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The laser-induced magnetic after-effects in magnetic nanostructures consist-
ing in magnet reversal under ultra-short circularly polarized laser pulses are
studied. Using the magneto-optical method and a pump—probe technique
based on the Kerr and Faraday effects, features and conditions of magnetic
reversal in ferrimagnetic-based nanostructures under femtosecond circularly
polarized laser pulses are established. As shown, the mechanisms of such la-
ser-induced impact are a complex process of laser-induced thermal demagnet-
ization of magnetic sublattices with a subsequent magnetic biasing by internal
magnetic fields of different nature. Depending on the laser-pulse duration
and intensity, they can be effective magnetic fields of laser irradiation or in-
ternal magnetic fields conditioned by different rates of the thermal demagnet-
ization of ferrimagnetic sublattices. Features of the laser-induced tunnel
magnetoresistance effect in ferrimagnetic junctions are considered.

HocaigsxeHo na3epHO-iHAYKOBaHI e()eKTH ITicaAnil B MAarHETHUX HAHOCTPYKTY-
pax, AKi MOJIATAIOTH B IepeMarHeTyBaHHI Y OJIi YIBTPAKOPOTKUX IIUPKYIAPHO
MOJIAPU30BAHUX JIA3€PHUX IMIyJbCciB. 3 BUKOPUCTAHHAM MAaTHETOOITHUYHOL
MeTOaU HaKavyyBaHHA—30HAYBaHHA, IO I'PYHTYeTbcA HA KeppoBomy Ta ®apa-
IerioBoMy edeKTaxX, BCTAHOBJIEHO 0COOJIMBOCTI mepeMarueTyBanud y depumar-
HEeTHUX HAHOCTPYKTypax Hif Jiero peMTOCeKYHIHUX JasepHuX iMmoyabciB. ITo-
KasaHo, 110 MeXaHi3MM TaKOTo Ja3epHO-iHAYKOBAHOTO BILJIUBY € KOMILJIEKCHM-
MU TIPOIleCaMU JIa3epPHO-iHAYKOBAHOTO TEILJIOBOTO PO3MAarHEeTOBYBAaHHSA (epu-
MATHETHUX MTiATPATHUIL 3 MOJAJBIINM IifMArHETOBYBAHHAM BHYTPIITHiMM
e(eKTUBHUMHU HOJIAMHU Pi3HOI IPUPOAY. 3aJIeKHO Bil TPUBAJIOCTH i iHTEHCUB-
HOCTH JIa3ePHUX iMIOYJbCiB, IIe MOXKYTh OYTH IOJIS Ja3ePHOr0 BUIPOMiHEHHS
a00 BHYTPIIIIHI IT0JIA, OB’ sI3aHi 3 BIAMiHHICTIO IIBUAKOCTEI TEILJIOBOTO PO3Ma-
THETOBYBAaHHSA MiAI'PATHUIL. PO3TJIIAHYTO 0COOJIMBOCTI JIa3epHO-iHAYKOBAHOTO
TYHEJLHOTO MAaIrHETOPE3UCTUBHOTO eheKTy B (hepUMarieTHUX IIepexonax.
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UccienoBaHbl JIa3epHO-UHAYIIUPOBAHHBIE d3(h(EKTHI ITOCaAeAeiCTBAA B MArHUT-
HBIX HAHOCTPYKTYypPax, COCTOAIME B IIepeMarHnYMBaHUN B I10JI€ YIBTPAKOPOT-
KHUX IIUPKYJIAPHO MOJAPHU30BAHHEIX JIA3€PHBIX UMIYJAbCOB. C MCIOJIb30BAHIEM
MarHUTOOITHUECKOT0 METOJa HaKauKU—30HIWPOBAHUSA, OCHOBAHHOTO Ha 3(-
dexrax Keppa u Papages, ycTaHOBJIEHLI 0OCOOEHHOCTH ITePeMATHUYUBAHUSA B
(heppuMarHUTHBIX HAHOCTPYKTYpPax IIOf HeiicTBUeM (heMTOCeKYHAHBIX Jiasep-
HBIX MMIIYJBbCOB. HoxaaaHo, 4YTO MEeXaHM3MBbI TaKOI'0 Jia3€pHO-UHAYIITUNPDOBaH-
HOTO BOS,E[GfICTBHH SABJIAIOTCA KOMIIJIEKCHBIMHK IIPDOIleCCaMMU JIa3ePHO-MHAYIH-
POBAHHOTO TEILJIOBOTO Pa3MAarHUYMBAHUA MATHUTHBIX IIOAPEIIETOK C IIOCIEeNy-
IOMUM [OAMAarHuduBaHmeM 3((peKTHBHBIMU BHYTPEHHUMMU IIOJAMU DPa3Ind-
HOHI IIPUPOAHBI. B zasucumocTu ot MJJINTEJIBPHOCTH 1 MHTEHCHUBHOCTH JIa3€PHBIX
HMITYJIBCOB 3TO MOT'yT 6LITB II0JIA JIa3€PHOI'0 U3JIyUYeHUA NJIN BHYTPEHHUE I10J1d,
CBS3aHHBIE C PA3IMYVEM CKOPOCTEH TEeIJIOBOTO PAa3MATHUUYWBAHUS IIOAPEIIIE-
TOK. PaccMoTpeHBl OCOGEHHOCTH JIa3epPHO-MHAYIIMPOBAHHOTO TYHHEJIBLHOTO
MarHUTOPE3UCTUBHOIO 3((derTa B QeppUMarHUTHHIX IIEPEXOJaX.

