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MarHntHast 3anuchb: NSIOTHOCTb, CKOPOCTD,
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Heat (by laser) Assisted Magnetic Recording
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MarHntHas 3anuchb: NNIOTHOCTb, CKOPOCTh,
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Heat (by laser) Assisted Magnetic Recording
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Kak MOXHO nepeknrYnTb HAMarHU4eHHOCTb?
' I

HaHocekyHAbI

HA  Mx[MxH]

_

Q=yH

M
[MxH]

YpaBHeHue JlaHpay-

Hinghu:mna
Bo3bmeM nasep Ha CBOOOAHbIX

Heckonbko Tecna; 2.3
nc

F_ _,:,? @ Stanford
“No matter how short and strong
the magnetic-field pulse,
magnetic recording cannot be made ever faster”
[l. Tudosa et al., Nature
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B3anmogencreme cBeta ¢ MarHUTHOU cpenou
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Kak MmoXHO NMNOMEepPUTb OYeHb 6bICprle N3IMEeHeHUsA
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Magneto-optical spectroscopy setup

with femtosecond temporal resolution @ FerroLab

Femtosecond amplifier
- Il Light Conversion

| Pharos SP
1028 nm; 1 mJ; 170 fs

Femtosecond OPA
Light Conversion
Orpheus
620 nm - 2600 nm
130-200 fs

+ temperature 4 K—400 K
+ magnetic fieldsupto 2T
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CBepxbbIiCcTpbIN 00paTHbLIN 3dhhekT Dapapen

T T T demMTOoCEKYHAHBIN UMNYILC
= 0.2l riasepHoO-NHAYLIMPOBaHHOTO
S «MarHMTHOro» Nonsi
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Time delay (ps) CBepXxObICTPbIN
[A. V. Kimel et al., Nature (2005)] O6paTH bl
adpdekT Papages

I'Ipeu,eccmsl HaMarHM4eHHOCTK, 3anyckaemasa nasepHbIM UMNYyNbCOM!
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CBepxObICTPbIN ONTOMarHNTHbIEe 3chdeKkThl
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CBepxbbicTpbin 00paTHbIN 3chhekT KoToHa-MyTOHa
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[A. M. Kalashnikova et al., PRL (2007), PRB (2008)]

YnpaBneHue npeueccruen HamarHM4eHHOCTH
NMHENHO-NONSAPN30BaHHbLIMW NasepHbIMU UMMNyNbcaMu!
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Bo3byxaeHue npeueccumn 6e3 NnornoweHnn?
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[D. Bossini et al., PRB (2014)]



MunKpOCKONMUYECKMN MEXaHU3M OOpaTHbLIU

MarHMToonTn4yeckux acpdgeKkron

CTumynupoBaHHoe Ecnv nasepHbi UMnyribC
paMmaHoOBCKoe Kopoy4e

paccesiHne Ha MarHoHax nep ‘"
excited Spin-Orbit splitting At <<

gl )
Y

h(w-Qo)
ground hQ

Aw >> Q)

0
w—QO W
iMnynbCcHOBE CTUMYNMPOBaAHHOE paMaHOCBKOE paccesAHMe Ha MarHoHax

[A. M. Kalashnikova et al., PRL (2007), PRB (2008);
V. N. Gridnev, PRB (2008)] 20



CBepxObICTPbIK ONTOMarHeTn3m — 1

CBepxObICTpble 0b6paTHbIE MAarHNTOONTUYECKNE

9PPEKTHI:

v/Bo30yXxaeHune npeueccum HamarHU4EHHOCTH
v/ YnpasneHue HavarnbHon doa3oun npeueccum
v/ bes nornoweHuns

HKaKk nx ycunmtb?

[HKak nx nokanmsoBaTb?

