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Introduction

• Dynamic imaging of magnetization in modern microscopy

• Magnetic skyrmions:

• Properties

• Control

• Coherent control of skyrmions



Modern Electron Microscopy

Textured ground states rule the physics of novel materials

Reciprocal-space probes average over the illuminated area

Observing atoms

Nature 496 74 (2013)

Observing charges/orbitals

Tokunga et al., Nat. Mater. 5 (2006)

Observing spins 

Seki et al, Science 336 (2012)



Why time-resolved experiments?

Dynamical investigation of matter

Given a distribution of
Ions
Spins or 
Charges
Their dynamical evolution reveals
Their properties across phase-transitions

Blake R (1993) Cats perceive biological motion. Psychological Science 4, 54-57
http://www.psy.vanderbilt.edu/faculty/blake/BM/BioMot.html

dynamical imaging

http://www.psy.vanderbilt.edu/faculty/blake/BM/BioMot.html


Stroboscopic pump-probe concept
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fs Unrealistic camera-rates and sensitivity

Need for clocking (pump) and reversible 
processes

time

delay

pump or clock
probe

Pump is the hose ejecting 
a drop at periodic times
(reversible-like process)

Probe is the light flash

https://www.youtube.com/watch?v=YTj4Hi1HdJQ

The stroboscopic method



Lattice dynamics

Cremons et al, Nat. Comm.  7, 11230 (2016)
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FIG. 2 
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FIG. 1  

 

Charge dynamics

Sun et al., Phys. Rev. B 92 224303 (2015)



Spin dynamics

Berruto et al., Phys. Rev. Lett. 120 117201 (2018)



Roszler, Bodganov, Pfleiderer Nature 442 797 (2006)

�b iQTQHQ;B+�H MmK#2`b �M/ i?2B` mM/2`HvBM; +QMM2+iBQMb rBi? +`vbi�H bvKK2i`B2b- �M/
bF2i+? i?2 +QMi`QHH�#H2 MmK2`B+�H b+?2K2 7Q` p�`B�iBQM KBMBKBx�iBQM Q7 2M2`;v 7mM+iBQMX
AM i?2 H�bi b2+iBQM Q7 i?2 +?�Ti2`- A `2@/2`Bp2 i?2 bFv`KBQM }2H/ �7�` 7`QK i?2 +Q`2
Ur?B+? Bb `2bTQMbB#H2 7Q` HQr@2M2`;v bFv`KBQM@bFv`KBQM BMi2`�+iBQM p2`i2tV- �b Bi Bb mM@
7Q`imM�i2Hv Q7i2M b?QrM r`QM;Hv BM i?2 HBi2`�im`2X

kXR hQTQHQ;B+�H BMp�`B�Mib

aFv`KBQMb �`2 +?�`�+i2`Bx2/ #v � 72r iQTQHQ;B+�H BMp�`B�Mib- r?B+? �`2 BMi2;2` MmK#2`b
`2H�iBp2Hv `Q#mbi �;�BMbi KQ/2`�i2 T2`im`#�iBQMb mMH2bb � bT2+B}+ r�v 7Q` +QHH�TbBM; �
bFv`KBQM Bb +?Qb2M (dN)X h?2 irQ K�BM iQTQHQ;B+�H MmK#2`b �`2 i?2 iQTQHQ;B+�H +?�`;2-
r?B+? 2M+�TbmH�i2b ?Qr K�Mv iBK2b i?2 bTBMb rBM/b �`QmM/ � ?QKQiQTB+ bT?2`2- �M/
i?2 ?2HB+Biv- r?B+? Bb `2bTQMbB#H2 7Q` ?Qr 2t�+iHv /Q i?2 bTBMb irBbi 7`QK ǴbTBM /QrMǴ �i
i?2 p2`v +2Mi2` Q7 � bFv`KBQM iQr�`/b ǴbTBM mTǴ �i i?2 T2`BT?2`v- b22 BHHmbi`�iBQM QM i?2
#QiiQK Q7 6B;m`2 kXkX

6B;m`2 kXk, aFv`KBQM iQTQHQ;vX aFv`KBQM Bb iQTQHQ;B+�HHv 2[mBp�H2Mi iQ � Ǵ?2/;2?Q; bT?2`2ǴX
hQT H27i, � Ǵ?2/;2?Q;Ǵ bTBM +QM};m`�iBQM QM � j. bT?2`2X lTQM bi2`2Q;`�T?B+
T`QD2+iBQM P Bi ;Bp2b � MQM+?B`�H ULû2H@ivT2V bFv`KBQM U#QiiQK H27iVX h?2 ǴbQmi?
TQH2Ǵ Q7 i?2 ?2/;2?Q; bT?2`2 Bb T`QD2+i2/ BMiQ i?2 +2Mi2` Q7 � bFv`KBQM- �M/ i?2
bTBM TQBMib /QrMX h?2 ǴMQ`i? TQH2Ǵ Q7 i?2 ?2/;2?Q; bT?2`2 Bb T`QD2+i2/ QM i?2
T2`BT?2`v Q7 � bFv`KBQM- r?2`2 i?mb i?2 bTBMb TQBMi mTX hQT `B;?i, PM2 +�M 7m`i?2`
r`�T bTBMb �`QmM/ i?2 ?2/;2?Q; bT?2`2 rBi? � `Qi�iBQM R BM Q`/2`@T�`�K2i2` bT�+2-
�M/ i?2 iQTQHQ;B+�H +?�`;2 `2K�BMb BMp�`B�MiX "2BM; T`QD2+i2/ QM i?2 TH�M2-
i?2 r`�TT2/ +QM};m`�iBQM ;Bp2b � +?B`�H U"HQ+?@ivT2V bFv`KBQM U#QiiQK `B;?iVX
hQTQHQ;B+�H T`Qi2+iBQM, LQi2 i?�i Bi Bb BKTQbbB#H2 iQ +QMiBMmQmbHv iBHi bTBMb QM
i?2 ?2/;2?Q; bT?2`2 bQ i?�i i?2v �HH TQBMi BM i?2 b�K2 /B`2+iBQMX AM Qi?2` rQ`/b-
i?2 KQ/2H bFv`KBQM +�MMQi #2 +QMiBMmQmbHv i`�Mb7Q`K2/ BMiQ � iQTQHQ;B+�HHv@i`BpB�H
bi�i2 U2X;X 72``QK�;M2iB+VX AHHmbi`�iBQM i�F2M 7`QK _27X(RyN)X

RR

Néel skyrmion Bloch skyrmion

LQi2 i?�i 2p2M i?Qm;? r2 mb2/ � T�`iB+mH�` bvKK2i`v Q7 � bFv`KBQM r?2M r`Qi2
/QrM i?2 �Mb�ix UkX9V- BM i?2 `2�H HB72 � bFv`KBQM K�v Q` K�v MQi 7QHHQr i?Bb B/2�HBx�@
iBQMX AM 7�+i- BM KQbi Q7 i?2 +�b2b bFv`KBQM �`2 Q#b2`p2/ `�i?2` /27Q`K2/- Ĝ #2+�mb2 Q7
i?2B` /vM�KB+b Q` BKT2`72+iBQMb Q7 i?2 b�KTH2- Ĝ �M/ bQK2iBK2b 2p2M rBi? �M �K2#QB/
7Q`KX h?Bb- ?Qr2p2`- /Q2bMǶi K�ii2`- �b i?2v +�M #2 `�i?2` 2�bBHv /27Q`K2/ BMiQ Qi?2`
iQTQHQ;B+�HHv 2[m�H b?�T2b- Ĝ �i H2�bi r?BH2 i?2v biBHH TQbb2bb i?2 iQTQHQ;B+�H +?�`;2 �M/
+�M #2 i?mb /BbiBM;mBb?2/ 7`QK i?2 #�+F;`QmM/X JQ`2Qp2`- BM i?2 bFv`KBQM +`vbi�HHBM2-
i?2 bFv`KBQMb �`2 BM 7�+i b?�T2/ mT KQ`2 HBF2 ?2t�;QMb- �M/ QMHv i?2 p2`v +Q`2 K�BM@
i�BMb i?2 +vHBM/`B+�H bvKK2i`v Bib2H7X h?2 �tBbvKK2i`B+ KQ/2H Q7 � bFv`KBQM- T`2b2Mi2/
BM i?Bb bm#b2+iBQM- Bb � ?Qr2p2` p2`v BKTQ`i�Mi iQv KQ/2H �HHQrBM; #Qi? +H�bbB}+�iBQM
Q7 K�;M2iB+ bFv`KBQMb- Ĝ �b i?2v +�M #2 +QMiBMmQmbHv /BbiQ`i2/ rBi?Qmi +?�M;BM; i?2B`
iQTQHQ;B+�H +?�`;2- Ĝ �M/ /B`2+i +�H+mH�iBQMb Q7 i?2 bFv`KBQMB+ U7`22V 2M2`;v BM +�b2 r?2M
i?2 /BbiQ`iBQMb 7`QK i?2 +vHBM/`B+Biv Bb MQi BKTQ`i�MiX h?Bb rQ`Fb r2HH 7Q` bFv`KBQMb
BM i?2 72``QK�;M2iB+ U}2H/@TQH�`Bx2/V T?�b2 BM bm{+B2MiHv H�`;2 K�;M2iB+ }2H/b- �M/-
bm`T`BbBM;Hv- 7Q` HQM;@`�M;2@Q`/2`2/ bFv`KBQM �``�vb BM i?2 i?BM }HKbX PM2 ?Qr2p2`
b?QmH/MǶi KBbmb2 i?2 ;QQ/ KQ/2H QmibB/2 i?2 �`2� Q7 BiǶb p�HB/BivX

aFv`KBQM xQQHQ;v

AM i?2 KQbi +�b2b- bFv`KBQMb +�M #2 /BbiBM;mBb?2/ #v i?2B` iQTQHQ;B+�H +?�`;2X �b �
;2M2`�H `mH2- i?2 HQr2bi@2M2`;v }2H/ +QM};m`�iBQMb +Q``2bTQM/ iQ i?2 HQr2bi iQTQHQ;B+�H
+?�`;2- Q =±1- /2T2M/BM; QM i?2 2tTHB+Bi 7Q`K Q7 i?2 bTBM >�KBHiQMB�MX h?2 mM/2`HvBM;
+`vbi�HHQ;`�T?B+ bvKK2i`v /2i2`KBM2b i?2 ivT2 Q7 ?2HB+Biv γ BM i?2 bvbi2KX �KQM;
i?2 b2p2`�H ivT2b Q7 k. bFv`KBQM T�ii2`Mb i?2 irQ KQbi bB;MB}+�Mi �`2 i?2 L22H@ivT2
bFv`KBQM �M/ i?2 "HQ+?@ivT2 bFv`KBQM Ub22 };m`2 kX8VX