Key words: magnetization dynamics, magnetic reversal, magneto-optical ef-
fects, tunnel magnetoresistance effect, ferrimagnetic nanostructures, pulsed
laser radiation.
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1.INTRODUCTION

Physical limits of remagnetization speed are one of fundamental prob-
lems of magnetism physics, which has a crucial significance for crea-
tion of high-speed magnetic recording and readout systems of infor-
mation. Growth of attention to this problem is related to modern
achievements of nanotechnologies, by possibilities of production of
new magnetic nanostructures with predetermined physical properties,
and development of the short-time pulsed laser radiation. The prospect
of the solution of this problem is related to the use of the impact of
short-time laser pulses on the ferrimagnetic multi-layered nanostruc-
tures, specifically, tunnel magnetic junctions [1], that can lead to
magnetic state variations and the remagnetization effect.

The key role belongs to the effects connected with the laser-
controlled spin manipulation including the spin-polarized electron
transport in magnetic nanostructures that constitute the subject of the
modern magnetism physics, spintronics, and microelectronics. The la-
ser-induced magnetic transitions in magnetic nanostructures are de-
termined both by their spin and electron structure and by physical
characteristics of laser radiation. Corresponding magnetic materials
must possess rather high values of magnetic anisotropy, magneto-
optical susceptibility, and the spin polarization of conduction elec-
trons. The laser radiation must be characterized by the high degree of
polarization, a strong intensity, and its pulse duration must corre-
spond to short times of electron and spin relaxations.
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The fast-speed directed laser magnetic impacts are realized via the
laser-induced thermal demagnetization with subsequent remagnetiza-
tion by effective internal magnetic fields of different nature depend-
ing on the magnetic structure of materials and laser radiation charac-
teristics. The effective internal magnetic bias fields can be connected
with the inverse magneto-optical Faraday effect (see [1, 2]) and with
the effects of the transient ferromagnetic-like state in combination
with the relaxation of the exchange antiferromagnetic interaction un-
der the pulsed laser-induced thermal demagnetization [3—5]. In the
first case, the bias magnetic field (H) arises only under circularly po-
larized laser irradiation. In the second case, the bias field (Hy) is the
internal transient field caused only by the different speeds of the laser-
induced thermal demagnetization, and it is independent on the radia-
tion polarization.

The indirect laser-induced magnetic impact can be realized via the
laser-induced spin-polarized electron current [1] caused by band-
dependent kinetic properties of spin-polarized electrons under their
momentum-selective interband laser excitations [6]. Then, the laser
magnetic control is realized via the exchange interaction of the spin-
polarized electron current with localized magnetic moments of a mag-
netic nanostructure.