OK, HO npeueccuun He
AOCTaTO4HO.... 2



CBepxObICTPbIN MAarHeTUM B MeTannax
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OcHoBaHO Ha norrnoLweHnn ceeTa
N BbICTPOM HarpeBe 3MEeKTPOHOB

CBepx0ObicTpoe
pasmMarHmimnsaHune

[E. Beaurepaire et al., PRL (1996)...
Review:
A. Kirilyuk et al., RMP (2010)]
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OnTtuyeckoe nepeknrw4yeHne HaMarHU4eHHOCTM!:

nepeasd oemMoHCTpauusd

Polarized light Ferrimagnetic metallic alloy GdFeCo
source Quarter wave

plate

FeCo
SiN
GdFeCo
SiN

AlTi

glas

Microscope CCD
objective camera

Ti:Sapphire
1 KHz
40 fs and 800 nm

Sample Analyzer

[lepekntovyeHne oaNHOYHbIM
doc-MMnNynbCOOM!

[D. Stanciu et al., PRL (2067)]



OnTtun4yeckoe nepeknrwy4yeHne HaMarHU4eHHOCTU
OANHOYHBLIMUN UMNYITbCaMU

Initial State after N pulses
state

N=1 N=2 N=3 N=4 N=5
a c
" . . . . . .
b d

40 fs %
Kak ObICTPO 9TO nponcxoguT?

[T. Ostler et al., Nature Comm.
(2012)] 24




OpgHoumnynbcHaa peMmTocekyHaHasa cpotorpachus

probe spot Analyzer

@ 300 pm

pump spot

. | Objective

CCD
camera

Magneto-optical images with subpicosecond res

olution
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IMHaMUKa ONTU4YeCKOro nepeknrn4yeHuns

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

0w s : $4%.s 5%

The write-read time is below 100 p

\ 7

1.0

- [lepekntovyeHmne
. yepes

0 ’L‘f 100 200 300 400
1. Delay time (ps)

[K. Vahaplar et al., PRL (2009); PRB 26
(2012)]



CBepxObicTpasa AuHaMMKa CNMHOB

B cdheppumMmarHetTuke GdFeCo

OnTuyeckoe BO3byxaeHne
PeHTreHoBCKOE 100

............... ~ ’6‘
JUHHEVUBC‘HIID/IUCMP é
(1.55 eV) ( 0O 50
------------- e &)
=
| X
g
£
f
T4 proOBE O
pd
V)~ -100 [lepexogHoe
L Al cheppomarHuTo-
1 T v T T T v
3 o 0 nogobHoe cocTtosHue!
Pump—-probe delay (ps) ‘

PasHas anHammuka cBepx0ObICTPOro 11, Radu et o, Nature
pa3mMarHn4nBaHus B {2011)]
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NMOHNUMAHUNIO CBEPXObICTPOIro onTnN4YeCKoro

nepeknovYeHus

[locTaTo4yHO ObLICTPOro HarpeBa
a 9MEeKTPOHHOW CUCTEMDI

Bt

| deppumMarHMTHas CBA3b+
Pa3Has auHamuka

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

J. Mentink et al., PRL (2012)] "



Yto panblue?
NMOUCK Pa3fINYHbIX CTPYKTYP ANA nepeKknovyeHus

[S. Mangin et al., Nature Mater.
(2014)] 29



YTo panbLue?
MWKPOHHbIE MacLUTaObI

CnnowHasa
neHdkKa

S I
*®

[T. Ostler et al., Nature Comm.

(2012)]
OK, HO Bce elle oYeHb bonbLiue 30
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In-plane



Yto panbue?

nepeKnoyYeHue HaHopa3mMepHbIX obnacrteun

HOBerHOCTHbIﬁ nina3mMoH-

HaHoaHTeHHa Ha TbFeCo
NONAPUTOH

nrneHke

doKycrpoBKa U3ny4yeHus

3a npegenamuv andgpakuMoHHOro
npegenal

)

—

)

=

IM+

single shot next single shot

[Tian-Min Liu et al., NanolLetters (2016)]



Yto panblue?

obonaemcsa 6e3 frazepHOro uMnyrnbcea...

