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[Mpobnema ckopocTu ynpaBaeHUs HAMArHNYEHHOCTbHO




MarHuToynopsaaoyeHHble cpeabl
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Kak 6bICTPO MOXXHO NepeKkAloYNTb HAMarHMYeHHOCTb?

YpasHeHue flaHaay-/indwmnua
H4  Mx[MxH]

< \

[MxH]

[L. Landau, E. Lifshitz,
Phys. Z. Sowietunion 1935)]

fewT; 2.3 ps

“No matter how short and strong

the magnetic-field pulse,
magnetic recording cannot be made ever faster”

[l. Tudosa et al., Nature (2004);
C. H. Back et al., Science (1999)]
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XapaKTepHoe Bpemsa - HAHOCEKYHAbl
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[Th. Gerrits et al., Nature (2002)]
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XapaKTepHble BpemeHa B marHetusme

B3zaumogpgeicreue BHewHee Bo3aelicTBue
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CnuH-peweToyHoOe

100 ps
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CBepx6bICTPbIM MarHeTU3m
‘terra incognita”
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B3aumopeucrsme cBeta C MarHUTOynopaa04YeHHOU cpeaon

O, =&, EE +a,EEM, + B, EE MM, +..
N30TpOnHbIN maTepuran TeH30p AN3/IEKTPUYECKOM
HaMarHMYeHHbIN BAOb Z MPOHMNLAEMOCTH:

~ oD
E = — - =
oEoE
M ( 80 B axszZ \
* axszZ 6'0
Ein \ &)
CobcTBEHHDbIE E_F
Fo+ nonapusaLmm: o + ]
MarHuTHOe Kpyrosoe ABynpenomMmaeHue:
dddeKkT Papanen -
[M. Faraday, 1845] Ana* —0~ axyZMZ
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B3aumopeucrsme cBeta C MarHUTOynopaa04YeHHOU cpeaon

O =&,EE +a,EEM +f,,EEMM,+..

ik
Eout !

Marnutoontmnyeckue adpdektbl Keppa
M

dddeKT Papaaes

]
Ein Ein Eout
QF - axszz .
: P
‘-: QK - axszz

dddekT doxTa (KoToHa-MyToHa) | 0" ~a. M
Zyx

Eout 1 2
M / o~ (IByyxx B IBxxxx)Mx
Am— / 0

{ MPOKO NPUMEHAKOTCA ONA

3OHAM POBaHUNA MAalrHNTHOIo COCTOAHUA

X

— YnpaBneHusa nonspusaumen ceeta

Ein



B3aumopeucrsme cBeta C MarHUTOynopaa04YeHHOU cpeaon

D, = gl.jEl.Ej + aijkEiEij + ,BijklEl.EijM, +...
AddeKT Papanes ObpaTHbIN 3dpPeKT Papases
' NHayumpoBaHHaA

Eout
M HAaMAalrHNM4YeHHOCTb

P

M

P

Ein EC* ﬂ
[Pitaevskii, Sov. Phys. JETP 12, 1008 (1961)
[M. Faraday, 1845] van der Ziel PRL. 15, 190 (1965)]
*
Ana+ —o~ axyZMz M z - axyz E X E

OTKAMK MarHUMToynopaaovYeHHou cpeabl
Ha PeMTOCEeKYHAHbIU Na3epHbIA MMMY/IbC? 8



Kak aeTtekTnpoBaTb 1a3epHO-UHAYLUPOBAHHYIO

ANHAMUKRY HamMmarHM4YeHHOCTU?

Femtosecond
laser

Pump Probe
pulse pulse

L £ 4w, B

| >

0 Bpemsa 3agepxku
J1a3zepHoO-nHAYLUPOBAHHAA 4MHAMMKA 0. (¢
~a M _(t
noafpmsaL My MMnybca 30HAMPOBAHUSA F( ) xyz Z( )




MarHutToonTuyeckasa cCnekKTpocKonua ¢ $emMToCeKyHAHbIM

BpeMeHHbIM pa3peweHuem @ FerrolLab

Femtosecond amplifier
— llﬁ Light Conversion

| Pharos SP
1028 nm; 1 mJ; 170 fs

........