AM Q`/2` iQ Q#b2`p2 � mMB[m2 +?B`�HBiv �M/ i?mb i?2 iQTQHQ;B+�H +?�`;2 7Q` bFv`KBQMb-
QM2 mbm�HHv M22/b �M BMp2`bBQM@#`2�FBM; K2+?�MBbK BM i?2 >�KBHiQMB�MX �b bm+? �
K2+?�MBbK- .xv�HQb?BMbFBB@JQ`Bv� BMi2`�+iBQM U.JAVe Bb T`2b2Mi BM MQM@+2Mi`QbvKK2i`B+
K�;M2ib- �M/ K�;M2iB+ bvbi2Kb bm+? �b i?BM }HKb rBi? +QKTH2t bm`7�+2 BMi2`�+iBQMb �M/
BMi2`7�+2b rBi? BMp2`bBQM #`2�FBM;X h?2 T?vbB+b Q7 +?B`�H UǴirBbi2/ǴV bTBM bi`m+im`2b /�i2b
#�+F iQ RNeyb iQ i?2 rQ`Fb Q7 .xv�HQb?BMbFBB �M/ JQ`Bv� (RRyĜRRj)X AM i?2 KQbi ;2M2`�H
+�b2- i?2 .JA +�M #2 bmKK�`Bx2/ �b � KB+`Qb+QTB+ >�KBHiQMB�M-

H.JA =
∑

i , j
Di j · (Si ×S j ), UkXR8V

r?2`2 Di j Bb i?2 .xv�HQb?BMbFBB p2+iQ`Xd AM i?2 irQ KQbi +QKKQM +�b2b- i?Bb 2tT`2bbBQM

e�HbQ +�HH2/ Ǵ�MBbQi`QTB+Ǵ 2t+?�M;2- BM �M�HQ;v rBi? BbQi`QTB+ U>2Bb2M#2`;V 2t+?�M;2X
d1p2M +2Mi`QbvKK2i`B+ +`vbi�H bi`m+im`2b +�M ?�p2 .JA �HQM; MQM+2Mi`QbvKK2i`B+ #QM/b- #mi i?2

.JA 2z2+i �p2`�;2b iQ x2`Q Qp2` i?2 mMBi +2HH 2t+2Ti 7Q` MQM+2Mi`QbvKK2i`B+ bi`m+im`2bX

R8

Dzyaloshinskii-Moriya Interaction: favors canting of antiparallel spins. Promotes weak frerromagnetism in antiferro background

6B;m`2 kX8, "HQ+? �M/ Lû2H bFv`KBQMb, U�V AM � "HQ+?@ivT2 bFv`KBQM- i?2 bTBM T`QD2+iBQMb BM �
/B�;QM�H +mi U#2HQrV K�F2 � 7mHH irBbi HBF2 BM � "HQ+? /QK�BM r�HHX PM +QMi`�`v- BM
BM � Lû2H@ivT2 bFv`KBQM- i?2 bTBMb T`QD2+iBQMb K�F2 � Ǵb�HiQǴ �+`Qbb i?2 /B�;QM�HX
6B;m`2 7`QK _27X(RR9)

7m`i?2` bBKTHB}2b /2T2M/BM; QM i?2 mM/2`HvBM; bvKK2i`v Q7 i?2 H�iiB+2 Ub22 7m`i?2`V- �b

H "HQ+?
.JA =−D

∑

i
Si ×Si+x̂ · x̂ +Si ×Si+ŷ · ŷ , UkXReV

H Lû2H
.JA =−D

∑

i
Si ×Si+x̂ · ŷ −Si ×Si+ŷ · x̂, UkXRdV

P`B;BM�HHv- .xv�HQb?BMbFBB �M�HBx2/ i?2 �MBbQi`QTB+ BMi2`�+iBQM BM i2`Kb Q7 GB7b?Bix BMp�`B@
�Mib @ i?2 HQr2bi Q`/2` BMp2`bBQM@#`2�FBM; i2`Kb r?B+? +QMi�BM bT�iB�H /2`Bp�iBp2b

L
γ
αβ

= mα

∂mβ

∂xγ
−mβ

∂mα

∂xγ
, UkXR3V

?2`2 α,β = x, y, z �`2 +Qp�`B�Mi +QQ`/BM�i2b �M/ γ +QMi`�@p�`B�Mi +QQ`/BM�i2b 7Q` +QMp2@
MB2M+2X LQi2 i?�i L

γ
αβ

Bb �M �MiBbvKK2i`B+ i2MbQ` rBi? `2bT2+i iQ α↔βX
PM2 +�M b?Qr i?�i 7Q` mMB�tB�H +`vbi�HHQ;`�T?B+ +H�bb2b- bm+? �b Cnv U;Bp2b L22H@ivT2

bFv`KBQMV �M/ Dn U;Bp2b "HQ+?@ivT2 bFv`KBQMV- i?2 +Q``2bTQM/BM; +QMiBMmQmb@HBKBi .JA
2M2`;B2b �`2 ;Bp2M #v

W Lû2H
.JA = 〈D(L x

xz −L
y
y z )〉, UkXRNV

W "HQ+?
.JA = 〈D1(L x

y z +L
y
xz )+D2Lz

x y 〉. UkXkyV

AM T�`iB+mH�`- i?2 "HQ+?@ivT2 bFv`KBQMb �`2 7�pQm`2/ B7 D1 = D2 = D- r?B+? Bb �HbQ i?2 +�b2
7Q` i?2 K2i�HHB+ +m#B+ ?2HBK�;M2ib bm+? �b JMaB- 62:2 �M/ BM K�;M2iQ2H2+i`B+ BMbmH�iQ`
*m2Pa2P3X h?mb QM2 Q#i�BMb

W "HQ+?
.JA = 〈D(L z

yx +L
y
xz +L x

z y )〉= D 〈m · (∇×m)〉, UkXkRV

Re

h?2 iQTQHQ;B+�H +?�`;2 Q7 � bFv`KBQM9 b?Qrb i?2 Q`/2` Q7 � iQTQHQ;B+�H FMQi 7Q`K2/
#v bTBMb- �M/ BM +QMiBMmQmb@}2H/ �TT`QtBK�iBQM Bb ;Bp2M +QMp2MiBQM�HHv �b8

Q = 1
4π

∫
d xd y m ·

(
∂m
∂x

× ∂m
∂y

)
, UkXRV

r?2`2 r2 ?�p2 BMi`Q/m+2/ i?2 Q`B2Mi�iBQM Q7 HQ+�H K�;M2iBx�iBQM m(x, y) = M(x, y)/|M|X
"v +QMbi`m+iBQM- i?2 iQTQHQ;B+�H +?�`;2 Bb �M BMi2;2` MmK#2` Ĝ i?2 MmK#2` Q7 iBK2b i?2
}2H/ r`�Tb �`QmM/ i?2 bT?2`2 Ĝ r?B+? 7Q` iQTQHQ;B+�HHv MQMi`BpB�H bKQQi?Hv@p�`vBM; }2H/
+QM};m`�iBQMb �ii�BMb p�Hm2b ±1,±2,±2,±3- 2i+X PM2 +�M �HbQ BMi`Q/m+2 i?2 2K2`;2Mi
"2``v }2H/

B= 1
2

m ·
(
∂m
∂x

× ∂m
∂y

)
, UkXkV

i?�i i?2 2K2`;2Mi K�;M2iB+ ~mt Φ �bbQ+B�i2/ rBi? � bFv`KBQM Bb 2πQX
L�im`�H T�`�K2i`Bx�iBQM Q7 � bFv`KBQM BM � mMB7Q`K #�+F;`QmM/X Ĝ Ai Bb �b

� ;2M2`�H `mH2 `�i?2` ?�M/v iQ T�`�K2i`Bx2 � bFv`KBQM }2H/ BM bT?2`B+�H +QQ`/BM�i2b UBM
bTBM bT�+2V- �b i?Bb }2H/ Bb ?QK2QKQ`T?B+ iQ � Ǵ?2/;2?Q;Ǵ bTBM +QM};m`�iBQM QM � j.
bT?2`2- b22 6B;m`2 kXkX h?mb 7Q` mMBi@H2M;i?2/ p2+iQ` |m| = 1- r2 r`Bi2

m =





sinθcosψ

sinθ sinψ

cosθ



 , UkXjV

r?2`2 i?2 i?2 �M;H2b �`2 BMi`Q/m+2/ QM i?2 };m`2 kXjX q2 /2}M2 � KQ/2H bFv`KBQM �b
θ(0) = π UǴbTBM /QrMǴ BM i?2 +2Mi2` Q7 � bFv`KBQMV �M/ θ(∞) = 0 UǴbTBM mTǴ QM `2KQi2
T2`BT?2`vV- B7 MQi K2MiBQM2/ Qi?2`rBb2X AM +�b2 Q7 i?2 �tB�HHv@bvKK2i`B+ UT2`72+i- MQM@
/BbiQ`i2/V bFv`KBQM- QM2 K�v 7m`i?2` bBKTHB7v +�H+mH�iBQMb #v BMi`Q/m+BM; `2�H@bT�+2
+vHBM/`B+�H 7`�K2 (r,φ, z)-

θ = θ(r ), ψ=ψ(φ). UkX9V

q2 MQr T2`7Q`K BKTHB+BiHv i?2 BMi2;`�iBQM BM UkXRVX h?2 bi`�B;?i7Q`r�`/ �H;2#`� ;Bp2b

9�XFX�X bFv`KBQM MmK#2`- rBM/BM; MmK#2`- *?2`M MmK#2`- iQTQHQ;B+�H MmK#2` @ BM /Bz2`2Mi bQm`+2bX
8>2`2 �M/ BM ;2M2`�H- i?2 K�;M2iB+ bFv`KBQMb �`2 irQ@/BK2MbBQM�H Q` 2z2+iBp2Hv irQ@/BK2MbBQM�H

UbFv`KBQM im#2bV- i?mb r2 +QMbB/2` � j. bTBM bT�+2 M = (Mx , My , Mz ) /2}M2/ QM i?2 k. `2�H bT�+2
r = (x, y)- mMH2bb bi�i2/ Qi?2`rBb2X

Rk

h?2 iQTQHQ;B+�H +?�`;2 Q7 � bFv`KBQM9 b?Qrb i?2 Q`/2` Q7 � iQTQHQ;B+�H FMQi 7Q`K2/
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"v +QMbi`m+iBQM- i?2 iQTQHQ;B+�H +?�`;2 Bb �M BMi2;2` MmK#2` Ĝ i?2 MmK#2` Q7 iBK2b i?2
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+QM};m`�iBQMb �ii�BMb p�Hm2b ±1,±2,±2,±3- 2i+X PM2 +�M �HbQ BMi`Q/m+2 i?2 2K2`;2Mi
"2``v }2H/

B= 1
2

m ·
(
∂m
∂x

× ∂m
∂y

)
, UkXkV

i?�i i?2 2K2`;2Mi K�;M2iB+ ~mt Φ �bbQ+B�i2/ rBi? � bFv`KBQM Bb 2πQX
L�im`�H T�`�K2i`Bx�iBQM Q7 � bFv`KBQM BM � mMB7Q`K #�+F;`QmM/X Ĝ Ai Bb �b