S

o

urrent Density (10* Alcmz)
-]

/\ Ecnv nasepHbIi UMMYNbC CRYKAUT TOMbKO
~ N «CBEpPXObICTPbIM HarpesaTenem» A
e 3IeKTPOHOB,
TO AaBanTe 3aMEHUM ero UMMYrbCOM TOKa?

/

Initial Pulse 1 Pulse 2 Pulse 3 Pulse 4

%
Optical
Pulses

Electrical §
Pulses

[Y. Yang et al., Science Adv. 3: e1603117 (2017)]

[meopus: A. M. Kalashnikova, V. I. Kozub, PRB 32
(2016)]



CBepxObICTPbLIN ONTOMAarHETU3M — 2

OnTnyeckoe nepekntoyYeHne HaMmarHM4eHHOCTY
B heppuMarHnTHbIX MeTannax RE-TM 1 poaCTBEHHbIX
CTPYKTYypax

npOVICXOD,l/IT Yyepes3 CUJIbHO-HEpPaBHOBECHOE pa3MarHnM4eHHoe
COCTOAHUNE

OcHoBaHO Ha cBepXDObICTPOM HarpeBe 1 pasHoM AMHaAMUKE
NOAPELLETOK

[Mo3BonseT 4OCTUYb BPEMEH 3anncu-cHmMTbiBaHns ~30 ps
MoxkeT bbITb peann3oBaHO B CUHTETUYECKMX (heppruMarHeTmkax?

MoxeT ObITb peanmM3oBaHO HA MUKPOHHOM N HAHOMETPOBOM
MaclLuTaoe?

33



CBepxObICTPbIN ONTOMAarHeTU3M: YTO Aanblue?

~aKJiioYeHne 3Haka obMeHHOoro nHterpana?

@‘mm > 44-948¢

Ferromagnets Antiferromagnets

Pa3Butne Teopun n YNCrieHHbIX MeTOA0B:
TepMogmMmHamMmmnuyeckmne noaxoabl He
paboTatoT!

[ToncK U KOHCTpynpoBaHue

MaTepuanos

CBepxbbICTpOE NEPEKIIIOYEHNE C MUHUMATTbHbLIM
nornoLeHnem

[lepekntoveHne He TOMbKO NnasepHbIM umMmnynscom (T u,
NKY
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Spin reorientation phase transition in REFeO,

Spin reorientation (SR) phase transition

F(T)=K,+ K, >+ K, (D) /[
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Laser-induced spin-reorientation phase transition
[\E
% o

tf—0 —

[A. V. Kimel et al., Nature
(2004)]

Controlling the phase transition
by a single laser pulse alone?

How to lift the degeneracy?

38



Laser-induced magnetization dynamics in (Sm,Pr)FeO

15 At (pS)

T=90 K

"My (4)

-.. | A‘ }
.

<
2 | .

[J. A. de Jong et al., PRL

Ultrafast laser-induced SR trarf¢R4éH
controlled by a laser pulse polarization alone!
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Mechanism of the laser-induced SR transition

Excitation of

Optical excitation ::> . Repopulation
4 nonequilibrium "[":> of 4f sublevels of Re®**

3+
of the Fe”" electrons phonons

I' 100 fs ~5.10 ps

Change
of the magnetic
anisotropy

€-————————=>

How and where the information
about the laser pulse polarization is stored?

