is centered around

the strongest of them with considerable overlap with the

neighboring ones. This not only creates stronger oscillation

inNa19 but also a slight decrease in the time-dependentMz(t)

as compared toNa7 inwhich the oscillation lasts several tens

of fs. As there is no energy-loss considered in the simulations

the damping is entirely of Landau type.

In Ag clusters the electronic structures calculated using

PBE XC functional show that the onset of d-electrons

is about 3 eV below the Fermi level (cf. Figure S1 of

the Supplementary Material). This is why for the Ag19 the

LSPR, appearing at an energy higher than 3 eV, is strongly

coupledwith excitation involving d-electronswhich are also

driven by the laser field. Due to the highly localized nature

of the d-electrons they respond to the dipolar surface mode

of the LSPR and thus screen it significantly [46], [49]. For

this very reason, and due to the strong coupling, the LSPR in

Ag19 loses its plasmonic character and the generated Mz(t)

is significantly lower in Ag19 when compared to the Na

clusters. At the same time, the localized d-electrons getting

driven by the laser field follow the same periodicity of the

laser in their localized circular motion around the ions. As

discussed later, this gives rise to oscillation in Mz(t) having

the same frequency as that of the laser.
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3.2 Simple and noble metals

In order to understand the determining factors for differ-

ences in the generation of orbital magnetic moment in Na

and Ag clusters having the same atomic arrangement and

geometry we have looked into near-field quantities: the

time-dependent induced density 𝛿n(r, t) and the current

density j(r, t), in the self-sustained dynamics of the excited

system i. e, after the laser is switched off. The results are

presented in Figure 2. The top panel of the figure shows

the x-component of the circularly polarized laser field, Ex(t)

(thin lines), and Mz(t) for Na19 (green) and Ag19 (red). In

the left panels, snapshots of the induced density 𝛿n(r, t)

are shown as iso-surfaces for both the 19-atom clusters at

around t = 30.8 fs marked by the blue line on the top panel

of Figure 2. For the same instance of time, a cut through

the z = 0 plane, indicated by the circular disk, shows the

two-dimensional distribution of the 𝛿n(r, t ≈ 30.8 fs)|z=0 in
the middle panels and of the in-plane current density [j

x
+

j
y
](r, t ≈ 30.8 fs)|z=0 in the right panels for the respective

clusters. The directions of the current density vectors is

represented by the arrows pivoted at midpoint on the

real-space grid points, while the magnitudes are given by

the color distribution represented through the color bar.

The ion position is represented by balls and filled circles:

yellow for Na and grey for Ag. The distribution of the

induced density in the three-dimensional representation

(left panels) and as shown by the two-dimensional color

map (middle panels) clearly shows a strong dipolar con-

tribution mostly coming from the surface in Na19 cluster.

Under the action of the circularly polarized electric field

there is a global rotation of the electron density about the

z-axis in Na19 cluster as shown in a movie presented in

Figure S3 of the Supplementary Material. This global rota-

tion of the density having maximum contribution at the

surface of the cluster is responsible for the creation of sig-

nificant magnetization along the z direction. In contrast,

in Ag19 the snapshots of the induced density and the cur-

rent density both confirm strong spatial localization of

the dynamics at regions around the ions. This is due to

the fact that the laser having the frequency 𝜔L = 3.54 eV

significantly excites the d-electrons (cf. Figure 1, & Figure

S1) which are highly localized around the ions. On top

of this ion-centered rotation of the d-electrons, there is a

plasmon-driven global rotation of the electrons about the

z-axis as shown in Figure S4 of the Supplementary Material

containing movies of electron density and current density

corresponding to one period of circular motion after the

(circularly polarized) laser-field is switched off. As can be

understood from the absorption spectrum (cf. Figure 1) and

the density of states (cf. Figure S1) of Ag19, the cluster ismore

responsive for the d-electrons under the action of the laser

with 𝜔L = 3.54 eV. This is why the atom-centered rotation

of the d-electrons suppresses the global motion induced by

the significantly dampedplasmon, resulting in an oscillating

magnetization which is much less significant than in the

case of Na19. It is to be noted that this oscillation is different

from the oscillations observed in the Mz(t) in Na clusters.

In Ag19, as the d-electrons get excited at their characteristic

frequency (cf. Figure 1, & Figure S1) the oscillation in the

Mz(t) has the same frequency as the laser even after the laser

is switched off.