� ;2M2`�H `mH2 `�i?2` ?�M/v iQ T�`�K2i`Bx2 � bFv`KBQM }2H/ BM bT?2`B+�H +QQ`/BM�i2b UBM
bTBM bT�+2V- �b i?Bb }2H/ Bb ?QK2QKQ`T?B+ iQ � Ǵ?2/;2?Q;Ǵ bTBM +QM};m`�iBQM QM � j.
bT?2`2- b22 6B;m`2 kXkX h?mb 7Q` mMBi@H2M;i?2/ p2+iQ` |m| = 1- r2 r`Bi2

m =





sinθcosψ

sinθ sinψ

cosθ



 , UkXjV

r?2`2 i?2 i?2 �M;H2b �`2 BMi`Q/m+2/ QM i?2 };m`2 kXjX q2 /2}M2 � KQ/2H bFv`KBQM �b
θ(0) = π UǴbTBM /QrMǴ BM i?2 +2Mi2` Q7 � bFv`KBQMV �M/ θ(∞) = 0 UǴbTBM mTǴ QM `2KQi2
T2`BT?2`vV- B7 MQi K2MiBQM2/ Qi?2`rBb2X AM +�b2 Q7 i?2 �tB�HHv@bvKK2i`B+ UT2`72+i- MQM@
/BbiQ`i2/V bFv`KBQM- QM2 K�v 7m`i?2` bBKTHB7v +�H+mH�iBQMb #v BMi`Q/m+BM; `2�H@bT�+2
+vHBM/`B+�H 7`�K2 (r,φ, z)-

θ = θ(r ), ψ=ψ(φ). UkX9V

q2 MQr T2`7Q`K BKTHB+BiHv i?2 BMi2;`�iBQM BM UkXRVX h?2 bi`�B;?i7Q`r�`/ �H;2#`� ;Bp2b

9�XFX�X bFv`KBQM MmK#2`- rBM/BM; MmK#2`- *?2`M MmK#2`- iQTQHQ;B+�H MmK#2` @ BM /Bz2`2Mi bQm`+2bX
8>2`2 �M/ BM ;2M2`�H- i?2 K�;M2iB+ bFv`KBQMb �`2 irQ@/BK2MbBQM�H Q` 2z2+iBp2Hv irQ@/BK2MbBQM�H

UbFv`KBQM im#2bV- i?mb r2 +QMbB/2` � j. bTBM bT�+2 M = (Mx , My , Mz ) /2}M2/ QM i?2 k. `2�H bT�+2
r = (x, y)- mMH2bb bi�i2/ Qi?2`rBb2X

Rk

Topological charge of a skyrmion:

Magnetic skyrmions
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6B;m`2 jXj, �TT2�`�M+2 Q7 i?2 ?2HB+�H KQ/mH�iBQM, U�V h?2 bT2+i`mK Q7 3×3 2M2`;v K�i`Bt Ĥ0X
U#V JBMBKBx�iBQM Q7 i?2 bi�i2 rBi? HQr2bi 2M2`;v ε(0)

k = Jk2 −Dk ;Bp2b ?2HBt r�p2
p2+iQ` k0 = D/2J X U+V _2�H@bT�+2 pBbm�HBx�iBQM Q7 i?2 ?2HBt rBi? λ= 2π/k0X

S±k = 1
#

2
(0 ± i 1)$ . UjXR3V

h?Bb +Q``2bTQM/b iQ i?2 `2�H@bT�+2 ?2HBt

S?2H(x) =µ
(
Sk ei kx +S@k e−i kx

)
=
#

2µ (0, sinkx, coskx), UjXRNV

r?2`2 ϕ0 Bb b2i iQ x2`Q 7Q` bBKTHB+BivX 6BM�HHv- #27Q`2 T`Q+22/BM; 7m`i?2`- r2 MQi2 i?�i
BM i?2 HBKBi k → 0 Ui?�i Bb- �b r2 b?�HH b22- D = 0V- i?2 KQ/2H /2;2M2`�i2b BMiQ � mMB7Q`K
U72``QK�;M2iB+V /Bbi`B#miBQMX

qBi? i?2 ;`QmM/ bi�i2 ?2HBt S(0)
±k - i?2 2B;2Mp�Hm2 ε(0)

k = Jk2 −Dk Bb KBMBKBx2/ �i k0 =
D/2J c BM/22/-

d
dk

ε(0)
k = 2Jk −D = 0, �i HQ+�H KBMBKmK. UjXkyV

qBi?BM i?2 �#b2M+2 Q7 ?B;?2`@Q`/2` bT�iB�H /2`Bp�iBp2b BM 2z2+iBp2 KQ/2H UjXRyV- i?2 7`22
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2 +2Jk2

0µ
2 −2Dk0µ

2 +4Uµ4, UjXkRV
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Equilibrium skyrmion lattice

Equilibrium conical Quenched skyrmion lattice
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Topological magnetization patterns
determined by dynamical interplay
between
• Topological protection
• Thermodynamical fluctuations

Topological magnetism

Topological protection vs thermodynamical fluctuations



Reciprocal space: neutron scattering

3.5 Defects and fluctuations in SkL

Figure 3.9 – TIE analysis of the SkL. a. - c. Real space images acquired at 0, +400µm and -400µm
defocus values respectively. d. Retrieval of the in-plane magnetic moment distribution shown
as a color map, in which the directions and the intensities of the local magnetic moments are
represented as the hue and saturation respectively summarized as a color wheel in the insert.
The scale bar is 500nm. e. A magnified view of a single skyrmion with local magnetization
distribution indicated by white arrows.
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Real space: Lorentz TEM

How to look at skyrmions



Electron beam

θ

• θ ≈ μrad
• defocus = nm – cm
• parallel illumination:

beam diameter >sample
• pulsed beam: very few e-

Magnetite, 
Res = 100 nm

CW ns
FeGe, 170 K
Res 2nm 8 ns

- Static images
- Camera-rate resolved movies
- Ns to fs-resolved stroboscopic

movies

Fs Lorentz microscopy
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The Ultrafast TEM



The Ultrafast TEM

UV pulse
IR pulse
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The Ultrafast TEM

UV mirror
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Sample holder



The Ultrafast TEM

Photocathode

Accelerator



The Ultrafast TEM

Photoelectrons



The Ultrafast TEM

Probe electrons

photoexcitation



Light-control of magnetic bubbles in Co films

Since it is not possible to find analytical solutions, we
just consider a set of reasonable trial functions and deter-
mine the one that minimizes the total energy. The line
profiles in Fig. 1 reporting the spatial variation of the
Faraday rotation indicate that !ðrÞ can be chosen as a
Gaussian function,

!ðrÞ ¼ 1$ 2e$r2=R2
1 ; (3)

resulting in a spin texture withQ ¼ 1 (in the following, we
will adopt the notation RQ to indicate the size parameter
for solitons with the Pontryagin number equal to Q).

The parameters R1 and "0 can be determined by
minimizing the total energy HX þHA þHD þHZ of the
soliton (see Supplemental Material [18]), giving

R1 ¼
1:62!

#"=$2 $ 2!=df þ 2##Z=a
2 ; (4)

df being the thickness of the film, " the exchange constant,
$ the single-ion uniaxial anisotropy,! the DDI strength, a
the lattice constant, and #Z the Zeeman energy (see
Supplemental Material [18]). The ground state has spins
forming a Bloch-type magnetic domain wall ("0 ¼ &#=2)
separating the soliton core from the surrounding medium.
This soliton has a finite radius and is stable even without an
external field (#Z ¼ 0) in a sample characterized by finite
uniaxial anisotropy ($ ! 1). Our analysis of the stability
of spin arrangements consistent with Fig. 1 and their
nonvanishing Pontryagin number allows us to consider
them as genuine Skyrmions.

Another feature differentiating such Skyrmions from
the disk-type ones discussed in Ref. [14] is that the latter
are stable only above a minimum size, while the size of
the former can be shrunk without limit by increasing the
magnetic field. By using typical sample parameters
[14,24], namely, " ¼ 3:5' 1020 J, $ ¼ 25 nm, and a ¼
0:3 nm, we reproduce the experimental value of the
Skyrmion size in zero field, which is about 200 nm
(see Fig. 1) for ! ¼ 1:6' 1012 J=m, which would corre-
spond to a saturation magnetization of about 56 emu=cm3.

At higher laser fluences with respect to those leading to
Skyrmion generation (corresponding to an energy density
up to 7 mJ=cm2 for each single laser pulse), we observed
the formation of doughnut-shaped magnetic structures
such as the ones shown in Figs. 2(a) and 2(b). These
structures are similar to those observed after cycling the
magnetization of Co=Pt multilayers with perpendicular
anisotropy [25]: The magnetization in the center is the
same as in the surrounding medium and is completely
reversed in the annular region around the core. This texture
can be viewed as two Skyrmions with opposite topological
numbers (i.e., a Skyrmion and an anti-Skyrmion) nested
into each other. This results in a state with Q ¼ 0, corre-
sponding to a nontopological soliton, which can be named
Skyrmionium (Sk) in analogy with states of matter con-
stituted by a particle bound to its antiparticle. Following

this notation, a Skyrmion and an anti-Skyrmion can be
respectively abbreviated in Skþ and Sk$, since they can
be obtained by ‘‘ionizing’’ Sk.
Sk is stabilized by the attractive force existing between a

Skþ and a Sk$, generated by their opposite magnetic
dipole moments. The simplest Sk spin texture with cylin-
drical symmetry is given by Eq. (2) with

!ðrÞ ¼ 1$ 2eðr=R0Þ2e$r2=R2
0 : (5)

By substituting this trial function into our model
Hamiltonian, we are able to analytically estimate the value
of the total energyHX þHA þHD þHZ and to determine
the Sk size R0, which is found to be

R0 ¼
3:88!

ð4$ eÞð#"=$2 $ 2!=dfÞ þ 4##Z=ea
2 : (6)

It is remarkable that, with no magnetic field (#Z ¼ 0),
the ratio between the Sk radius R0 and the Sk

þ radius R1 is
a sample-independent quantity: R0=R1 ¼ 1:87. This ratio
is in excellent agreement with the experimental value

FIG. 2 (color online). (a), (b) Near-field Faraday rotation
maps showing ‘‘doughnut’’-shaped magnetic domains after
single laser pulse irradiation (energy density ( 7 mJ=cm2) in
film areas showing opposite out-of-plane magnetizations. (c),
(d) Corresponding Skyrmionium spin textures according to
Eq. (5) (with "0 ¼ #=2 for both Skyrmion and anti-
Skyrmion). (e), (f) Profile (dots) of the Faraday rotation
measured along the lines in (a) and (b), respectively. The full
lines in (e) and (f) are fits performed with the trial function
describing Skyrmionium discussed in the text [R0 ¼ 370 nm for
the structure in (a) and R0 ¼ 430 nm for the structure in (b)].
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Stabilization mechanism for bubbles:
- anysotropic exchange + dipole/dipole interaction
- Chiral bubble size proportional to beam diameter

The laser beam demagnetize the core of the bubble and
a whirling spin distribution forms around it

Finazzi et al.,  Phys. Rev. Lett. 110, 177205 (2013)



Dynamics of skyrmions in a metallic background
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Controlling skyrmions: light-induced writing/erasing in a metal

Berruto et al., Phys. Rev. Lett. 120 117201 (2018). Editor’s suggestion
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Skyrmions lattice ordering properties (camera-rate)

particular time and space point, either the two different orientations
are found in the same frame at the same time or switching between
the two has happened within the 100-ms exposure time. At 32 s (Fig.
4 D and H), one of the two domains disappears and forms a new
single-domain skyrmion lattice that is rotated by about 11° from the
domain formed at 0 s. This is evidenced by the single Bragg peak
found away from the black circle in the FT. Our results clearly
emphasize the importance of the time dimension for a proper in-
vestigation of the system. Moreover, these observations underline the
importance of resolving the skrymion lattice in space and time for
revealing its exact topology and the dynamical evolution caused by
fluctuations and disordering effects.