24
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Control of the laser-induced SR transition

Ultrafast inverse Faraday effect

Impulsive excitation of the low amplitude
magnetization precession (<10°)

Phase of the precession is helicity-dependent

Degeneracy between two states
is lifted dynamically

41



Control of the SR transition: temperature and fluence

Pulse fluence

In|t|a temperature

1 3

SIBw tran5|t|or5 0 Fast transﬁlon
[J. A. de Jong et al., PRL (2012);

J. A. de Jong, PhD thesis] 42

Depends on
laser fluence
and

initial sample
temperature




CBepxObICTPbLIN ONTOMAarHETU3M — 2

YnpaBneHune cBepxObICTPbIM NasepHO-MHAYLIMPOBAHHBIM Nepexos
B AN3NeKTpuKe REFeO,

Bo3moxxHo brarogaps
* MImnynbCcHoMY BO30YXOeHuo npeuecumn
HaMarHN4eHHOCTH
* [lMKOCEeKYHOHOMY HarpeBy peLleTKu

daszoBagd gnarpamma Takoro nepexoaga
onpenenserTcs
e [longapusaunen nasepHoOro nMmnyrnbca
e /IHTEHCMBHOCTbLIO NasepHOro uMnysbca
e HadanbHOW TeMnepartypon obpasua

OK, HO rae xxe cBepxbbicTpas onTOMarHUTHas
3anuchb?

43
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Mechanism of the laser-induced SR transition

Excitation of

Optical excitation :> I Repopulation
4 nonequilibrium I][":> of 4f sublevels of Re3*

3+
of the Fe*" electrons phonons

r 100 fs ~5-10 ps r24

Change
of the magnetic
anisotropy

€« -———————=>

How and where the information
about the laser pulse polarization is stored?
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Controlling spin dynamics by laser pulses

All-optical reversal of magnetization
in ferrimagnetic RE-TM metallic alloys

Controlling spin-reorientation phase transition
in a dielectric REFeO,

Controlling coherent and incoherent spin dynamics
by steering the photo-induced energy flow

46



Spin reorientation phase transition in REFeO,

RE

Fe

¢

Spin reorientation (SR) phase transition

Fel

C

Fe3

M

e2

F(T)=K,+K,(D)f}+K,(D)f}

r

24

F

ac

G

ac

r
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Laser-induced spin-reorientation phase transition

L

Vav,

+fc<—0 —»-fc

[A. V. Kimel et al., Nature (2004)]

How to lift the degeneracy?

Controlling the phase transition
by a single laser pulse alone?




Sample: rare-earth orthoferrite (Smo_SPro_S)FeO3

T=70 K T=180 K
&0 20 0 20
3 ~F *]
‘5 10t (o 5 10t
2 -10} Z -10}
o] o]
8 X X ) 8 _20 - n X
£ 207200 0 500 = 500 0 500
Magnetic field, G Magnetic field, G
20F — T, T, - - -
O
I-24

[H—
W
1

1

OPhase transition at
98-130 K

0 Large Faraday rotation

W
T
1

Faraday rotation, deg
=
N

~20°/ 90 uM

50 100 150 200
Temperature, K
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Laser-induced magnetization dynamics in (Sm,Pr)FeO,

I 15 At (pS)

-.... r24 ('l')

<
2 | .M

. .1

. . [de Jong et al., PRL (2012)]
T=90 K Ultrafast laser-induced SR transition

controlled by a laser pulse polarization alone!
50



Mechanism of the laser-induced SR transition

Excitation of

Optical excitation :> I Repopulation
4 nonequilibrium I][":> of 4f sublevels of Re3*

3+
of the Fe*" electrons phonons

r 100 fs ~5-10 ps r24

Change
of the magnetic
anisotropy

€« -———————=>

How and where the information
about the laser pulse polarization is stored?
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Control of the laser-induced SR transition

F >.< <]

Ultrafast inverse Faraday effect

Impulsive excitation of the low amplitude
magnetization precession (<10°)

Phase of the precession is helicity-dependent

Degeneracy between two states
is lifted dynamically

52




Control of the SR transition:

temperature and fluence

Pulse fluence

Depends on
laser fluence
and

initial sample
temperature

v

1

SIBw transitio?