The features and mechanisms of the laser-induced magnetization
and remagnetization are considered below in ferrimagnetic-based sin-
gle layers and multi-layered nanostructures. The role of laser-induced
spin-polarized currents in processes of the laser-induced remagnetiza-
tion is investigated in tunnel magnetic junctions. The laser control of
the spin-polarized current in tunnel ferrimagnetic nanostructures via
the pulsed laser-induced remagnetization is considered for the case of
TbFeCo-based compounds.

2. DYNAMICS OF MAGNETIZATION SWITCHING

The influence of femtosecond circularly polarized pulsed laser radia-
tion on magnetic states and the conductance of the spin-polarized elec-
tron current is studied for the TbCoFe- and CoFe-based ferrimagnetic
nanostructures. Features of the laser-induced magnetization reversal
are studied for Al,0;/Tb,;CosFe;/Al,0;, Al,O3/Th,,CosFers/Al0;,
Al,0;/Tb,,CosFeq;/Al,O; and Al,O5/Cos,Feq,/Al,O5 nanostructures with
a single ferrimagnetic nanolayer. The laser-induced magnetic reversal
with the laser-induced tunnel magnetoresistance (TMR) effect is stud-
ied for ferrimagnetic Al,03;/Tby,CosFer3/PrgOy,/ThCosFes/Al,O5 and
Al,05/CogoFey/Prg0,,/CosoFe;/Al,O; junctions with the PrO-based
isolating barrier nanolayer. The TbCoFe-based and CoFe-based layers
are characterized by uniaxial out-plane and in-plane magnetic anisot-
ropy, respectively.
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The laser-induced magnetization dynamics is studied with the help
of the magneto-optical pump—probe method based on the magneto-
optical Kerr and Faraday effects. The Nd—YAG and He—Ne lasers gen-
erated the pulsed pump (with duration t;= 130 fs) and probe radiations.
The scheme of corresponding optical research is presented in Fig. 1.

Due to the strong spin—orbital interaction for the rare-earth Tb at-
oms, the femtosecond laser-induced magnetization does not cause the
magnetic reversal only by the laser-induced heating [4] that is ex-
plained by the delay in the dynamics of intersublattice exchange relax-
ation. The distinction between magnetic moments of atoms Tb and Fe
results in the distinction of corresponding magnetic moments of Tb
and FeCo sublattices of ferrimagnetics. This is exhibited in the de-
pendence of ferrimagnetic nanolayers on their component composi-
tion.

The direct laser impact on the magnetization occurs via the interac-
tion of the circularly polarized photons with spin-polarized electrons
of a magnetic medium. The Raman-like photon excitations of the elec-
trons together with a spin—orbital interaction are accompanied by the
spin-flip and remagnetization (see [2]) providing the inverse magneto-
optical Faraday effect with the effective internal bias field (Hy). The
pulsed laser irradiation causes heating and demagnetization that in
combination with the laser-induced effective magnetic field can lead to
variation of magnetic states and the remagnetization. The direct

Fig. 1. Experimental scheme of the optical investigation: femtosecond laser—
1, 50% mirror—2, total reflection mirror—3, long-focus lens—4, substrate
with film—>5, polarizer—6, Senarmon prism—7, photodiode—8, differential
amplifier—9, Babinet compensator—10.
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femtosecond laser-induced impacts can result in the internal effective
bias magnetic field H,; connected with the transient ferromagnetic-
like state caused by different demagnetization rates of ferrimagnetic
sublattices [3—5]. However, in the considered case of TbhCoFe-based
ferrimagnetic this bias field H;; can play role of amplification of the
effective bias field of the inverse magneto-optical Faraday effect. The
transient ferromagnetic state is succeeded by the recovery of the mag-
netization.