In order to better understand the spatial origin of the

contributions responsible for the orbital magnetization, in

Figure 3 we have looked into the in-plane current density

at z = 0 in Na19 (left) and Ag19 (right) averaged over one

period (TL) of circular motion of the electron density i.e.,

<[j
x
(r, t)+ j

y
(r, t)]z=0>TL

, after the (circularly polarized)

laser-field is switched off. The starting of the one-period

circular motion is taken to be 30.8 fs marked by the blue

line in the top panel of Figure 2 and the duration of the

period for each of the systems is represented by the width

of the shaded grey regions. Following the fact that the dis-

tribution of the average current-density data is different in

Ag19 than in Na19 (cf. Figure S6 of Supplementary Material),

and in order to represent the average current density using

the same color bar, we have chosen 0.0003 𝜇BÅ
−4 as the

maximum limit. All values of the average current density

greater than this maximum limit are assigned the same

color as for the maximum limit. The instantaneous current

density as shown in Figure 2 shows only the spatial extent of

charge flow. The one-period-averaged current density gives

us information on the rotatory nature of the dynamics, i.e.,

whether or not the current forms a loop due to one full

rotation of the electron density in the XY-plane creating a

net magnetization along the z direction. This is clearly the

case in Na19 cluster as can be evidenced in Figure 3. At the

same time, the absence of a significant magnetization in

Ag19 is also explained by the absence of the aforementioned

current loop. Following the symmetry of the cluster about

the z-axis and the color code we can also infer that the

nonvanishing current loops in Na19 are stronger at the sur-

face of the cluster than in its interior. This confirms the

dominance of LSPR. In turn, on the one hand it shows the

importance of exciting at LSPR energy and on the other

hand it gives the possibility of exploiting the size- and

species-dependent tunability of LSPR for the generation of

light-induced magnetization due to IFE.
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3.3 Plasmonic characteristics and the laser

As compared toNa19 the generatedmagneticmoment inAg19

is significantly low due to the lack of plasmonic characteris-

tics. Therefore, we have explored another silver cluster, the

Ag39, inwhich the LSPR iswell pronounced in the absorption

spectrum. As shown by the comparison of absorption with

Ag19 in the lower panel of Figure 4, for the same polarization

of excitation, Ag39 possesses an LSPR peak at 3.32 eV which

is well resolved in the spectrum and not dominated by the

excitation involving d-electrons as the peak at 3.54 eV in

the Ag19 spectrum. This is due to the fact that along the

Figure 2: Top: thin lines – temporal profile of the x-component (Ex) of the circularly polarized laser fields in arbitrary unit, used to excite Na19 (green)

and Ag19 (red), and thick lines – the z-component of generated orbital magnetic moment (Mz) same as the ones in Figure 1. The grey shaded regions

on the two curves correspond to one time-period of the self-sustained circular motion of the induced density after the laser (of respective𝜔L cf.,

Figure 1) is switched off. The blue line marks the time t ≈ 30.8 fs for which the induced density (𝛿n) and the current density are shown in the middle

and the bottom panels.Middle (Na19) and bottom (Ag19): The left panels show an iso-surface of the 𝛿n for iso-value±4 × 10−5 eÅ−3; the center

panels show color maps of 𝛿n for the XY-plane at z = 0 as indicated by the disks in the left panels. The right panels show the in-plane current density

at z = 0: [jx + jy ](r, t ≈ 30.8 fs)|z=0 in 𝜇BÅ
−4. The arrows show the direction, and the magnitude is represented by the color using the color map.

The atoms are represented by balls and circles: yellow for Na and grey for Ag.
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Figure 3: The in-plane current density at z = 0 in Na19 (left) and Ag19 (right) averaged over one period of circular motion of the electron density

after the (circularly polarized) laser-field having respective LSPR frequencies is switched off. The arrows show the direction, and the magnitude is

represented by the color using the color map. The atoms are represented by filled circles: yellow for Na and grey for Ag. The starting of the one-period

circular motion is taken to be 30.8 fs marked by the blue line in Figure 2 and the duration of the period for each of the systems is represented by

the width of the shaded grey regions on the same figure.

polarization of the excitation (i.e., the XY plane) Ag39 is more

extended than Ag19, i.e., the lateral size of Ag39 is larger

than that of Ag19. This gives thewell-known sized-dependent

red-shift of the LSPR (along the lateral direction) in Ag39 as

compared to Ag19. This in turn allows the LSPR to decouple

enough from the interband transitions involvingd-electrons

[44] to manifest itself in the spectrum.