Discussion
In our nanoslice, the observation of a splitting in the magnetic
Bragg diffraction is caused by the spatial and/or temporal overlap of
different disorder-induced lattice orientations within the experi-
mental acquisition time. However, it is important to point out that
the way in which disorder affects the skyrmion lattice orientation in
a nanoslice can differ significantly from a bulk crystal, such as the
one investigated in ref. 16, changing the details of the dynamical
evolution and the spatial topology of the misoriented grains. This
could explain the difference in the size of the mesoscopic domains
and in their evolution upon applied magnetic field. Remarkably, in
specific areas of the sample, we find that disorder can provoke
sudden switches between well-defined orientations. This suggests
that the energy landscape of the magnetic system has a complex
nature, with several local minima separated by subtle barriers.
The ability to resolve the switching between these different

minima would allow estimation and control of the energy barriers
via ad hoc external stimuli such as light, electrons, or electric fields.
Currently, the switching we observed was not entirely resolved due
to limitations in the time resolution of the camera-rate acquisitions.
Future experiments with time resolution in the microseconds to

nanoseconds in our ultrafast TEM (32, 33) should therefore be able
to fully resolve this behavior. The development of methods for the
study of the symmetry and dynamics of large 2D arrays of skyrmions
is an essential step toward their possible application in spintronic
devices. Recent results have demonstrated the possibility of ma-
nipulating skyrmions at room temperature, making these magnetic
structures more appealing for realistic applications (11, 34).

Materials and Methods
High-quality single crystals of Cu2OSeO3 were synthesized by the method of
chemical vapor transport redox reactions. After mechanical thinning to
about 30 μm, the sample was thinned to 150 nm by FIB using the classical H-bar
technique. A fiducial layer of Pt was deposited to prevent preparation ar-
tifacts like curtaining. A final cleaning with 5-kV and 2-kV ion beam was
applied to remove the amorphized layer and to minimize Ga implantation.
The magnetic structures of the samples were investigated by using JEOL
JEM-2200FS cryo-LTEM. Images were acquired in the Fresnel mode, i.e.,
defocused imaging (35), so that the objective lens was not used for imaging
but for applying the magnetic field. The microscope was operated at 200 kV
and equipped with a field emission source. The sample was cooled down to
7− 10 K using the liquid helium TEM holder (Gatan ULTS), and a magnetic
field ranging from 95 G to 483 G was applied normal to the thin plate along
the [111] direction. The magnetic field that is parallel to the electron optic
axis was directly measured and calibrated at the specimen position.
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Fig. 4. Four different frames of Movie S1 are displayed. (A–D) The real-space images and (E–H) the corresponding FTs: (A and E) 0 s, (B and F) 4 s, (C and G)
12 s, and (D and H) 32 s. Fluctuations of the skyrmion lattice and formation of domains with different orientations as a function of time are evidenced by the
splitting and unsplitting of the Bragg peaks and their continuous change of position.
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4 D and H), one of the two domains disappears and forms a new
single-domain skyrmion lattice that is rotated by about 11° from the
domain formed at 0 s. This is evidenced by the single Bragg peak
found away from the black circle in the FT. Our results clearly
emphasize the importance of the time dimension for a proper in-
vestigation of the system. Moreover, these observations underline the
importance of resolving the skrymion lattice in space and time for
revealing its exact topology and the dynamical evolution caused by
fluctuations and disordering effects.

Discussion
In our nanoslice, the observation of a splitting in the magnetic
Bragg diffraction is caused by the spatial and/or temporal overlap of
different disorder-induced lattice orientations within the experi-
mental acquisition time. However, it is important to point out that
the way in which disorder affects the skyrmion lattice orientation in
a nanoslice can differ significantly from a bulk crystal, such as the
one investigated in ref. 16, changing the details of the dynamical
evolution and the spatial topology of the misoriented grains. This
could explain the difference in the size of the mesoscopic domains
and in their evolution upon applied magnetic field. Remarkably, in
specific areas of the sample, we find that disorder can provoke
sudden switches between well-defined orientations. This suggests
that the energy landscape of the magnetic system has a complex
nature, with several local minima separated by subtle barriers.
The ability to resolve the switching between these different

minima would allow estimation and control of the energy barriers
via ad hoc external stimuli such as light, electrons, or electric fields.
Currently, the switching we observed was not entirely resolved due
to limitations in the time resolution of the camera-rate acquisitions.
Future experiments with time resolution in the microseconds to

nanoseconds in our ultrafast TEM (32, 33) should therefore be able
to fully resolve this behavior. The development of methods for the
study of the symmetry and dynamics of large 2D arrays of skyrmions
is an essential step toward their possible application in spintronic
devices. Recent results have demonstrated the possibility of ma-
nipulating skyrmions at room temperature, making these magnetic
structures more appealing for realistic applications (11, 34).

Materials and Methods
High-quality single crystals of Cu2OSeO3 were synthesized by the method of
chemical vapor transport redox reactions. After mechanical thinning to
about 30 μm, the sample was thinned to 150 nm by FIB using the classical H-bar
technique. A fiducial layer of Pt was deposited to prevent preparation ar-
tifacts like curtaining. A final cleaning with 5-kV and 2-kV ion beam was
applied to remove the amorphized layer and to minimize Ga implantation.
The magnetic structures of the samples were investigated by using JEOL
JEM-2200FS cryo-LTEM. Images were acquired in the Fresnel mode, i.e.,
defocused imaging (35), so that the objective lens was not used for imaging
but for applying the magnetic field. The microscope was operated at 200 kV
and equipped with a field emission source. The sample was cooled down to
7− 10 K using the liquid helium TEM holder (Gatan ULTS), and a magnetic
field ranging from 95 G to 483 G was applied normal to the thin plate along
the [111] direction. The magnetic field that is parallel to the electron optic
axis was directly measured and calibrated at the specimen position.

ACKNOWLEDGMENTS. We acknowledge Y. Tokura, F. Parmigiani, A. Rosch,
C. Reichhardt, C. Olson-Reichhardt, and C. Hébert for useful discussions. Work at
Laboratory for Ultrafast Microscopy and Electron Scattering was supported
by European Research Council (ERC) Starting Grant USED258697 (to F.C.) and
the National Center for Competence in Research Molecular Ultrafast Science
and Technology (NCCR MUST), a research instrument of the Swiss National
Science Foundation (SNSF). Work at Laboratory for Quantum Magnetism
was supported by ERC project Controlled Quantum Effects and Spin Tech-
nology and SNSF (H.M.R.). The work of T.G. was supported in part by SNSF
under Division II. The work of D.M. was supported by the Scottish Universities
Physics Alliance.

1. Bogdanov AN, Rössler UK (2001) Chiral symmetry breaking in magnetic thin films and
multilayers. Phys Rev Lett 87(3):037203.

2. Nagaosa N, Tokura Y (2013) Topological properties and dynamics of magnetic skyrmions.
Nat Nanotechnol 8(12):899–911.

0 s 4 s 12 s 32 s

A

E F G H

B C D

1 m

Fig. 4. Four different frames of Movie S1 are displayed. (A–D) The real-space images and (E–H) the corresponding FTs: (A and E) 0 s, (B and F) 4 s, (C and G)
12 s, and (D and H) 32 s. Fluctuations of the skyrmion lattice and formation of domains with different orientations as a function of time are evidenced by the
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time-space fluctuating domains with

different orientations (switching)
Rajeswary et al. PNAS 112 14212 (2015)



Skyrmions flowing in different background

Fert et al., Nature Nanotechnology 8, 152–156 (2013)

Skyrmions motion in a ferromagnetic background (MnSi)

T=0 ns

T=1 ns

fully polarized background only if an additional frustrated
exchange [45] is taken into account. Also clusters in a
homogeneous background have beenmeasured under strong
geometrical confinement [46]. In a helical background,
however, the attractive interaction intrinsically arises from
the helical modulations and thus no additional extensions of
the minimal model are required.
In the following, we will first describe the theory of

Skyrmions in the helical phase, their interactions, and the
formation of clusters of Skyrmions. Energies and magnetic
fields will be measured in units of E0 and B0, respectively.
These are set by the exchange coupling and the critical field
stabilizing the ferromagnet; see the Supplemental Material
[47]. To observe these clusters experimentally, we acquired
real space and real time movies of the helical-Skyrmion phase
transition in a thin film of Cu2OSeO3 using Lorentz trans-
mission electronmicroscopy (LTEM) [47]. Themovies reveal
the nucleation of Skyrmions in the helical background and
their tendency to arrange in clusters of different configurations.
Single Skyrmions in a helical phase.—To investigate the

energetics of Skyrmions in a helical background, we per-
formed micromagnetic simulations; see the Supplemental
Material [47]. Figure 1 depicts the different Skyrmion
configurations: top panels represent single Skyrmions and
the characteristic Skyrmion dimer. Bottom panels show the
different multi-Skyrmion cluster configurations. While the
“interstitial” Skyrmion in panel (a) resembles the well-
known Skyrmion in a ferromagnetic background, the
H-shaped Skyrmion of panel (b) can be viewed as a bound

state of twohalf-Skyrmions (merons) defined by the ends of a
helical strip, also referred to as ameron pair in Ref. [35]. An
anti-Skyrmion [panel (c)] with oppositewinding number can
be obtained by time reversal. Panel (d) represents the
formation of a two-Skyrmion dimer bound state due to the
presence of attractive interactions. Plots of the winding
number densities show that the Skyrmions are indeed well
localized, see Supplemental Material [47].
Figure 2(a) shows the energetics of four configurations

of Skyrmions (solid lines) and the corresponding anti-
Skyrmions (dashed lines). Blue and red lines represent the
energetics of the interstitial and the H-shaped configura-
tion, respectively, and the green lines describe the dimer
state. The H-shaped state requires much less distortion of
the helical background lattice and has a significantly lower
energy than the interstitial state. However, both states have
the same winding number [35,47] and can be smoothly
deformed into each other. For B ¼ 0, Skyrmions and anti-
Skyrmions are degenerate but since each Skyrmion con-
figuration carries a finite magnetization, they split linearly
in the magnetic field. Above a critical field Bc

s the energy of
a single Skyrmion becomes negative with respect to the
pure helical background implying that above this field the
system energetically favors the proliferation of Skyrmions.
The exact critical field for the phase transition to the
Skyrmion lattice is, however, slightly lower due to attrac-
tive interactions between Skyrmions (explained below).
By translational symmetry it costs no energy for a single