The indirect laser impact on magnetic states in nonuniform multi-
layered magnetic nanostructures occurs via the laser-induced spin-
polarized electron current between magnetic nanolayers. In this case,
the remagnetization of the magnetic junction can be caused by the ex-
change s—d-interaction of the laser-injected spin-polarized current
with the localized magnetic moment of the injected layer of the mag-
netic junction. The effective internal magnetic field H,, of that inter-
action consists of two components, H,,= H, + H,,;. The first component
H, is related to the s—d-interaction of the transverse component (with
respect to the magnetic moment of the injected layer) of the magnetic
moment of the spin-polarized current. The second component H,,; is
related to the s—d-interaction of the laser-injected longitudinal spin
component (with respect to the magnetic moment of the injected lay-
er), which is characterized by a non-equilibrium distribution. The
mentioned effective internal magnetic fields together with laser-
induced thermal demagnetization result in the remagnetization, which
is accompanied by a tunnelling magnetoresistance (TMR) effect.

The results of the magneto-optical measurements are presented in
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Fig. 2. The time dynamics of the laser-induced remagnetization under the
high-power polarized laser pulses. (I) Probe laser pulses pass through the
Al,0,/Th,4Co;Fe,/Al,O; (1) and Al,O3/Tb,y;CosFeq,/AlO4 (2) films irradiated
by circularly polarized pulses. (II) The probe laser pulses are reflected from
the Tb,,Co.Fe,s nanolayer of the Al,0;/Tb,,Co.Fe,sT/PryO;,/Th,,CoFe s/
Al,O; junction irradiated from the side of Th,,Co;Fe;; nanolayer by circularly
(1) and linearly (2) polarized pulses. (IIT) Probe pulses are reflected from the
CoyFe,, nanolayer of ferrimagnetic Al,0,/CogFeyT/PrsO;,/LCosoFero/AlO,
junction irradiated from the side of the CogFe,, nanolayer by the circularly
polarized pulses.
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Fig. 2. As it is seen from curves I, the laser-induced magnetic reversal
of the Tb,;,CosFe;; nanolayer under circularly polarized laser pulses oc-
curs faster than magnetic reversal of Th,;Co,Fe;, nanolayer because of
the different contributions of the iron magnetization in the total mag-
netic moment of these nanolayers.

As seen from curves IT in Fig. 2, the laser-induced magnetic reversal
of the ferrimagnetic junction under circularly polarized laser pulses
(related to the bias field H;) is determined by the magnetic reversal of
the irradiated ferrimagnetic nanolayer. The laser-induced magnetic
reversal under linearly polarized laser pulses is determined by the
above-mentioned effective bias field H,, related to the laser-induced
spin current. As H,> H,,, the remagnetization rate is higher in the
case of the circularly polarized laser irradiation.

The behaviour of the laser-induced remagnetization of the CoFe-
based nanolayer with in-plane magnetic anisotropy is related to the bi-
as field H,,. In considered cases, at strong laser-induced heating, bias
field H;; can enhance the remagnetization effect.

The above-mentioned laser-induced magnetization in the TbCoFe-
and CoFe-based ferrimagnetic junction is accompanied by the tunnel
magnetoresistance effect, which occurs without an external magnetic
field. Corresponding curves of the laser-induced resistance changes
under femtosecond circularly polarized laser pulses are presented in
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Fig. 3. The laser-induced conductivity dynamics of ferrimagnetic Tb,,Co.Fe,T/
Pr0,,/TTb,,Co.Fe,; (I, III) and CogFeyT/Prs0,,/{CosFes, (II, IV) junctions
irradiated by the circularly polarized femtosecond laser pulses from the side of
the layer Tb,,CosFe,s (I, IT) and CogyFe,, (II, III), respectively, at T=300 K (I, 1)
and T=80 K (IIL, IV).
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Fig. 3. The laser-induced change of conductivity of the ferrimagnetic
tunnel junctions are caused by changes of density of states of spin-
polarized electrons near Fermi level caused by the transition between
parallel and antiparallel magnetization configuration of the junctions.
Generally, for the TbCoFe-based tunnel junction, the remagnetization
occurs via the laser-induced effective total internal bias field, H,=
=Hp+H,+Hpp.

For the CoFe-based tunnel magnetic junction with in-plane magnetic
anisotropy, the bias field H, = H,;, + H . The value of the TMR effect
(presented in Fig. 3) depends on the tunnel conductivity of the PrO-
based tunnel barrier, which is considerable because of the observable
overlap between wave states of electrons outside and inside of the wide-
gap semiconducting tunnel barrier.
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