Using the same polarization of the laser field as in the

case of Ag19 we have excited the Ag39 cluster at its LSPR

energy 3.32 eV. In order to investigate the effect of the pulse

duration we have performed simulations for values of nuni
increasing from 1 to 4 (cf. Eq. (2)) representing increas-

ing duration of the laser pulse. The results are shown in

Figure 5. The upper, middle and lower panels respectively

show the x-component of the laser Ex(t), the total energy

pumped into the system in course of time, and the Mz(t)

for nuni = 1 to 4. We observe, first of all, that in comparison

with Ag19 for nuni = 1 (the red curve of Figure 2) we have a

considerable amount of orbital magnetic moment Mz gen-

erated at the end of the laser pulse in Ag39 (the sky-blue

curve of bottom panel of Figure 5). This confirms that the

IFE is maximally effective at plasmon resonance, and as

long as there is a well-defined LSPR peak in the absorption

spectrum we can generate an orbital magnetic moment in

silver clusters using a circularly polarized electric field. Fur-

thermore, we can assert that the IFE-inducedmagnetization

can be generated in a silver cluster even though the largest

dimension of the cluster is of the order of 1 nm, which is

the case for Ag39: the distance between two farthest atoms

is 0.99 nm. While the duration of the laser increases with

nuni increasing from 1 to 4, we observe that the generation

of the Mz also increases. This increase is directly propor-

tional to the increase in the total energy pumped into the

system as the laser keeps on exciting the system for longer

duration. As both the IFE-induced Mz and the total pumped

energy vary with the square of the electric field [36], the

similarity between them as observed in Figure 5 confirms

that the underlyingmechanism behind the generation ofMz

is IFE. Finally, it is worth noticing that no sooner the laser is

switched off than the Mz starts to decrease with time. This

fast decay is due to strong interference coming from the

many energetically close transitions that constitute the LSPR

in Ag39.

In order to elucidate the plasmonic contribution in this

generation of orbital magnetism in Ag39 we have looked

into the laser-induced electron dynamics as presented in

Figure 6.

Along with the atom-centered contributions from the

d-electrons, the induced density in Ag39 shows significant

contribution from the surface of the cluster, which was

not seen in Ag19 (despite the fact that in Ag19 we looked

into a lower iso-value to capture more spatial extension
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Figure 4: Top: the geometrical structure of Ag39 viewed from

perpendicular to z-axis (left) and y-axis (right). Bottom: its absorption

spectrum (orange) corresponding to excitation along the lateral direction

(i.e. along the XY plane) compared with the same of Ag19 (red).

of the distribution). A comparison of the induced den-

sity in Ag39 and in Ag19 for same iso-values is shown in

Figure S7 of the Supplementary Material. The dipolar sur-

face contribution in Ag39 confirms the dominance of the

plasmonic characteristics when the cluster is excited at

𝜔 = 3.32 eV. At the same time we observe that the polar-

ity of the charge distribution around the atoms is exactly

opposite to that at the surface. In other words, we see the

well-known screening effect by the localized d-electrons

in noble metal clusters [49]: the d-electrons are respond-

ing to the instantaneous electric field created by the LSPR.

The instantaneous current density has strong contributions

around the atoms similar to that observed in Ag19. How-

ever, it also shows uniform uni-directional contributions

as we move radially away from the center of the cluster,

which is not observed in Ag19. Under the action of the cir-

cularly polarized laser field these uni-directional arrows

representing the direction of the instantaneousmicroscopic

current density are found to rotate circularly pivoted at

their mid-point changing their color signifying change of

magnitude |j(r, t)|. This is shown in a movie presented

in Figure S5 of the Supplementary Material. The motion of

the arrows representing the atom-centered contributions is

more complex as they come from the response of electrons

having higher value of azimuthal quantum number.