Skyrmion to move parallel to the track defined by the helical

FIG. 1. Skyrmions in the helical phase (B ¼ 0.2B0). The color code denotes the out-of-plane component of themagnetization as shown in
(a). The in-plane component is sketched bywhite arrows. (a) and (b) Topologically equivalent single Skyrmion states withwinding number
−1 that can be smoothly transformed one into the other. The energy of theH-shaped Skyrmion (b) is, however, much lower compared to the
interstitial Skyrmion of panel (a). In (c) an anti-Skyrmion with opposite winding number is shown. Because of attractive interactions, two
Skyrmions form a dimer bound state with winding number −2, shown in panel (d). (e)–(h) Multi-Skyrmion bound states, see text.
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Skyrmions/antiskyrmions and skyrmions clusters in the helical background
Cu2OSeO3

Skyrmion domains which fluctuate with time, see
Supplemental Material [47]. Figures 3(a)–3(d) represent
a 3.3 × 3.3 μm2 zoom of the total 5.7 × 5.7 μm2 micro-
graph at four different time points. One can clearly identify
large regions dominated either by Skyrmion crystals or the
helical phase. The interesting feature here is the appearance
of smaller clusters of Skyrmions inside the helical phases.
For clarity, we show a zoom of the real-space images
marked by red squares in the lower panels [Figs. 3(e)–3(h)].
To highlight the different configurations of Skyrmions,
some of the helical regions are marked in red.
We can identify several frequently occurring defect

clusters that can be related to the theoretical states shown
in Figs. 1(e)–1(h). The configurations I forming a line of
Skyrmions correspond to the state shown in Fig. 1(e). Also
lines of dimers, compare Fig. 1(f), are often found and
labeled by II in Fig. 3. Averaging over several such
configurations of I and II, we find that the angle between
the defect orientation and the ordering vector of the helix is
given by 23.5! 1.5° for a line of Skyrmions and 25.2! 1°
for a line of dimers. This can be compared to 24° and 26°
obtained within our simulations. We also find one further
type of defect marked by III in Fig. 3 which cannot be
interpreted as a bound state of Skyrmions in a given helical
background. Instead, in this “zipper” configuration the
helical background on one side is shifted by half a lattice
period. A simulation of such a structure is displayed in
Fig. 1(g). In our simulation the binding energy per
Skyrmion for this configuration is lowered by approxi-
mately 0.1E0 compared to the Skyrmion line of Fig. 1(e)
which implies that long defects of type I may transform into

defects of type III. Furthermore, we observe all types of
irregularly shaped clusters denoted by IV in Fig. 3. It is
instructive to compare the formation of Skyrmions in the
helical and the ferromagnetic state. In the latter case,
Skyrmion-Skyrmion interactions are repulsive [31,34,41]
and therefore no formation of Skyrmion clusters is
expected. We have checked this by performing experiments
at magnetic fields of 100–50 mT, where only Skyrmions in
a ferromagnetic background occur. As expected, no cluster
formation was observed by us; see the Supplemental
Material [47].
We also observe regions where the image is blurred at the

location of defects. We believe that this effect arises from
the motion of defects. Assuming a Gilbert damping of the
order of 10−2, we estimate the 1D diffusion constant of a
cluster of n Skyrmions [47] in the absence of defects to be
of the order of ð1=nÞ10−9 m2=s. Within the capturing time
of a frame of our movie (125 ms) a freely moving cluster
can therefore move distances of the order of ð10=

ffiffiffi
n

p
Þ μm.

This estimate is consistent with large fluctuations that we
see from frame to frame captured within our movie.
Sharply resolved images correspond to clusters that are
temporarily bound to defects presumably arising either
from lattice defects or height variations of our films.
Conclusions.—While sharing the same topology,

Skyrmions embedded in a helical or a ferromagnetic envi-
ronment have very different properties. Our studies highlight
one aspect of this: attractive interactions in the helical
background let Skyrmions arrange in lines and clusters.
These lines and clusters have characteristic shapes and
orientations which we identified both in our micromagnetic

0 s 1.75 s 10.625 s 11.25 s

0.5 µm

IV IVI

II
II

III

III

(a) (b) (c) (d)

(e) (f) (g) (h)

FIG. 3. Real-space cryo-Lorentz images reveal the coexistence of Skyrmion and helical phases. Several types of Skyrmion clusters,
I–IV, can be identified corresponding to the simulated structures shown in Figs. 1(e)–1(h).
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force on the wind

final wind direction

In ferromagnets:
Vskyrmions = Vcurrent

In helimagnet:
Vskyrmions = Vcurrent/a
a = Gilbert damping<1
Helical background = keel

Muller et al., Phys. Rev. Lett. 119, 137201 (2017)



Electric field control of skyrmions

FIG. 1. a. Illustration of our sample configuration. A TEM lamella about 100nm thick was fabri-

cated on a piece of Cu2OSeO3 single crystal aligned and cut so that the main plane is perpendicular

to [11̄0] direction. Also indicated are the directions of the applied magnetic field and the E-field

respectively. Insert: schematic illustration of the phase diagram for a thin slab Cu2OSeO3 sample.

The dot indicates the initial state of the sample was set to be close to the helical-skyrmion phase

boundary. b. Schematic illustration of the profile of the applied E-field and the corresponding

LTEM images. The positive E-field generates skyrmions while the negative E-field does not.

of -3.57kV/mm E-field did not show any sign of creating skyrmions, only a↵ected were some

of the helical domains, for example, the right bottom part of Fig. 2d if compared with Fig. 2a

at the same region.
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FIG. 3. a. Statistics of the number of skyrmions and the applied bipolar E-field as a function

of time. The step-like shape of the data fully demonstrated the mono-polar feature of the E-field

creation of skyrmions. The solid line is the smoothing of the data for clarity. b. The average of the

statistics within a single period of the applied E-field. The number of skyrmions increases abruptly

after applying the positive E-field and forms a plateau. In sharp contrast, a much slower decay can

be clearly seen after switching o↵ the E-field. Switching on the negative E-field leads to a further

rapid decrease of the number of skyrmions. The solid lines are the fitting to the exponential decay

with a single time constant and the dashed line is the guide for the eye to indicate the stable

plateau.

helical phase together in the images, the local direction map was calculated in addition and

only those minima found previously that were unparallel with their neighbours were identi-

fied as skyrmions. In an image with purely helical phases, the algorithm erroneously counts

about 250 skyrmions, typically at domain boundaries or in case of noise along the helical

lines. Since all images were taken in the same conditions, we subtracted that number as a

constant background. More details of this algorithm, which was inspired by the algorithms

used to identify fingerprints, can be found in SI.

Fig. 3a shows the statistics of the number of skyrmions as a function of time in a movie

of 1800 images. The number of skyrmions obtained by the aforementioned algorithm at

0kV/mm is about 300, which is much more than the skyrmions that can be counted manually

in this condition, e.g. as one can see in Fig. 2a. This is because the algorithm identify places

6

Currently limited to ms E-field pulse. Energy consumption: fJ/skyrmion

Huang et al., Nanoletters under review: arXiv:1710.09200



Discovery of the hexatic phase of the SkL
ARTICLES NATURE NANOTECHNOLOGY

the SkL by magnetic fields in thin single-crystalline slabs of the 
skyrmion-hosting compound Cu2OSeO3. We record images and 
videos of areas with over 30,000 individual skyrmions with high 
spatial resolution (Extended Data Fig. 1). Quantitative analysis on 
the evolutions of the spatial and temporal correlations through-
out the melting process reveals a two-step melting phase transi-
tion through a hexatic phase to a liquid phase. Our results not only  
identify novel skyrmion phases, but also imply the possibility of 

skyrmionic quasi-particles as a novel model system for investiga-
tions of collective behaviours in 2D.

Skyrmion arrangements at different magnetic fields. We acquired 
real-space LTEM videos at constant temperatures ranging from 
T = 12 K to T = 42 K, while slowly ramping the magnetic field along 
the direction perpendicular to the sample plane. The melting of the 
SkL was observed in all these videos and no qualitative difference 

500 nm

H ‖ (111)
a d

b e

c f

Fig. 1 | Real-space images and topology analysis of the SkL melting process. a–c, Real space LTEM images of the SkL at T!=!22!K and with magnetic fields 
of H!=!667!Oe (a), H!=!1,108!Oe (b) and H!=!1,203!Oe (c). Insets show the structure factors Sq(q). d–f, Solid dots denote the positions of the skyrmions in 
a–c, respectively. Voronoi tessellation is carried out for each ensemble of skyrmions. The sites with 5, 7 and other non-6 neighbours are highlighted by red, 
blue and grey polygons, respectively.

NATURE NANOTECHNOLOGY | VOL 15 | SEPTEMBER 2020 | 761–767 | www.nature.com/naturenanotechnology762
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process demonstrates this mechanism explicitly, as shown in Fig. 4b. 
The densities of both defects are negligible before the solid–hexatic 
transition, after which the dislocation density starts to increase 
while the disclination density remains around zero. The disclination 
density eventually increases after the hexatic–liquid phase transi-
tion (an example of the defect statistics in the liquid phase is shown 
in Extended Data Fig. 6). As the number of skyrmions is not a con-
served quantity, it is an important question whether the phase tran-
sition is driven by a change of skyrmion density. Figure 4c shows 
that the skyrmion density remains almost constant in the solid and 
hexatic phases and drops by less than 10% in the liquid phase. Such 
a small drop is also seen in numerical simulations of SkLs at zero 
temperature and reflects a change of the skyrmion–skyrmion repul-
sion with increasing magnetic field (see Extended Data Fig. 7 and 
Supplementary Information for more details).

Conclusions
Differences in the macroscopic properties are predicted in these 
topologically distinct phases16. SkLs should possess a finite shear 
modulus that vanishes in the hexatic phase due to the appearance 
of free dislocations; similarly, the hexatic phase differs from the 
liquid phase by a finite Frank’s constant characterizing the stiffness 
against rotational stress. Note that whether a 2D solid experiences 
one or two Berezinskii–Kosterlitz–Thouless phase transitions to 
the liquid phase depends, in general, on its coupling with the sub-
strate9. Due to their large sizes and smooth structures, skyrmions 
in Cu2OSeO3 decouple efficiently from the underlying atomic lat-
tices17, hence resulting in a two-step KTHNY phase transition. 
However, because the detailed interactions between skyrmions and 
the pinning from the underlying atomic lattices may vary in dif-
ferent skyrmion-hosting materials, different phase behaviour may 
occur in other skyrmion systems. The melting process reported 

here is realized by tuning the magnetic field, which opens the inter-
esting question of whether quantum effects will emerge in the limit 
of zero temperature37.

Our results are summarized in the phase diagram in Fig. 5, 
where two new skyrmion phases are identified in addition to the 
previously reported single SkL phase28 (a comprehensive summary 
of the characteristics in the three skyrmion phases is provided in 
Extended Data Fig. 8). The controllable realization of disordered, 
non-periodic configurations of skyrmion ensembles decoupled 
from a well-organized atomic lattice is important for understand-
ing their stability and dynamics from the particle perspective. 
Because both the picture of superimposed helices17 and the pic-
ture of 3D packed skyrmionic strings38 address the essential role 
of thermal fluctuations for reducing the SkL free energy due to an 
‘order-by-disorder’ mechanism (that is, the stability is enhanced due 
to an increase in entropy induced by fluctuations39), our results may 
inspire more investigations on such fluctuations originating from 
the highly non-trivial interactions of skyrmionic quasi-particles.