1 2 2 3

0 Fast transition
[de Jong et al., PRL (2012)]
53
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Controlling spin dynamics by laser pulses

Controlling spin-reorientation phase transition
in a dielectric REFeO,

Is realized by combining
* impulsive excitation of low-amplitude
coherent spin precession
e picosecond lattice heating

The phase diagram is dependent on
e |aser polarization
e |aser fluence
e and initial sample temperature

54



Controlling spin dynamics by laser pulses

All-optical reversal of magnetization
in ferrimagnetic RE-TM metallic alloys

Controlling spin-reorientation phase transition
in a dielectric REFeO,

Controlling coherent and incoherent spin dynamics
by steering the photo-induced energy flow

55



On the validity of the Raman mechanism
of the coherent magnon generation

Op
300}

2001
100l

3T, Electronic
A

[~ -~ relaxation
T
Scattered
Incident pump
e

pump
—

(Ground State)

=

o

Optical absorption(cm’")
=

1.2 1.4 1.6
Photon energy (eV)

<

lOOOl-.,.....

Hq M Fer Fe3+
1 L L 1 1
06 0.8 1.0 12 14 1.6 18 20 22
Photon energy E, eV

Can the optical excitation of spin system be selective?
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Transparent antiferromangnet KNIF,

[0101?
KNiF3 |
Pump
3.0eV
-
) 2 eV
£ L N )l
! 1.9eV i |
|
K = 150}+ 1.5eV SN
I
§ 9 Tl |
Z 100F )29 . | '.EI l
g | Tag 2 |
: = | ||
Ni g S0 ||
Wi
0 | |
< 0 | | W 1 1 —t 1
0 1 2 3 4 5
Energy (eV)

Approach: tuning the pump wavelength
between transparency windows

and absorption bands

[D. Bossini et al., submitted] 57



Excitation of spin system: regime of finite absorption

Ae™"" sin(2nw)

z | @

£, PumplseV B
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g 1t

£ —t/T

§ ol e B(l—e ") Y.
e

o

S, T=10K

5 f. 1 1 ! 1

2 20 0 20 40 60 80

o Time delay (ps)

We observe two contributions:
from coherent and incoherent magnons

b
42
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Mechanism of excitation of coherent
and incoherent spin dynamics

T, o Electronic
A [~ - relaxation
T
Scattered
Incident pump
pump
— 7 | ¥
it o
3 v-l
Ayg
(Ground State) [D. Bossini et al., submitted]

Absorption leads to the excitation of noncoherent magnons
mediated by excitation of phonons: excitation is nonselective



Excitation of spin system: regime of zero-absorption
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Mechanism of excitation of coherent and incoherent
ectric

spin dynamics in a transparent die
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Controlling spin dynamics by laser pulses

Controlling coherent and incoherent spin dynamics
by steering the photo-induced energy flow

ISRS is confirmed to be the mechanism
of coherent magnon generation

We demonstrated two pathways
to excite noncoherent magnons

In a transparent dielectric the ISRS allows
selective excitation of spin system

We formulated the criterion
for the selective excitation regime
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Pa3zButne Hay4HbIX NpeacTtaBfieHUA O MarHeTusme

585 r. A0 H.3. [loOKyMeHTaribHOe ynoMuHaHue O MarHeTuTte Fe,O,.

IV -1B.00 H.3. MonbITKN O0OBACHEHMA MarHeTu3ma Ha OCHoOBe
aToMmucTn4yeckon mogenu. [lemokput, Inukyp,

INykpeuun.
1600r. [wnb6epT “De Magnete”. 3eMNnA KaKk rMraHTCKUM MarHwur.

1820r. [laycc. Bebep. Cuctema CI'C. EAaMHMUua mMarHMTHOM
MHAYKLUUN.

1820r. 9Opcten. BospgenctBue TOKa Ha MarHUTHYK CTPErIKy.

1820r. AmMnep. BHyTpeHHUE TOKU KaK NMpuUYMHa
deppomarHeTusma.