Further insights on the spatial contributions on the gen-

eratedmagnetic moment in Ag39 are obtained from the one-

period-averaged current density in Figure 7. The left panel

Figure 5: Effect of the duration of the circularly polarized laser pulse,

as defined by nuni in Eq. (2) (only Ex(t) is shown in the top panel), on the

generated orbital magnetic moment (bottom panel) in Ag39 cluster for

nuni varying from 1 to 4. Themiddle panel shows the time dependence

of the total energy pumped into the system. The blue line marks the time

t ≈ 58.9 fs for which the induced density and the current are shown in

Figure 6. The grey shaded area corresponds to one period of circular

motion of the laser-driven electron density.

shows the in-plane component of this averaged current

density at z = 0 i.e., <[j
x
(r, t)+ j

y
(r, t)]z=0>TL

. The period

TL = 2𝜋∕𝜔L over which the current is averaged is 1.245 fs.

It is chosen around the maximum value of the generated

Mz as shown by the grey shaded region in the right panels.

In this period-averaged representation we clearly notice a

current circulating at the surface of the cluster similar to

the one in Na19 confirming the dominant contribution of the

LSPR. At the same time, this near-field picture clearly shows

the formation of concentric current loops perpendicular to

the z-direction responsible for the generation of Mz. The

quantum mechanical nature of the excitation is corrobo-

rated by the spatial separation of this surface contribution

from the contributions localized around the interior atoms,

which come from the d-electrons. We have calculated the

contribution to Mz coming from the surface by considering

contribution outside a cylinder of radius 𝜌 =
√
x2 + y2 with

its axis passing through the center of the cluster along the z-

direction. The contributions inside (outside) this radius give

the contribution to Mz coming from the interior (surface)

of the cluster. The time dependence of these contributions
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Figure 6: Ag39 cluster. The left panel shows an iso-surface of the 𝛿n for iso-value±1.5 × 10−4 eÅ−3; the center panel shows 𝛿n for the XY-plane at

z = 0 as indicated by the disks in the left panels. The right panel shows the in-plane current density at z = 0: [jx + jy ](r, t ≈ 58.9 fs)|z=0. The arrows
show the direction, and the magnitude is represented by the color using the color map. The Ag atoms are represented by grey balls and circles.

Figure 7: Left: the in-plane current density at z = 0 in Ag39 averaged over one period (shaded in grey in right panels) of circular motion of the electron

density corresponding to excitation by circularly polarized laser-field having𝜔L = 𝜔p = 3.32 eV and nuni = 4. The arrows show the direction, and

the magnitude is represented by the color using the color map. The atoms are represented by balls and circles: yellow for Na and grey for Ag.

Right: contributions from the interior (red) and the surface (green) of the cluster which add up to the total (orange) Mz as represented in Figure 5.

Ex(t) in arbitrary units is shown for reference. The bottom panel is an enlargement of the blue box in the top panel, and the black horizontal lines

indicate the zero of Mz.
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for 𝜌 = 3.6 Å, is shown in the right panels of Figure 7: sur-

face in green, interior in red and the total Mz in orange

as represented in Figure 5. The x-component of the laser

is also shown in arbitrary unit for reference. The bottom

panel shows an enlargement containing three periods of

laser oscillation including the one (shaded grey area) for

which the average current is calculated.

In the two-dimensional representation of the current

at z = 0 we observe the atoms (represented by grey spots)

only from the interior but not at the surface because at z = 0

there are none at the surface of the Ag39 cluster. However,

there are 20 silver atoms which constitute the outer surface

of the cluster perpendicular to the z-axis. The contribution

from the d-electrons of these surface atoms also merges

with the LSPR contribution creating oscillatory behavior of

the Mz, as seen on the green curves of Figure 7, having a

periodicity same as that of the driving field.We note that the

period of averaging is the same as that of the laser field. This

green curve also confirms that it is the surface contribution

which brings the maximal weight in the generation of Mz,

even in this silver cluster of 1 nm size. We also observe

laser-driven oscillations in the red curve, which represents

the contribution to Mz from the interior of the cluster. Like

in Ag19, this is due to the atom-centered current originating

from localized d-electrons. The red curve remains quite

flat, very similar to the one observed for Ag19. It confirms

that the interior of the cluster contributes very little to the

generation of Mz.

4 Conclusions

The results of the ab-initio calculations presented in this

work confirm that IFE-driven orbital magnetic moment can

be induced in simple- andnoble-metal clusterswhen excited

at the LSPR frequency. We have shown that, when excited

with circular polarization and at the plasmon resonance

energy, a significant magnetic moment can be generated in

the sodium cluster Na19 but also in a cluster as small as Na7.