Collective behaviours, especially ordering and correlations at var-
ious spatial and temporal scales, are central problems in the investi-
gations of many-body systems spanning from elementary particles 
to ecological and social ensembles. The demonstration of complex 
ordering phenomena qualifies skyrmions as a model system for 
real-space and real-time investigations of collective behaviours in 
two dimensions, where the interplay between interactions, topology 
and fluctuations can be controllably tuned to address emergent phe-
nomena in future studies. For example, the Kibble–Zurek mecha-
nism, which describes the critical dynamics of phase transitions40,41, 
can be tested in this model system (Extended Data Fig. 9).
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was observed. By varying the magnetic field we cross the same phase 
boundary that would be crossed by varying the temperature at fixed 
fields, in the same way as applying pressure melts ice in the same 
way as temperature. For clarity, we will in the following focus on a 
video acquired at T = 22 K and all data shown are from this dataset 
unless otherwise stated. Additional LTEM videos were recorded at 
selected constant fields to verify the equilibrium conditions (more 
discussion is provided in the Supplementary Information) and to 
extract the time dependence of the correlations (see Methods).

Figure 1a–c presents LTEM images at different field strengths. The 
insets show their corresponding structure factors Sq(q), which exhibit 
three typical types of arrangement of the skyrmion ensemble. At low 
magnetic field, H = 667 Oe (Fig. 1a), skyrmions form a conventional 
hexagonal lattice, as commonly reported in the literature19. Its Sq(q) 
comprises six sharp Bragg peaks forming a regular hexagon, similar to 
the small-angle neutron scattering patterns reported previously17,27–29. 
Those sharp Bragg peaks evolve into arcs at higher magnetic field, as 
shown in Fig. 1b for H = 1,108 Oe. At a high enough magnetic field, 
H = 1,203 Oe, the skyrmions are eventually in an isotropic state, as 
indicated by the circular Sq(q) pattern shown in Fig. 1c. More LTEM 
images at different magnetic fields (corresponding to the data shown 
in Figs. 2 and 3a) are provided in Extended Data Fig. 2.

As the 150-nm thickness of our sample is much smaller than 
the ~700-nm longitudinal correlation length of the skyrmion lat-
tice in Cu2OSeO3 (obtained by small-angle neutron scattering, see 
Supplementary Fig. 1), the phase transition is expected to be in the 
2D universality class. Further understanding of the melting pro-
cess of the SkL in real space can be achieved by topology analysis. 
We use an algorithm to identify all skyrmions in the image data30,31  
(see Methods), as shown in Fig. 1d–f, where solid dots represent the 
skyrmion positions and edge-sharing polygons indicate the Voronoi 
tessellation, which highlights the nearest neighbours of each sky-
rmion. In a 2D hexagonal lattice, topologically, every regular site 
has six neighbours forming a regular hexagon, and sites with a dif-
ferent number of neighbours can form topological defects (that is, 
dislocations and disclinations, shown as coloured polygons). A dis-
location is a pair of neighbouring 5- and 7-neighbour sites, and a 
disclination is a single 5- or 7-neighbour site. It can be seen clearly 
that, as the magnetic field increases, the density of the topological 
defects increases correspondingly, implying that the melting pro-
cess is mediated by proliferation of topological defects. Additional 
results of topology analysis at different magnetic fields are provided 
in Extended Data Fig. 2.

Translational orders in the melting process. Calculating spatial 
and temporal correlation functions from the real-space skyrmion 
positions provides quantitative insights. A widely used local transla-
tional order parameter Ψ ql ðrÞ

I
 is defined as32

Ψ ql ðrÞ ¼ e$iqlr ð1Þ

where r are skyrmion positions in real space and ql (l = 1, …, 6) 
are the reciprocal lattice vectors determined33 by the positions 
of the first-order Bragg peaks in the structure factor Sq(q). We 
obtained Sq(q) from the pair distribution function Gr(r) based on 
the real-space skyrmion positions (see Methods), and the results for 
Gr(r) and Sq(q) are shown in Extended Data Fig. 3 and Extended 
Data Fig. 4, respectively.

The translational correlation function Gk(r) is derived as
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where the averages are taken both over l = 6 reciprocal lattice vec-
tors and over Nr skyrmions separated by distance r from each other.

Figure 2 shows the calculated Gk(r) and the corresponding  
fits of its upper envelopes at different magnetic fields in log–
log coordinate systems. Power-law decays GkðrÞ / r#ηk

I
 can be 

observed at low fields, at H = 667 Oe and H = 980 Oe, and the 
decay exponents ηk are less than the critical value ηk → 1/3 pre-
dicted for the solid–hexatic phase transition34,35. The power-law 
decays are slow and there are no characteristic length scales, so the 
low-field data demonstrate quasi-long-range translational orders 
in the solid phase. Much faster exponential decays GkðrÞ / e#r=ξk

I
 

are observed at H > 1,000 Oe, indicating the complete loss of 
translational order.

Orientational orders in the melting process. Although the trans-
lational correlation function Gk(r) can evidence the difference 
between the solid phase and the other two phases, the orienta-
tional correlation function further distinguishes the hexatic and 
liquid phases. For a 2D hexagonal lattice, the local orientational 
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values are not visible.
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was observed. By varying the magnetic field we cross the same phase 
boundary that would be crossed by varying the temperature at fixed 
fields, in the same way as applying pressure melts ice in the same 
way as temperature. For clarity, we will in the following focus on a 
video acquired at T = 22 K and all data shown are from this dataset 
unless otherwise stated. Additional LTEM videos were recorded at 
selected constant fields to verify the equilibrium conditions (more 
discussion is provided in the Supplementary Information) and to 
extract the time dependence of the correlations (see Methods).

Figure 1a–c presents LTEM images at different field strengths. The 
insets show their corresponding structure factors Sq(q), which exhibit 
three typical types of arrangement of the skyrmion ensemble. At low 
magnetic field, H = 667 Oe (Fig. 1a), skyrmions form a conventional 
hexagonal lattice, as commonly reported in the literature19. Its Sq(q) 
comprises six sharp Bragg peaks forming a regular hexagon, similar to 
the small-angle neutron scattering patterns reported previously17,27–29. 
Those sharp Bragg peaks evolve into arcs at higher magnetic field, as 
shown in Fig. 1b for H = 1,108 Oe. At a high enough magnetic field, 
H = 1,203 Oe, the skyrmions are eventually in an isotropic state, as 
indicated by the circular Sq(q) pattern shown in Fig. 1c. More LTEM 
images at different magnetic fields (corresponding to the data shown 
in Figs. 2 and 3a) are provided in Extended Data Fig. 2.

As the 150-nm thickness of our sample is much smaller than 
the ~700-nm longitudinal correlation length of the skyrmion lat-
tice in Cu2OSeO3 (obtained by small-angle neutron scattering, see 
Supplementary Fig. 1), the phase transition is expected to be in the 
2D universality class. Further understanding of the melting pro-
cess of the SkL in real space can be achieved by topology analysis. 
We use an algorithm to identify all skyrmions in the image data30,31  
(see Methods), as shown in Fig. 1d–f, where solid dots represent the 
skyrmion positions and edge-sharing polygons indicate the Voronoi 
tessellation, which highlights the nearest neighbours of each sky-
rmion. In a 2D hexagonal lattice, topologically, every regular site 
has six neighbours forming a regular hexagon, and sites with a dif-
ferent number of neighbours can form topological defects (that is, 
dislocations and disclinations, shown as coloured polygons). A dis-
location is a pair of neighbouring 5- and 7-neighbour sites, and a 
disclination is a single 5- or 7-neighbour site. It can be seen clearly 
that, as the magnetic field increases, the density of the topological 
defects increases correspondingly, implying that the melting pro-
cess is mediated by proliferation of topological defects. Additional 
results of topology analysis at different magnetic fields are provided 
in Extended Data Fig. 2.

Translational orders in the melting process. Calculating spatial 
and temporal correlation functions from the real-space skyrmion 
positions provides quantitative insights. A widely used local transla-
tional order parameter Ψ ql ðrÞ

I
 is defined as32

Ψ ql ðrÞ ¼ e$iqlr ð1Þ

where r are skyrmion positions in real space and ql (l = 1, …, 6) 
are the reciprocal lattice vectors determined33 by the positions 
of the first-order Bragg peaks in the structure factor Sq(q). We 
obtained Sq(q) from the pair distribution function Gr(r) based on 
the real-space skyrmion positions (see Methods), and the results for 
Gr(r) and Sq(q) are shown in Extended Data Fig. 3 and Extended 
Data Fig. 4, respectively.

The translational correlation function Gk(r) is derived as
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where the averages are taken both over l = 6 reciprocal lattice vec-
tors and over Nr skyrmions separated by distance r from each other.

Figure 2 shows the calculated Gk(r) and the corresponding  
fits of its upper envelopes at different magnetic fields in log–
log coordinate systems. Power-law decays GkðrÞ / r#ηk

I
 can be 

observed at low fields, at H = 667 Oe and H = 980 Oe, and the 
decay exponents ηk are less than the critical value ηk → 1/3 pre-
dicted for the solid–hexatic phase transition34,35. The power-law 
decays are slow and there are no characteristic length scales, so the 
low-field data demonstrate quasi-long-range translational orders 
in the solid phase. Much faster exponential decays GkðrÞ / e#r=ξk
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are observed at H > 1,000 Oe, indicating the complete loss of 
translational order.

Orientational orders in the melting process. Although the trans-
lational correlation function Gk(r) can evidence the difference 
between the solid phase and the other two phases, the orienta-
tional correlation function further distinguishes the hexatic and 
liquid phases. For a 2D hexagonal lattice, the local orientational 
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values are not visible.
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was observed. By varying the magnetic field we cross the same phase 
boundary that would be crossed by varying the temperature at fixed 
fields, in the same way as applying pressure melts ice in the same 
way as temperature. For clarity, we will in the following focus on a 
video acquired at T = 22 K and all data shown are from this dataset 
unless otherwise stated. Additional LTEM videos were recorded at 
selected constant fields to verify the equilibrium conditions (more 
discussion is provided in the Supplementary Information) and to 
extract the time dependence of the correlations (see Methods).

Figure 1a–c presents LTEM images at different field strengths. The 
insets show their corresponding structure factors Sq(q), which exhibit 
three typical types of arrangement of the skyrmion ensemble. At low 
magnetic field, H = 667 Oe (Fig. 1a), skyrmions form a conventional 
hexagonal lattice, as commonly reported in the literature19. Its Sq(q) 
comprises six sharp Bragg peaks forming a regular hexagon, similar to 
the small-angle neutron scattering patterns reported previously17,27–29. 
Those sharp Bragg peaks evolve into arcs at higher magnetic field, as 
shown in Fig. 1b for H = 1,108 Oe. At a high enough magnetic field, 
H = 1,203 Oe, the skyrmions are eventually in an isotropic state, as 
indicated by the circular Sq(q) pattern shown in Fig. 1c. More LTEM 
images at different magnetic fields (corresponding to the data shown 
in Figs. 2 and 3a) are provided in Extended Data Fig. 2.