Femtosecond OPA
Light Conversion
Orpheus

130-200 fs
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ANHaMUKa HaMarHU4YeHHOCTHU, MHAYUMNPOBaHHAA

UPKYIAPHO-NONAPU3O0OBAHHbIMUA UMITY/IbCaMU

Cnabbin peppomarHetmk DyFeO, VIMMybC NIa3epHO-

MHAYLWUPOBAHHOIO
3bPeKkTMBHOrO
MarHWUTHOrO NoJA

o
N

H, ~ia(EE, -EE)

©
—_—

xXyz

CBepxbbICTpbIM
obpaTHbI 3 PekT Papasesn

o
o

Faraday rotation (deQ)

L 1 N | N | . - = =
0 15 30 45 60|
Time delay (ps) Bo3byxaeHune npeweccmmn
HaMarHMYeHHOCTM

M ynpaBJieHMe HavyabHOW dpa3ou

[A. V. Kimel et al., Nature 435, 655 (2005)]

Tonbko uupKynspHasa nonapusauma?

Posb norsnouweHus? H



MarHuToontTmka n onTomarHeTusm
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ANHaMUKa HaMarHU4YeHHOCTHU, MHAYUMNPOBaHHAA

IMHEUHO-NONAPU30BAHHbIMU nmnyabCamu

Cnabbin peppomarHetmk FeBO,

30

H=1.75 kG

,=16 mJiem’”

=
T

Rotation ¢ (mdegL

@ |

Delay At (ps)
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0 (deq)
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Pump intensity
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mnynbc nasepHo-
MHAYLWPOBAHHOIO
3bPeKkTMBHOrO
MarHMTHOro Nons

H ~p. EEL,

[A. M. Kalashnikova et al.,

CBepx6bICTpbIV
obpaTHbIN 3dPekT
KoToHa-MyToHa

YnpaBaeHue HayabHOW (pa3om npeL.eccum
PRL 99, 167205(2007), PRB 78, 104301 (2008)}1eMHO-NONSPU30BaHHbLIM UMMY1bCOM



MexaHnsm cBepXx6bbICTPbIX ONTOMArHUTHbIX ABAEHUMN

CTumynnposaHHoOe pamaHOBCKoOe J1azepHbIN MmNy abC
pacceaHne Ha MarHoHax KOpoye nepunoga npeueccuun
excited Spin-Orbit splitting At <<T
# #
hw h(w-Q,)
q q
h(w-Q,) h(w-Q,)
Aw >>Q),
ground p hQ,
w-Q, W

MmnynbcHoe cTumynmpoBaHHoe paccedaHue (ISRS) Ha marHoHax

[A. M. Kalashnikova et al., PRL (2007), PRB (2008);
V. N. Gridnev, PRB (2008)]
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Ponb nornoweHuna?
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CBepxbbicTpoe onTomarHuTHoe Bo36byKaeHue

B NPO3PA4YHOM MaTepuane
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N3bunpatenbHoe BO3OYKAEHME

MarHUMTHOM CUCTEeMbl
[D. Bossini et al., PRB 89, 060405(R) (2014)] 16
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CBepx6bbICTPbIK ONTOMArHEeTU3M:

Bo36yKaeHne KorepeHTHOW CMMHOBOM NpPEeLLeccmu
NMHEeNHbIMK (06paTHbIN 3dPeKkT KoToHa-MyToHa)
N UMPKyNapHbiMK (06paTHbIM addekT Papaaes)
bEMTOCEKYHAHbIMW Na3epHbIMU UMMYIbCAaMU

YnpasneHue Ha4anbHOW pa3on npeueccnm
3a cYeT U3MeHeHMA NONAPM3aLLUM NA3EPHOro MMNY/bCa

MMKpPOCKONNYECKMIN MEXAHU3M:
MMMNYbCHOE CTUMY/IMPOBAHHOE PaMaHOBCKOe paccesiHme
Ha MarHoHax

He TpebyeT onTnyeckoro nornoweHuns:
n3bupatenbHoe BO3OYyXAEHME CMTMHOBOW CUCTEMBI
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CnuH-opueHTaunoHHbIN ¢pa3oBbin nepexos B REFeO;

Fe

CnuH-opMeHTauMoHHbIN da3oBbi nepexos, (SR)

F(T)=Ky+K,(T)f2+K,(T) [,

I-24 G

ac

F

ac




JlazepHO-UHAYLUMPOBaHHAA NepeopueHTauma
HaMarHUYeHHOCTH

J1a3epHbIN MMNynbe
F >‘<
tf,«—0 — -,

(RS

-|-fc<—0 —»-fc

[A. V. Kimel et al., Nature 429, 850 (2004)]
KaK cHATb BblpoXKaeHue?