Although not explicitly shown, it is worth mentioning that a

laser tuned to a higher excitation energy would give rise to

a magnetization proportional to the absorption strength as

long as the excited electrons are delocalized and correspond

to collective (plasmonic) surface mode of absorption. This

is because under the action of a circularly-polarized laser

the excited electrons will form concentric current loops

(and not atom-centered ones). While this would be the case

for Na19, in Ag19 already the first absorption peak is sig-

nificantly suppressed by the d-electron excitations which

are spatially localized. Therefore, despite having the same

number of atoms and the same geometry and structure the

19-atom cluster of silver did not produce an orbital mag-

netic moment as significant as its sodium counterpart. At

a higher excitation energy in Ag19 (e.g., around 4.0 eV) we

have more contribution (if not 100 %) of the d-electrons.

Therefore, circularly-polarized laser-excitation at a higher

energy in Ag19 will give a similar or even less orbital mag-

neticmoment. However, thanks to its disk-like flat geometry,

Ag39 shows awell-resolved LSPR in the absorption spectrum

which is not drowned by the interband transitions involving

the d-electrons. When excited with a circularly polarized

laser at this LSPR energy, in Ag39 we obtained a noticeable

orbital magnetic moment. This confirms that while using

a circularly polarized laser pulse with the frequency of

the LSPR, the decisive criterion to generate a significant

IFE-driven orbitalmagneticmoment in noble-metal clusters

is that the LSPR should be well-resolved in the spectrum

and dominant over the interband transitions involving d-

electrons. For different pulse duration of the laser in Ag39,

the LSPR-induced magnetic moment varies almost linearly

with the total energy pumped by the laser. This is in accor-

dance with previous results [36] on NPs described using

jelliummodel and confirms that the underlyingmechanism

is indeed the inverse Faraday effect. Further confirmation

of the importance of exciting at LSPR is gained from the

spatially resolved near-field analysis. The time-dependent

induced density and the current density averaged over one

period of laser-induced circular motion of the electrons

revealed that the orbital magnetic moment is generated

principally by the rotating dipolar contribution of the sur-

face mode coming from the LSPR. The analysis also con-

firmed that, for the clusters considered in thiswork, the inte-

rior of the cluster contributes very little. Unlike in sodium,

for the case of silver clusters the generated orbital mag-

netic moment displays an oscillatory behavior. This is due to

the localized d-electrons, inherent to silver systems, which

respond to the dynamic electric field created by the dipolar

LSPR surface mode giving rise to a complex atom-centered

rotatory dynamics having the same frequency as of the laser

field. These atom-centered contributions of d-electrons com-

ing from the surface atoms add up to the principal dipolar

contribution of the surface mode of the LSPR and give the

oscillatory behavior of orbital magnetic moment. Finally, it

isworthmentioning that this LSPR-induced creation ofmag-

netization occurs on an ultrafast timescale: an orbital mag-

netic moment of ≈0.3𝜇B in Na19 and ≈0.4𝜇B in Ag39 could

be generated in, respectively, ≈32 fs (cf. Figures 1 and 2)

and ≈57 fs (cf. Figure 5) which are at least two orders

of magnitude faster than the speed of magnetic switch-

ing in present-day materials [50], [51]. The ab-initio results

presented in this work unravel the knowledge of the
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dependence of orbital magnetic moment on the geometry

and the constituent species of the metal clusters, as well as

its dependence on the laser field. At the same time, they

confirm that plasmonic metal clusters can be the building

block of ultrafast all-optical switching, and thus predict the

possibility of metal-cluster-based nanometric systems for

applications in ultrafast magnetic switching.

Associated content

Supplementary Material contains the electronic structures

and laser-driven real-time dynamics of the excited clusters.

Acknowledgments: RS-R would like to acknowledge sup-

ports from the in-house computational resources in Institut

Lumière Matière (iLM, CNRS) and also from the PSMN (Pôle

Scientifique deModélisationNumérique) of the ENSde Lyon

for the computing resources and technical help.

Research funding: This work has used HPC resources

from GENCI-IDRIS through the grants A0130807662 and

AD010814981. RS-R acknowledges the support of Université

Claude Bernard Lyon 1 through the grants ‘Accueil

Enseignants chercheurs (AEC) 2023’ and ‘AEC2024’, and also

the support of iLM and FRAMA (Fédération de physique

André Marie Ampère).