1845r. dPapagewn. BnepBble npon3Hec crioBa «MarHUTHoe
none».

1873r. YpaBHeHusa MakcBenna (eaMHuua MarHUTHOroO MOTOKA).
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HobGeneBckune npemun B o651actn marHeTusma

. 1902
. 1920
. 1922
. 1932
° 1943
. 1944
. 1952
° 1955
. 1966
. 1970
° 1985
. 1994
. 1998
° 2003
® 2007

H. A. Lorenz, P. Zeeman - ekt 3eemaHa.

C. E. Guillaume - OTKpbiTUe unHBapa (Fe64Ni36) U1 anuHBapa.

N. Bohr - B knaccuyeckon chunsnke marHetusama Het

W. Heisenberg - OGMeH Kak CnuH-3aBMCMMOE B3aumopencrtBue.
0. Stern — OTKPbITUE MarHUTHOro MOMEHTa MPOTOHaA.

I.I. Rabi - MarHUTHble CBOMCTBa aTOMHbIX siaep.

F. Bloch, E. M. Purcell - OTKpbITUE A4EepPHOro MarHUTHOro pe3oHaHca.

P. Kusch - MarHUTHbIN MOMEHT 3JIeKTPOHa.

A. Kastler - HamarHnynBaHne aToMoOB CBETOM.

H. Alfven, L. Néel - MarHnTHaa rmgpoavHamuka. ®eppuThbl.
K. von Klitzing - KBaHTOBBbIN 3chchekT Xonna.

B. Brockhouse, C. E. Shull - MarHuTHaa HeuUTpoHorpadwums.

R. B. Laughlin, D. Tsui, H. Stormer. [JpOoOHbIN KBaHTOBbIN 3chdekT Xonna.

P. Lauterbur, P. Mansfield - MarHuTo-pe3oHaHcHas Tomorpadus.

P. Griinberg, A. Fert — TMraHTCKoe MarHUTOCONPOTUBIIEHUE.
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MarHetuam B Poccum

e 3.X. JleHu- PekTop CIO6I'Y. 3akoH JleHUua o0 HanpaBneHn U cune HaBeAeHHOoro Toka (1833).

A.T. CtonetoB (1839-1896) - KpmBas MarHUTHOU NMPOHMLLAEMOCTU U BOCNPUMMYUBOCTHU
Xene3a (KkpuBasa CtonetoBa). OcHoBan (1874) cdom3nyeckyro nadoparopuro B MIY.

 E.K.3aBouckumn (KasaHb, 1944 ) — OTKpbITUE INEKTPOHHOro napamarHUTHOro pe3oHaHca.

 J1. 4. Nanpay, E. M. Jlucdbwunu, J1. IN. NutaeBckun, A. ®. AHgpees, U. E. [3aN0WLINHCKUIN
(UDI)- Teopma MarHUTHbIX AOMEHOB. YpaBHeHUe MarHUTHON ANHAMUKMU.
MarHMToanekTpu4ecTBo, U Ap.

 [.J1. Kanuua, A. C. BopoBuk-PomaHoB (U®PI1) - CunbHble MarHUTHbIE NONA.
NMbe3omarHeTusm. [InHamMuka aHTUdeppomMmarHeTukosB, u ap.

« A.[. Caxapos, A. . NMNaenoeckuu (CapoB) — CBepxcusibHble B3pbiBHbI€ NONA ~ 20 MJIH.
Jpcren.

e C.B.BoHcoBckuu, 0. A. U3omos, E. A. Typos (Ypan) - Teopusa s-d obmeHa n ap.

e [I.A.CwmoneHckuu (PTU) - HoBble MarHUTHbIe MaTepuarnbl, Npo3payvHbie ¢eppuUTbl, U Ap.

e H.C. Akynos, E.U. Konoopckun, K.I. benos., u ap. - MarHetnam B MI'Y.
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