As the 150-nm thickness of our sample is much smaller than 
the ~700-nm longitudinal correlation length of the skyrmion lat-
tice in Cu2OSeO3 (obtained by small-angle neutron scattering, see 
Supplementary Fig. 1), the phase transition is expected to be in the 
2D universality class. Further understanding of the melting pro-
cess of the SkL in real space can be achieved by topology analysis. 
We use an algorithm to identify all skyrmions in the image data30,31  
(see Methods), as shown in Fig. 1d–f, where solid dots represent the 
skyrmion positions and edge-sharing polygons indicate the Voronoi 
tessellation, which highlights the nearest neighbours of each sky-
rmion. In a 2D hexagonal lattice, topologically, every regular site 
has six neighbours forming a regular hexagon, and sites with a dif-
ferent number of neighbours can form topological defects (that is, 
dislocations and disclinations, shown as coloured polygons). A dis-
location is a pair of neighbouring 5- and 7-neighbour sites, and a 
disclination is a single 5- or 7-neighbour site. It can be seen clearly 
that, as the magnetic field increases, the density of the topological 
defects increases correspondingly, implying that the melting pro-
cess is mediated by proliferation of topological defects. Additional 
results of topology analysis at different magnetic fields are provided 
in Extended Data Fig. 2.

Translational orders in the melting process. Calculating spatial 
and temporal correlation functions from the real-space skyrmion 
positions provides quantitative insights. A widely used local transla-
tional order parameter Ψ ql ðrÞ

I
 is defined as32

Ψ ql ðrÞ ¼ e$iqlr ð1Þ

where r are skyrmion positions in real space and ql (l = 1, …, 6) 
are the reciprocal lattice vectors determined33 by the positions 
of the first-order Bragg peaks in the structure factor Sq(q). We 
obtained Sq(q) from the pair distribution function Gr(r) based on 
the real-space skyrmion positions (see Methods), and the results for 
Gr(r) and Sq(q) are shown in Extended Data Fig. 3 and Extended 
Data Fig. 4, respectively.

The translational correlation function Gk(r) is derived as
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where the averages are taken both over l = 6 reciprocal lattice vec-
tors and over Nr skyrmions separated by distance r from each other.

Figure 2 shows the calculated Gk(r) and the corresponding  
fits of its upper envelopes at different magnetic fields in log–
log coordinate systems. Power-law decays GkðrÞ / r#ηk
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 can be 

observed at low fields, at H = 667 Oe and H = 980 Oe, and the 
decay exponents ηk are less than the critical value ηk → 1/3 pre-
dicted for the solid–hexatic phase transition34,35. The power-law 
decays are slow and there are no characteristic length scales, so the 
low-field data demonstrate quasi-long-range translational orders 
in the solid phase. Much faster exponential decays GkðrÞ / e#r=ξk
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are observed at H > 1,000 Oe, indicating the complete loss of 
translational order.

Orientational orders in the melting process. Although the trans-
lational correlation function Gk(r) can evidence the difference 
between the solid phase and the other two phases, the orienta-
tional correlation function further distinguishes the hexatic and 
liquid phases. For a 2D hexagonal lattice, the local orientational 
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1 fs circularly polarized IR (>1!")
laser pulse induces a rotation

How fast does it rotate? What causes it?

- First hint: rotation has a threshold 2mJ/cm2

Coherent control of skyrmions



• Is it a thermal effect? Above a certain temperature jump the lattice rotates?
• Happens on a slow time-scale (ns to !s)
• Should not depend on polarization (CuOSeO is optically isotropic)
• Threshold fluence should be higher for wavelengths corresponding to lower 

absorption coefficient 

• Is it a thermal effect? Above a certain temperature jump the lattice rotates?
• Happens on a slow time-scale (ns to !s) ?
• Should not depend on polarization (CuOSeO is optically isotropic)
• Threshold fluence should be higher for wavelengths corresponding to lower 

absorption coefficient 

Rotation is an IRREVERSIBLE effect, no stroboscopic method possible

time

delay

If the delay is smaller than the time heat 
takes to develop the effect of the two pulses
adds and the SKL rotates

time

delay

Each pulse is half what is needed to induce rotation

If the delay is larger than the time heat 
takes to develop nothing happens

Two pump pulses, CW imaging with LTEM

Coherent control of skyrmions



Coherent control of skyrmions



IR pump, induces coherent oscillations of the magnetization via inverse Faraday effect.
Oscillations are vibration modes of the SKL 

Ogawa, Seki, Tokura,
Sci. Rep. (2015)

Ultrafast MOKE on CuOSeO

Inverse-Farady induced coherent magnons
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Coherent control of skyrmions



Take home messages

• Magnetic background influences skyrmions motion

• Laser light can write/erase skyrmions via super-cooling effects

• Electric fields can move/create skyrmions efficiently

• Inverse Faraday effect provides the possibility to coherently control 

the skyrmions



Imparting topological charge to electrons

• A chiral plasmonic field can impart a phase singularity
onto the transverse component of an e- wavefunction

• Chiral SPP launched by elliptically polarized light

• Simulated Chiral SPP

Vanacore et al., arXiv:1806.00366 



Electron vortex beam, m = 1

Electron wavefunction microscopy 
in momentum space

Vanacore et al., arXiv:1806.00366 
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• Supercooling stabilizes skyrmions

• Light injects topological charge

• Energy consumption fJ/bit

• Histeretic PD shape depends on 

cooling rate

Light-control of skyrmions in FeGe (metallic)

Berruto et al., Phys. Rev. Lett. 120, 117201 (2018)

photoinduced electronic and lattice temperature jump for
different laser pulse durations above and below the thresh-
old for photogenerating Skyrmions, Figs. 3(c) and 3(d).
When only the electronic temperature far exceeds the
critical value TSkL↑, no effect is observed on the magnetic
pattern; conversely, if the lattice temperature is above
TSkL↑, Skyrmions are observed in the sample. The threshold
for the photogeneration of Skyrmions is also independent
on the photon energy between 0.8 and 1.55 eV (see
Supplemental Material, Fig. 1). This is expected for a
thermally induced phenomenon considering the rather
featureless optical conductivity of FeGe in such an energy
range [41].
The fact that a very large electronic temperature does not

result in observable changes of the system’s magnetization,
together with the insensitivity of the threshold to the driving
pulses duration and wavelength, implies that the mecha-
nism for creating Skyrmions is a slow process. In the
single-pulse writing experiments, the phase diagram after
the excitation is changed into the cooling phase diagram,
see Fig. 4(a) red arrow, following an evolution similar to
supercooling [42,43]. The sudden quench of thermal
fluctuations (∼K/μs) that takes place after the initial

temperature jump freezes Skyrmions in regions of the
phase diagram where they were not present before the
arrival of the laser pulse. This is consistent with previous
reports showing that fast cooling rates, in the range of K/s,
can homogeneously freeze-in Skyrmions in different
regions of the phase diagram [44]. Importantly, in our
case, the Skyrmion creation occurs in the limited region of
the sample either close to an edge or at the interface
between magnetic phases, while the majority of the sample
conserves its magnetic state (see Supplemental Material,
movies 1 and 2 [25]). This is different from the slower
equilibrium-cooling experiments when most of the sample
converts into the Skyrmion lattice, and showcases the role
of the cooling rate in tipping the balance between topo-
logical protection and thermal fluctuations. In fact, the
emergence of the Skyrmions is expected to happen at the
edges of the sample where such a balance is altered by
the breaking of topological protection. This has been
experimentally observed upon magnetic field variation
[45] and rationalized theoretically for the pulsed suppres-
sion of the magnetization [46].
To test the reaction speed of the sample’s magnetization

to a sudden temperature jump, we performed a ns
pump-probe experiment in proximity of the Skyrmion to
paramagnetic phase transition, Fig. 4(a) orange arrow,
employing 20 kHz synchronized trains of laser and electron
pulses, see Supplemental Material, note II [25]. We have
chosen to study stroboscopically this transition because it is
fully reversible when crossed at the slow rate of <K/s, and
does not involve any metastable state (see Supplemental
Material, Fig. 3 [25]). The FeGe slab was kept at 257 K
and 950 G.
A portion of a typical Lorentz micrograph of the

Skyrmion lattice recorded with photoelectrons is depicted
in Fig. 4(b), together with its spatial Fourier Transform in
the inset. The temporal evolution of the Skyrmion lattice
constant, orientation angle, and magnetization strength
for two fluences (approximately 1.5 and 5 mJ/cm2) are
plotted in Fig. 4(c) top and bottom panels, respectively.
We found no significant modification to either the
Skyrmion lattice constant or its orientation angle. As
the Skyrmion lattice constant is given by the ratio between
the Dzyaloshinsky-Moriya D and the exchange constant J
(d ¼ 4πJ/jDj), and the two are independent physical
quantities, it is reasonable to conclude that neither D
nor J are affected by the laser pulses on the ns time scale.
Contrary, the intensity of the magnetic contrast, estimated
as the intensity of the magnetic Bragg peak obtained by
Fourier transforming the real-space image, is found to
decrease by 6 and 49 percent for 1.5 and 5 mJ/cm2

fluence, respectively. The time scale for the recovery of
the magnetization depends on the fluence and reaches
∼9 μs for the strongest photoexcitation tested (5 mJ/cm2),
confirming the idea that the magnetization dynamics is
governed by the heat diffusion.

FIG. 4. Ns pump-probe Lorentz TEM on Skyrmions. (a) Sche-
matic evolution of the system across the phase diagram during the
laser-writing (photocreation) and pump-probe experiments.
(b) Portion of the Skyrmion lattice micrograph recorded with
25 ns photoelectron pulses and its Fourier transform, inset.
Scale bar is 250 nm. (c) Pump-probe temporal dynamics of
the Skyrmion lattice parameters: Skyrmion-Skyrmion distance
(d/d0, green dots, left axis), orientation angle (red dots, right axis)
and magnetization strength (I/I0, blue dots, left axis) at approx-
imately 1.5 and 5 mJ/cm2 fluence, top and bottom panel,
respectively. The solid blue curves are fits to the magnetization
strength via a finite rise-time exponential relaxation function,
yielding recovery time constants of 0.75" 0.3 μs at 1.5 mJ/cm2,
and 9.3" 4.4 μs at 5 mJ/cm2. The insets show the magnetic
Bragg peak profile before the arrival of the pump pulse (black)
and after 200 ns (red). The curves were obtained averaging over
all six Bragg peaks after having verified that all have the same
dynamics, ruling out distortions of the Skyrmion lattice.
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Skyrmion writing mechanism

diameter of 70 nm, and the knowledge of FeGe optical
absorption, a rough estimate of the optical energy expense
is 8 × 10−15 J/Skyrmion, offering interesting perspectives
for energy efficient data storage [36,37].
To determine the mechanism for the light-induced