Author contributions: RS-R conceived and supervised the

project. Scientific exchanges with P-AH and GM led to the

discussions and inferences reported here. DL, YY, and RS-R

performed the ab-initio calculations using the code octopus.

RS-R wrote the codes to calculate magnetic moments from

current, generated all thefigures, andwrote themanuscript.

Conflict of interest: Authors state no conflicts of interest.

Dataavailability:Thedata related to this study are available

from the corresponding author on request.

References

[1] B. Dieny, et al., “Opportunities and challenges for spintronics in the

microelectronics industry,” Nature Electronics, vol. 3, pp. 446−459,
2020,.

[2] C. D. Stanciu, et al., “All-optical magnetic recording with circularly

polarized light,” Phys. Rev. Lett., vol. 99, p. 047601, 2007,.

[3] C.-H. Lambert, et al., “All-optical control of ferromagnetic thin films

and nanostructures,” Science, vol. 345, p. 1337, 2014,.

[4] S. Mangin, et al., “Engineered materials for all-optical

helicity-dependent magnetic switching,” Nat. Mater., vol. 13,

pp. 286−292, 2014,.
[5] M. Vomir, M. Albrecht, and J.-Y. Bigot, “Single shot all optical

switching of intrinsic micron size magnetic domains of a Pt/Co/Pt

ferromagnetic stack,” Appl. Phys. Lett., vol. 111, p. 242404, 2017,.

[6] F. Siegrist, et al., “Light-wave dynamic control of magnetism,”

Nature, vol. 571, pp. 240−244, 2019,.

[7] D. Liu, J. Weng, X. Song, W. Cai, S. Tan, and C. Xu, “Ultrafast

write-read event in helicity-independent all-optical switching of

GdFeCo,” J. Magn. Magn. Mater., vol. 592, p. 171824, 2024,.

[8] T. Ohkochi, et al., “Investigation of deterministic and cumulative

nature in helicity-dependent optical switching of ferrimagnetic

Gd−Fe−Co films,” J. Magn. Magn. Mater., vol. 593, p. 171854,
2024,.

[9] C. Jiang, D. Liu, X. Song, Y. Wu, H. Li, and C. Xu, “Single-shot

all-optical switching of magnetization in TbFe,” J. Phys. D: Appl.

Phys., vol. 57, p. 195001, 2024,.

[10] Y. Peng, et al., “From toggle to precessional single laser pulse

switching,” Appl. Phys. Lett., vol. 124, p. 022405, 2024,.

[11] O. H.-C. Cheng, D. H. Son, and M. Sheldon, “Light-induced

magnetism in plasmonic gold nanoparticles,” Nat. Photonics,

vol. 14, pp. 365−368, 2020,.
[12] X. Yang, Y. Mou, B. Gallas, A. Maitre, L. Coolen, and M. Mivelle,

“Tesla-range femtosecond pulses of stationary magnetic field,

optically generated at the nanoscale in a plasmonic antenna,” ACS

Nano, vol. 16, pp. 386−393, 2022,.
[13] O. Neufeld, N. Tancogne-Dejean, U. De Giovannini, H. Hübener,

and A. Rubio, “Attosecond magnetization dynamics in

non-magnetic materials driven by intense femtosecond lasers,” npj

Comput. Mater., vol. 9, p. 39, 2023,.

[14] S. B. Mishra and S. Coh, “Spin contribution to the inverse Faraday

effect of nonmagnetic metals,” Phys. Rev. B, vol. 107, p. 214432,

2023,.

[15] Y. Mou, X. Yang, B. Gallas, and M. Mivelle, “A reversed inverse

Faraday effect,” Adv. Mater. Technol., vol. 8, p. 2300770, 2023,.

[16] X. Yang, Y. Mou, R. Zapata, B. Reynier, B. Gallas, and M. Mivelle,

“An inverse Faraday effect generated by linearly polarized light

through a plasmonic nano-antenna,” Nanophotonics, vol. 12,

pp. 687−694, 2023,.
[17] Y. Mou, X. Yang, B. Gallas, and M. Mivelle, “A chiral inverse Faraday

effect mediated by an inversely designed plasmonic antenna,”

Nanophotonics, vol. 12, pp. 2115−2120, 2023,.
[18] A. K. González-Alcalde, X. Shi, V. H. Ortiz, J. Feng, R. B. Wilson, and

L. T. Vuong, “Enhanced inverse Faraday effect and time-dependent

thermo-transmission in gold nanodisks,” Nanophotonics, 2024,

https://doi.org/10.1515/nanoph-2023-0777.

