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different. A new laser technology, based on spatially non-uniform illumination of ultra-thin ferromagnetic films by short
trains of ultra-short laser pulses and enabling to create the regular domain structures, will be presented.

2. THE MODEL

We will assume that the total spin of the system is conserved at the time scale of t . This assumption is based on

the results obtained in a number of papers. The authors of paper [2] performed a rather realistic numerical calculation

( taking into account the real band structure, exchange processes, spin-orbit interaction, etc.) of the spin relaxation time t
of excited electrons. They showed that t strongly depends on the excess energy E of free carriers (measured from the

Fermi level E, ) and 'r - 100 fs for E —EF 2 eV. Under the experimental conditions [9,10] ( = 20 ps) of our

interest, the excited carriers are rapidly thermalized ( tee 280 fs [6]) despite a comparatively high (—S2 eV) photon
energy, and although the electron temperature T differs from the phonon temperature TPh we have T � 1000 K and

E —EF �85 meV. Because for 0 � E —E1 << E1, the rate of relaxation processes in a Fermi liquid depends on E as

t_1 = (2rth)p I M 2

(E—
EF )2 [3] for E — E1 = 85 meV, taking into account the data [2 (see above), the estimate of t

gives —55 ps. Here p is the density of the electronic states near the Fermi surface and M is the transition matrix element.
Both these parameters were assumed constant in estimating t .Thus, based on the experiments [8], whose conditions

approximately correspond to the experimental conditions [9,10], and on paper [1 1], we can really assume in our
calculations that the total spin of the system is conserved at the time scale of t

We will describe the low-energy (0 � E —EF << EF ) excitations of a two-dimensional (2D) system by the
standard Hamiltonian (see, for example, Ref. [12])

H = H +Hd +H +H (1)

in which the expression for the energy of electrons of the s conduction band ("s-electrons") ofNi has the form

H = Hkfl + , = :dp (i,j) S . S . (2)

The first term in (2) describes the kinetic energy Hkfl of s-electrons, while the second term describes the direct

interaction between the spins of two s-electrons with the interaction constant

J
. . a3 (3)

dP(1,J)_ 4it r
Here, S is the projection of the spin S of the s-electron at the i-th node of a 2D lattice on the z axis; is the magnetic

permeability; t is the effective magnetic moment of the spin; a is the lattice constant; and i is the distance between

electrons at the i-th and j-th nodes of the 2D lattice.

We will not take into account the kinetic energy in the expression

Hd Sd .Sd + JOP (i, i) Sd . Sd (4)
(i.i) i,j

for the energy of electrons in the d-band ("d-electrons"). Because the effective mass of d-electrons is large, we can assume
that these electrons are immobile and are localized at the lattice nodes. The first term in (4) describes the interaction
between the spins of d-electrons located at the adjacent lattice nodes, while the second term describes the direct interaction
between the spins of two d-electrons with the interaction constant dp (i, j). In (4), J is the constant of the "super-

exchange" interaction between adjacent nodes and Sd is the projection of the spin S.d of the d-electron at the i-th node of

the 2D lattice on the z axis.

We will describe the interaction between the s- and d-electrons by the Hamiltonian
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Figure 1. Illustration of the calculation of the interaction of the
effective cells in a cluster.

x
The simulation was performed by the Monte Carlo method [13]. The Ni film was divided by a rectangular grid of

2D clusters with a periodic continuation (Fig. 1). The diffusion constant of s-electrons was assumed to be proportional to
the electron velocity v V1 constant, and isotropic. The cell size 1cc was chosen equal to the mean free path length lirec
In this case, the transition of the s-electron from one cell to another was independent of its previous state, providing the
possibility of constructing the Markovian chains. In each cluster, an effective elementary cell was chosen. It was assumed
that this cell interacts with effective elementary cells in adjacent clusters as with the next neighbors and that variations in
the magnetization at the scale of can be neglected (Fig. 1).

To take into account the direct nonlocal interaction between the spins, which is equivalent to the consideration of
the field of the so-called magnetic charges in a classical theory [1], we constructed the Fourier transform of the interaction
potential for point sources on the cluster being simulated:

G(k) = $ dr0 dp (i, 0) exp[ ikr0 ] (9)

where S1 is the region of integration inside the cluster. Then, taking into account (9), the effective nonlocal interaction
potential was written in the form

Un, (1) = Jdk[(nkS +flkd)(flkS- +nkd) 1 G(k) exp[—iki0 ] .

Here, n is the Fourier component of the electron density in the cluster. The diffusion was described by assuming that the
s-electron moves freely inside the cell, and that the probability of the electron transition into an adjacent cell, which was
chosen randomly, is described by the expression [13].

1 AE 0, for � (11)

P..:= exp(AE ••r )Ii J forAE .. >0.

exp(AE H i; )- ii

Here, L\E = E —E. is the change in the system energy upon the transition from the i-th cell to the j-th cell.

3. RESULTS OF SIMULATION

At the first step, we simulated stationary domains at different temperatures T .The equilibrium domain structure
being formed had the maximum ratio of its surface to its perimeter (volume-to-surface ratio). This shows that a positive
energy is required for formation of the domain walls. We obtained the temperature dependences for the degree of

correlation of the spin orientation for the next neighbors (sites) C(l) = (SdScd) (Fig. 2a), the next-next neighbors

C(2) = (SdSd ) (Fig. 2b), and the next-next-next neighbors C(3) = (SdSd) (Fig. 2c). One can easily see that the next
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correlations in the spin orientation are preserved even at T > TK (Fig. 2a). At the same time, the long-range order

disappears at T = TK (Figs 2b,c). This result completely agrees with calculations performed in paper [14].