Ynpasasembii 1a3epHO-UHAYLMPOBaHHbIN ¢pa30BbIM nepexoa?
19



OaHOMMNY/IbCHAaA MarHUTOONTUYECKAA MUKPOCKONUSA

¢ pemMTOCEeKyHAHbIM pa3pelueHnem

probe spot Analyzer

@ 300 pm

pump spot CCD

Objective ~ Camera
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OAHOMMHVI’I bCHAA MalrHUTOONTUYECKaA MUKPOCKONnA

¢ eMTOCEeKyYHAHbIM pa3peLieHuem

Ti:Sapphire OPA

1 KHz A=632n Delay line
40-100 fs
A=800 n

Shutter

Obijective
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OpueHTaunoHHbIK pa3oBbin nepexopn B (Sm,Pr)FeO,,

m-lp,yl.l,upoeal-u-lblﬁ op,m-loql-lblm MMNY/IbCOM
At (pS)
15
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[J. A. de Jong et al., PRL (2012)]

190K CBepx6bICTpLI OpUeHTaLIMOHHBIN $a30BbIN Nepexos

ynpaB/sieMblV NOJIIpMU3aLMen OAMHOYHOIO MMMYJ/IbCa! .



MexaHu3m na3epHO-UHAYLMPOBAHHOTO

opueHTauMoHHoro nepexoaa B REFeO;

OnTunueckoe Bo3byaeHue Mepe3saceneHue Re3*
BO36yxaeHue ::> b OHOHHOI |]|]|:> 4f nopypoBHeii
Fe3* 3d aneKkTpoHoOB CUCTEMBI

r, ~5-10 ps M2

N3meHeHune
MarHUTHOM
aHU30TpONUU

«——————————»

Kak coxpaHsaeTca MHbopmaLma o NonapmsaLmMm NasepHoro MMnyabea?
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YnpaBneHue Na3epHO-UHAYLUPOBAHHbLIM

oM

CBepxbbicTpbivi 06paTHbIN 3¢ PeKT Papagen

MmnynbcHoOe BO3bOyXAaeHMe npuueccnm
HaMarHMYeHHOCTU C Maaon amnanTyaon (<10°)

HauyanbHaa ¢asa npeueccuun onpeaenaercs
nonspusaumen MMnNy/bca

' BblpO)Kﬂ,EHVle mexay ABymAa COCTOAHUAMMU
-I-f — 0 — -f

AtV ¢ ¢ CHMUMaeTCA AUNHaAMNYECKH
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YnpaBneHue nasepHO-UHAYLUPOBAHHbIM

oOpUueHTauMoOHHbIM Nepexoaom

Pulse fluence

Initial temperature
3aBucuT oT

SHEpPrmMn B

MMI'nyI bcCe

Haya/IbHOM
TeN\nepaTypbl

Me,u,neHHbm nepexoa BbICprIM nepexog "’

f,+—0 —r f [J. A. de Jong et al., PRL 108, 157601 (2012);

25

PRB 84, 104421 (2011)]



J1azepHO-UHAYLUPOBAHHDbIW

cBepxbbicTpbIN OpMEeHTaLMOHHbIU Pa30BbIN Nepexops,

YnpasneHune cBepxbbICTPbIM S1a3€PHO-UHAYLIMPOBAHHbLIM NepPexoom
B AnaneKkTpuke REFeO,

Bo3moxHo 6naropaps

*MIMNynbCHOMY BO30OYKAEHUIO NpeLecmu
HaMarHMYyeHHOCTH

*[TMKOCEKYHAHOMY HarpeBy PeLLeTKM

da3oBas gnarpamma Takoro nepexoa onpeaensercs
e[lonspusaumnen na3epHoro MMMNybca

* IHTEHCUBHOCTbIO 1a3€PHOr0 MMMY/1bCa

eHayanbHOW TemnepaTypon obpasua
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CBepx6bicTpasn na3epHO-MHAYLUPOBAHHAA AMHAMMKA

HaMarHU4eHHOCTU B ANINEKTPUKaAX

CBer6bICprIe ONTOMarHUTHblIE ABJIEHUA!

'BO36V)-K,£I,€HVI€ nynpasaeHne HaMarHU4eHHOCTbHO
°M36MpaTeanoe BO36Y)K,£I,€HM€ CMUHOBOMN CUCTEMDI
*OCHOBAaHbI Ha Nnpoueccax Tnna PpaMaHOBCKOTIO paCCeAHNA

MornouwieHne sHeprum GpemMToCeKyHAHOro MMNyJ/bea:
*HaMarHMYeHHOCTU 3a cYeT Harpesa

*M3MEeHeHne MarHUTHOM aHU30TPONUM
*Nla3epHO-UHAYLMpPOBaHHbIe ¢pa3oBble nepexoabl

YnpasneHue cBepxobicTpbiMu $a30BbIMU NeEPEXOJaMM

[A. Kirilyuk et al., Rev. Mod. Phys. 82, 2731 (2010);
A. M. KanawHuKkosa u 0p., YOH 185 (okmabpes 2015)]
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Changing the magnetization value at the femtoscale

-
o

Ultrafast demagnetization in a Ni film

e o o
~ oo ©

Normalized remanence
=
| |

o
(8]
T
|

0 5 0 15
At (ps)

[E. Beaurepaire et al., PRL (1996)...