[19] N. Fang, C. Wu, Y. Zhang, Z. Li, and Z. Zhou, “Perspectives: light

control of magnetism and device development,” ACS Nano, vol. 18,

pp. 8600−8625, 2024,.
[20] Y. Mou, et al., “Femtosecond drift photocurrents generated by an

inversely designed plasmonic antenna,” Nano Lett., vol. 24, no. 25,

pp. 7564−7571, 2024..
[21] X. Yang, Y. Mou, B. Gallas, S. Bidault, and M. Mivelle, “Skyrmion

generation in a plasmonic nanoantenna through the inverse

Faraday effect,” arXiv:2402.17426 [phys.opt], 2024. https://doi.org/

10.48550/arXiv.2402.17426.

[22] S. Parchenko, K. Hofhuis, A. Åberg Larsson, V. Kapaklis, V. Scagnoli,

L. J. Heyderman, A. Kleibert, et al., “Plasmon-enhanced optical

control of magnetism at the nanoscale via the inverse Faraday

effect,” Adv. Photonics Res., 2024. https://doi.org/10.1002/adpr

.202400083.

[23] P. L P, “Electric forces in a transparent dispersive medium,” J. Exptl.

Theoret. Phys., vol. 12, p. 1008, 1961.

[24] J. P. van der Ziel, P. S. Pershan, and L. D. Malmstrom,

“Optically-induced magnetization resulting from the inverse

Faraday effect,” Phys. Rev. Lett., vol. 15, pp. 190−193, 1965,.

https://doi.org/10.1515/nanoph-2023-0777
https://doi.org/10.48550/arXiv.2402.17426
https://doi.org/10.48550/arXiv.2402.17426
https://doi.org/10.1002/adpr.202400083
https://doi.org/10.1002/adpr.202400083


12 — D. Lian et al.: Orbital magnetism through inverse Faraday effect in metal clusters

[25] J. W. Han, et al., “Strong transient magnetic fields induced by

THz-driven plasmons in graphene disks,” Nat. Commun., vol. 14,

p. 7493, 2023,.

[26] R. Hertel, “Theory of the inverse Faraday effect in metals,” J. Magn.

Magn. Mater., vol. 303, pp. L1−L4, 2006,.
[27] K. L. Koshelev, V. Y. Kachorovskii, and M. Titov, “Resonant inverse

Faraday effect in nanorings,” Phys. Rev. B, vol. 92, p. 235426, 2015,.

[28] M. Battiato, G. Barbalinardo, and P. M. Oppeneer, “Quantum

theory of the inverse Faraday effect,” Phys. Rev. B, vol. 89,

p. 014413, 2014,.

[29] A. Kundu and S. Zhang, “Effect of laser induced orbital momentum

on magnetization switching,” J. Magn. Magn. Mater., vol. 454,

pp. 165−169, 2018,.
[30] M. Berritta, R. Mondal, K. Carva, and P. M. Oppeneer, “Ab initio

theory of coherent laser-induced magnetization in metals,” Phys.

Rev. Lett., vol. 117, p. 137203, 2016,.

[31] V. Karakhanyan, C. Eustache, Y. Lefier, and T. Grosjean, “Inverse

Faraday effect from the orbital angular momentum of light,” Phys.

Rev. B, vol. 105, p. 045406, 2022,.

[32] F. Cheng, C. Wang, Y. Xu, W. Ma, and Y. Liu, “Multiphysics modeling

of plasmon-enhanced all-optical helicity-dependent switching,”

ACS Photonics, vol. 10, pp. 1259−1267, 2023,.
[33] A. Nadarajah and M. T. Sheldon, “Optoelectronic phenomena in

gold metal nanostructures due to the inverse Faraday effect,” Opt.

Express, vol. 25, p. 12753, 2017,.

[34] J. Hurst, P. M. Oppeneer, G. Manfredi, and P.-A. Hervieux,

“Magnetic moment generation in small gold nanoparticles via the

plasmonic inverse Faraday effect,” Phys. Rev. B, vol. 98, p. 134439,

2018,.