The equilibrium domain structure obtained at the first step at room temperature TR 300 K was used as the
initial condition at the second step of simulation. We considered the influence of the pulse laser heating of the film on its
domain structure. We assumed that the film is irradiated by a train of 20-ps pump pulses with the time interval of 5ns,
which considerably exceeds the time of complete cooling of the film down to temperature TR while a change AT in the
electron temperature during irradiation is proportional to the incident radiation intensity I. We took into account in the
calculations that, unlike the BP technique [9] (spatially uniform heating of the film, ATe 500 K ),in the DFPS [10] the

one-dimensional (1D) stationary (at the time scale of t, ) interference pattern (spatial distribution of the intensity I) is

formed in the region of cross-section of two pump beams made coincident in the carrier frequency. We assumed that for
the spatial period of this pattern A = 5 t [10], its visibility factor = Lax min is —42, while the maximum change

(ATe) in the electron temperature at the light-field antinodes is -—900 K. The sequences of the transformation of the

simulated domain structure of the film are illustrated in Fig.3 (DFPS) and Fig.4 (BP). The instants of time corresponding
to the onset and termination of the N-th (N =1 ÷ 8) pumping pulse are shown.

0,6

0,4

0,2

1,0

C(2)
0,8

0,6

0,4

0,2

A A

4

Figure 2. Temperature dependence of the correlation degree in
the spin orientation for the next neighbors C(1), the next-next
neighbors C(2), and the next-next-next neighbors C(3).
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Our simulations showed that after irradiation by only 5-7pumpingpulses, for which (ATe )max 900 K , the initial

domain structure of the film is virtually completely transformed. In DFPS (Fig. 3), the characteristic and very stable
periodic (in our calculations, the period was 10 j.t) ID "striped" domain structure has time to form and all stripes are
oriented strictly along the interference pattern fringes (Fig. 3). The domain walls very rapidly "adjust" to the dark regions
of the interference pattern, and comparatively "cold" (1 <<TK within these regions) free s-electrons cannot penetrate

through these regions. The period of the domain structure thus formed becomes multiple of A .Upon spatially uniform
excitation in the BP (Fig. 4), this stabilization factor is completely absent, and the domain structure of the film is almost
completely destroyed by the time of termination of the next pumping pulse. Note that, unlike the spatially nonuniform case
analyzed here, the transformation of the domain structure of ferromagnetic films caused by spatially uniform optical
excitation was already considered in papers [15-18].

The different character of the destruction kinetics of the ferromagnetic film magnetization upon spatially uniform
(BP) and nonuniform (DFPS) excitation is quantitatively illustrated by the dependences of C(3) on t plotted by the time

of termination of the eighth pump pulse (Fig. 5).One can see from Fig. 5 that the stable domain walls formed upon
spatially uniform excitation in the DFPS very efficiently suppress the process of "optical spin mixing" (i.e., the destruction
of the domain structure during the spatial migration of excited s-electrons between domains). This results in the
preservation of the magnetization of the film in DFPS for much longer times than in BP technique.

p i
N = I N = I

— S 1IIglLMp4, .. 2'. alt :. . :.
S*I a — 'tI) _w 30 , q: sjI • flS &' 'It .

4 2:#! 4

.- e— 1stcarr
5 #iJ&74 5

S arc $fl,— rM%

6 6a r; oS
1.prs 4r

7 7aS rt,a t i;z:C •a!ThSSa C-cSSaJw rssxs_y
8Sae sa'L

(a) (b)

Figure 3. Change in the domain structure of the ultra-thin Ni film Figure 4. Change in the domain structure of the ultra-thin Ni film
in DFPS upon irradiation by a train of 20-ps laser pulses before in BP upon irradiation by a train of 20-ps laser pulses before (left)
(left) and after (right) irradiation by the N-tb laser pulse. The and after (right) spatially uniform excitation by the N-th laser
bright and dark cells have mutually orthogonal orientations of the pulse. The bright and dark cells have mutually orthogonal
magnetic moment. The lower figures show localization of bright orientations of the magnetic moment.
and dark fringes of the interference pattern.

8
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1,0

C(3)

Figure 5. Dependence of the long-range correlation degree C(3)
of the spin orientation on the laser irradiation time in DFPS and
BP technique.

4. CONCLUSIONS

In the paper, we have shown that remagnetization processes of a ferromagnetic film upon spatially uniform (BP
technique [9]) and spatially nonuniform (DFPS [lOj) optical excitation are substantially different. Upon spatially
nonuniform excitation, the walls of a new stable one-dimensional domain stricture rapidly formed in the film and their
positions are rigidly "bound" to the positions ofdark fringes ofthe interference pattern. In this case, spatial migration of
excited s-electrons is almost completely suppressed. In our opinion, this results in the preservation of the magnetization of
ultra-thin Ni films in DFPS [10] during much longer times than in the case of BP technique [9] despite approximately the
same intensity of picosecond pumping pulses. However, it is much more important that the considered stabilization gives a
possibility to develop a new fast laser technology, based on spatially non-uniform illumination of ultra-thin ferromagnetic
films by short trains of ultra-short laser pulses and enabling to create the regular domain structures.
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