Review:
A. Kirilyuk et al., RMP (2010)]

Dominant role in metals is played
by the absorption of light
and rapid heating of electrons

Proposed mechanisms:

*Phonon-mediated spin-flip scattering
[B. Koopmans et al., Nature Mater. (2009);
K. Carva et al., PRB (2012)]

*Superrdiffusion

[M. Battiato et al., PRL (2009);
M. Savoini et al., PRB (2014);

N. Moisan et al., Sci. Rep. (2013)]

*Excitation of spin waves [B. Koopmans et al., PRL (2002)......]

*Magnetization reversal

28




All-optical magnetization reversal:

first demonstration

polarized light Ferrimagnetic metallic alloy GdFeCo
¥ source Quarter wave
plate FeCo
Ti:Sapphire Microscope CCD SiN
1 KHz objective camera
40 fs and 800 nm GdFeCo

_ SiN

Sample Analyzer AlTi

Gd glass

All-optical magnetization reversal

by a single
circularly-polarized laser pulse

[D. Stanciu et al., PRL (2007)]



All-optical magnetization reversal by a single pulse

Initial state  State after N pulses

N=2 N=3 N=4 N=5

c

d

What is the time scale?

N=1
a
b

[T. Ostler et al., Nature Comm. (2012)]
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Dynamics of all-optical magnetization reversal

Before excitation 1 ps 25 ps 38 ps 58 ps 91 ps
| | | | | | >

Lok i i R ;T ik

| The write-read time is below 100 ps

1.0
Single shot time-resolved Magnetization reversal
magneto-optical imaging 0.5
. proceeds
= . . .
R = 0 via a demagnetized state
pump spot : Objective oo 0.5
MX ot 1.0

400
*T.. Delay time (ps)

[K. Vahaplar et al., PRL (2009); PRB (2012)] 31



Ultrafast dynamics in ferrimagnetic GdFeCo alloy

during first picoseconds

Optical pump —
X-ray probe 100
=
v E 50
=
3 ° ;
N H$ f el
E =50
PROBE EI
2p¢, ,,,,,,,, o (1188 oV) 100 Transient
7 . ferromagnetic state
” -1 0 1 2 3
Pump—probe delay (ps)

Distinct ultrafast sublattice dynamics
in @ metallic ferrimagnet [I. Radu et al., Nature (2011)]
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Mechanism of the all-optical magnetization reversal

in ferrimagnetic alloy

Ultrafast heating is a sufficient stimulus
for the magnetization reversal

L]

ol

Ferrimagnetic coupling+
Distinct dynamics of sublattices

[T. Ostler et al., Nature Comm. (2012);

J. Mentink et al., PRL (2012)]
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All-optical magnetization reversal

in various ferrimagnetic structures

RE/TM alloy *  RE/TM multilayers

RE/TM multilayers ¢« TM1/TM2 multilayers

L
e S

[S. Mangin et al., Nature Mater. (2014)]
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Ultrafast magnetization reversal:

at microscale and beyond

Continuous film

M®

structures

ERETS

[T. Ostler et al., Nature Comm. (2012)]
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CBepxbbicTpbI¥ oNnTOMarHeTusm — 3

OnTnyeckoe nepekitoyeHne HamarHmdyeHHocTn of magnetization
B deppumarimntHbix metannax RE-TM 1 poaCTBEHHbIX CTPYKTYpax

MponcxoanT Yyepes CMAbHO-HEPaBHOBECHOE pa3MarHMYeHHOe COCTOsIHUE
OCHOBaHO Ha CBEPXObICTPOM Harpese M pa3HOM AMHAMUKE NoapeLleToK
Mo3BosAET 4OCTUYL BPEMEH 3anncu-cumTbiBaHms ~30 ps

MoeT 6bITb peanM30BaHO B CUHTETUYECKUX PpeppumMarHeTmkax

MoeT 6bITb peann3oBaHO B MUKPOHHbIX M HQHOMETPOBbIX CTPYKTYpPaX
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