[35] V. Karakhanyan, Y. Lefier, C. Eustache, and T. Grosjean,

“Optomagnets in nonmagnetic plasmonic nanostructures,” Opt.

Lett., vol. 46, pp. 613−616, 2021,.
[36] R. Sinha-Roy, J. Hurst, G. Manfredi, and P.-A. Hervieux, “Driving

orbital magnetism in metallic nanoparticles through circularly

polarized light: a real-time TDDFT study,” ACS Photonics, vol. 7,

pp. 2429−2439, 2020,.
[37] G. Manfredi, P.-A. Hervieux, and J. Hurst, “Fluid descriptions of

quantum plasmas,” Rev. Mod. Plasma Phys., vol. 5, p. 7, 2021,.

[38] J. P. Perdew, K. Burke, and M. Ernzerhof, “Generalized gradient

approximation made simple,” Phys. Rev. Lett., vol. 77,

pp. 3865−3868, 1996,.
[39] C. Legrand, E. Suraud, and P.-G. Reinhard, “Comparison of

self-interaction-corrections for metal clusters,” J. Phys. B: At., Mol.

Opt. Phys., vol. 35, p. 1115, 2002,.

[40] K. Yabana and G. F. Bertsch, “Time-dependent local-density

approximation in real time,” Phys. Rev. B, vol. 54, pp. 4484−4487,
1996,.

[41] K. Yabana, T. Nakatsukasa, J.-I. Iwata, and G. F. Bertsch, “Real-time,

real-space implementation of the linear response time-dependent

density-functional theory,” Phys. Status Solidi B, vol. 243,

pp. 1121−1138, 2006,.
[42] K. Selby, et al., “Photoabsorption spectra of sodium clusters,” Phys.

Rev. B, vol. 43, pp. 4565−4572, 1991,.
[43] C. Ellert, M. Schmidt, C. Schmitt, T. Reiners, and H. Haberland,

“Temperature dependence of the optical response of small, open

shell sodium clusters,” Phys. Rev. Lett., vol. 75, pp. 1731−1734,
1995,.

[44] R. Sinha-Roy, P. García-González, H.-C. Weissker, F. Rabilloud, and

A. I. Fernández-Domínguez, “Classical and ab initio plasmonics

meet at sub-nanometric noble metal rods,” ACS Photonics, vol. 4,

pp. 1484−1493, 2017,.
[45] F. Alkan and C. M. Aikens, “Understanding the effect of symmetry

breaking on plasmon coupling from TDDFT,” J. Phys. Chem. C,

vol. 125, pp. 12198−12206, 2021,.
[46] R. Sinha-Roy, P. García-González, X. López-Lozano, and H.-C.

Weissker, “Visualizing screening in noble-metal clusters: static vs.

dynamic,” Phys. Chem. Chem. Phys., vol. 25, pp. 2075−2083,
2023,.

[47] N. Troullier and J. L. Martins, “Efficient pseudopotentials for

plane-wave calculations,” Phys. Rev. B, vol. 43, pp. 1993−2006,
1991,.

[48] N. Tancogne-Dejean, et al., “Octopus, a computational framework

for exploring light-driven phenomena and quantum dynamics in

extended and finite systems,” J. Chem. Phys., vol. 152, p. 124119,

2020,.

[49] R. Sinha-Roy, P. García-González, X. López Lozano, R. L. Whetten,

and H.-C. Weissker, “Identifying electronic modes by fourier

transform from 𝛿-kick time-evolution TDDFT calculations,” J. Chem.

Theory Comput., vol. 14, pp. 6417−6426, 2018,.
[50] I. Tudosa, et al., “The ultimate speed of magnetic switching in

granular recording media,” Nature, vol. 428, pp. 831−833, 2004,.
[51] C. Banerjee, et al., “Ultrafast double pulse all-optical reswitching of

a ferrimagnet,” Phys. Rev. Lett., vol. 126, p. 177202, 2021,.

Supplementary Material: This article contains supplementary material

(https://doi.org/10.1515/nanoph-2024-0352).

https://doi.org/10.1515/nanoph-2024-0352

	1 Introduction
	2 Methods
	2.1 Ab-initio theoretical framework
	2.2 Systems and simulation details

	3 Results and discussion
	3.1 Magnetic moment at plasmon resonance
	3.2 Simple and noble metals
	3.3 Plasmonic characteristics and the laser

	4 Conclusions
	Associated content


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