Skyrmion writing, we measured a fluence-dependence
series and identified the energy per pulse necessary to
create Skyrmions starting from the different positions in
the phase diagram, indicated by open circles in Fig. 2(a).
We estimated the threshold value by observing the mag-
netic pattern and gradually increasing the laser illumination
fluence. The critical fluence is taken as the value to create
well defined Skyrmions, and its error bar (approximately
18%) is estimated by repeating the same experiment 3
times. The distribution of threshold values obtained for the
different sample conditions is plotted as a color map in
Fig. 2(a).
As visible, at lower temperatures a larger energy is

required to create Skyrmions, suggesting that the light-
induced temperature rise in the material is responsible for
their appearance. To test this hypothesis, we calculated the
optical energy needed to cross TSkL↑ as a function of the
starting temperature for both the top and bottom surfaces
of the sample (Supplemental Material [25], note II, which
includes Refs. [38,39]). These values are represented as
solid red and blue lines in Fig. 2(b), respectively. The
measured absorbed laser energy threshold values as a
function of the starting temperature for a magnetic field
of B ¼ 750 and B ¼ 1040 G are also displayed as red and
green symbols, respectively. The experimental laser energy
absorbed by the sample required to create Skyrmions

largely exceeds the theoretical value for the top surface
and lies somewhat below the value for the bottom surface,
suggesting that sufficiently thick portions of the slab
surpass the critical temperature to induce the Skyrmions
formation.
Importantly, the electronic and lattice temperature follow a

different dynamical evolution upon excitation by fast laser
pulses. The light predominantly couples to the electronic
subsystem resulting in a transient increase of the electronic
temperature. The equilibration of the electronic and struc-
tural subsystems is mediated by the electron-phonon cou-
pling and can be described by a two-temperature model
(2TM) [40], see Supplemental Material, note II [25].
Typically, the shorter the light pulses, the higher the
electronic temperature, and the larger its difference to the
lattice temperature at the early stage of the dynamics. Such
a behavior is depicted in Fig. 3(a), where the temporal
evolution of the electronic and lattice temperature was
obtained via the 2TM as a function of pulse duration.
To disentangle the role of these two subsystems, we

performed a series of Skyrmion photocreation threshold
measurements as a function of the pulse duration, Fig. 3(b).
It is evident that the threshold is independent of the laser
pulse duration, suggesting that the photoinduced electronic
temperature jump does not play a role in the formation of
the Skyrmions. To corroborate this idea, we show the

FIG. 2. Skyrmion photocreation phase diagram. (a) The color
map encodes the Skyrmion photocreation energy threshold as a
function of temperature and magnetic field; 60 fs long, linearly
polarized 1.55 eV pulses were used. For comparison, the temper-
ature TSkL↑ at which Skyrmions form upon field warming in
absence of any photoexcitation and the critical temperature TC for
the Skyrmion to paramagnetic transition were measured exper-
imentally and are shown as full symbols. The Skyrmion stability
region after field cooling is enclosed between the red dashed lines
TSkL↓. (b) Temperature dependence of the threshold at selected
magnetic fields. For comparison, the fluence values required to
warm up the lattice to TSkL↑ at the front (top) and back (bottom)
surfaces of the sample are also shown, for TSkL↑ ¼ 243 K.

FIG. 3. Electron and lattice temperature evolution. (a) Two-
temperature model calculations for three pulse durations, 100 fs,
1 ps, and 10 ps at the surface of the sample (solid and dashed lines
for electronic and lattice temperatures, respectively). (b) Absorbed
energy threshold for Skyrmions’ photocreation as a function of
pulse duration. (c),(d) Depth-averaged electronic and lattice
temperature peaks as a function of pulse duration at one-half
and just above the threshold fluence values. Red and blue dashed
lines indicate temperature variation required to reach TSkL↑ and
TC upon field warming. The insets show the cryo-LTEM images
taken upon photoexcitation of the sample at 233 K with 1.55 eV,
60 fs laser pulses.
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diameter of 70 nm, and the knowledge of FeGe optical
absorption, a rough estimate of the optical energy expense
is 8 × 10−15 J/Skyrmion, offering interesting perspectives
for energy efficient data storage [36,37].
To determine the mechanism for the light-induced

Skyrmion writing, we measured a fluence-dependence
series and identified the energy per pulse necessary to
create Skyrmions starting from the different positions in
the phase diagram, indicated by open circles in Fig. 2(a).
We estimated the threshold value by observing the mag-
netic pattern and gradually increasing the laser illumination
fluence. The critical fluence is taken as the value to create
well defined Skyrmions, and its error bar (approximately
18%) is estimated by repeating the same experiment 3
times. The distribution of threshold values obtained for the
different sample conditions is plotted as a color map in
Fig. 2(a).
As visible, at lower temperatures a larger energy is

required to create Skyrmions, suggesting that the light-
induced temperature rise in the material is responsible for
their appearance. To test this hypothesis, we calculated the
optical energy needed to cross TSkL↑ as a function of the
starting temperature for both the top and bottom surfaces
of the sample (Supplemental Material [25], note II, which
includes Refs. [38,39]). These values are represented as
solid red and blue lines in Fig. 2(b), respectively. The
measured absorbed laser energy threshold values as a
function of the starting temperature for a magnetic field
of B ¼ 750 and B ¼ 1040 G are also displayed as red and
green symbols, respectively. The experimental laser energy
absorbed by the sample required to create Skyrmions

largely exceeds the theoretical value for the top surface
and lies somewhat below the value for the bottom surface,
suggesting that sufficiently thick portions of the slab
surpass the critical temperature to induce the Skyrmions
formation.
Importantly, the electronic and lattice temperature follow a

different dynamical evolution upon excitation by fast laser
pulses. The light predominantly couples to the electronic
subsystem resulting in a transient increase of the electronic
temperature. The equilibration of the electronic and struc-
tural subsystems is mediated by the electron-phonon cou-
pling and can be described by a two-temperature model
(2TM) [40], see Supplemental Material, note II [25].
Typically, the shorter the light pulses, the higher the
electronic temperature, and the larger its difference to the
lattice temperature at the early stage of the dynamics. Such
a behavior is depicted in Fig. 3(a), where the temporal
evolution of the electronic and lattice temperature was
obtained via the 2TM as a function of pulse duration.
To disentangle the role of these two subsystems, we

performed a series of Skyrmion photocreation threshold
measurements as a function of the pulse duration, Fig. 3(b).
It is evident that the threshold is independent of the laser
pulse duration, suggesting that the photoinduced electronic
temperature jump does not play a role in the formation of
the Skyrmions. To corroborate this idea, we show the

FIG. 2. Skyrmion photocreation phase diagram. (a) The color
map encodes the Skyrmion photocreation energy threshold as a
function of temperature and magnetic field; 60 fs long, linearly
polarized 1.55 eV pulses were used. For comparison, the temper-
ature TSkL↑ at which Skyrmions form upon field warming in
absence of any photoexcitation and the critical temperature TC for
the Skyrmion to paramagnetic transition were measured exper-
imentally and are shown as full symbols. The Skyrmion stability
region after field cooling is enclosed between the red dashed lines
TSkL↓. (b) Temperature dependence of the threshold at selected
magnetic fields. For comparison, the fluence values required to
warm up the lattice to TSkL↑ at the front (top) and back (bottom)
surfaces of the sample are also shown, for TSkL↑ ¼ 243 K.

FIG. 3. Electron and lattice temperature evolution. (a) Two-
temperature model calculations for three pulse durations, 100 fs,
1 ps, and 10 ps at the surface of the sample (solid and dashed lines
for electronic and lattice temperatures, respectively). (b) Absorbed
energy threshold for Skyrmions’ photocreation as a function of
pulse duration. (c),(d) Depth-averaged electronic and lattice
temperature peaks as a function of pulse duration at one-half
and just above the threshold fluence values. Red and blue dashed
lines indicate temperature variation required to reach TSkL↑ and
TC upon field warming. The insets show the cryo-LTEM images
taken upon photoexcitation of the sample at 233 K with 1.55 eV,
60 fs laser pulses.
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• No effect of the electronic temperature
(slow response of the magnetic system)
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Skyrmions erasing mechanism (ns pump-probe)

photoinduced electronic and lattice temperature jump for
different laser pulse durations above and below the thresh-
old for photogenerating Skyrmions, Figs. 3(c) and 3(d).
When only the electronic temperature far exceeds the
critical value TSkL↑, no effect is observed on the magnetic
pattern; conversely, if the lattice temperature is above
TSkL↑, Skyrmions are observed in the sample. The threshold
for the photogeneration of Skyrmions is also independent
on the photon energy between 0.8 and 1.55 eV (see
Supplemental Material, Fig. 1). This is expected for a
thermally induced phenomenon considering the rather
featureless optical conductivity of FeGe in such an energy
range [41].
The fact that a very large electronic temperature does not

result in observable changes of the system’s magnetization,
together with the insensitivity of the threshold to the driving
pulses duration and wavelength, implies that the mecha-
nism for creating Skyrmions is a slow process. In the
single-pulse writing experiments, the phase diagram after
the excitation is changed into the cooling phase diagram,
see Fig. 4(a) red arrow, following an evolution similar to
supercooling [42,43]. The sudden quench of thermal
fluctuations (∼K/μs) that takes place after the initial

temperature jump freezes Skyrmions in regions of the
phase diagram where they were not present before the
arrival of the laser pulse. This is consistent with previous
reports showing that fast cooling rates, in the range of K/s,
can homogeneously freeze-in Skyrmions in different
regions of the phase diagram [44]. Importantly, in our
case, the Skyrmion creation occurs in the limited region of
the sample either close to an edge or at the interface
between magnetic phases, while the majority of the sample
conserves its magnetic state (see Supplemental Material,
movies 1 and 2 [25]). This is different from the slower
equilibrium-cooling experiments when most of the sample
converts into the Skyrmion lattice, and showcases the role
of the cooling rate in tipping the balance between topo-
logical protection and thermal fluctuations. In fact, the
emergence of the Skyrmions is expected to happen at the
edges of the sample where such a balance is altered by
the breaking of topological protection. This has been
experimentally observed upon magnetic field variation
[45] and rationalized theoretically for the pulsed suppres-
sion of the magnetization [46].
To test the reaction speed of the sample’s magnetization

to a sudden temperature jump, we performed a ns
pump-probe experiment in proximity of the Skyrmion to
paramagnetic phase transition, Fig. 4(a) orange arrow,
employing 20 kHz synchronized trains of laser and electron
pulses, see Supplemental Material, note II [25]. We have
chosen to study stroboscopically this transition because it is
fully reversible when crossed at the slow rate of <K/s, and
does not involve any metastable state (see Supplemental
Material, Fig. 3 [25]). The FeGe slab was kept at 257 K
and 950 G.
A portion of a typical Lorentz micrograph of the

Skyrmion lattice recorded with photoelectrons is depicted
in Fig. 4(b), together with its spatial Fourier Transform in
the inset. The temporal evolution of the Skyrmion lattice
constant, orientation angle, and magnetization strength
for two fluences (approximately 1.5 and 5 mJ/cm2) are
plotted in Fig. 4(c) top and bottom panels, respectively.
We found no significant modification to either the
Skyrmion lattice constant or its orientation angle. As
the Skyrmion lattice constant is given by the ratio between
the Dzyaloshinsky-Moriya D and the exchange constant J
(d ¼ 4πJ/jDj), and the two are independent physical
quantities, it is reasonable to conclude that neither D
nor J are affected by the laser pulses on the ns time scale.
Contrary, the intensity of the magnetic contrast, estimated
as the intensity of the magnetic Bragg peak obtained by
Fourier transforming the real-space image, is found to
decrease by 6 and 49 percent for 1.5 and 5 mJ/cm2

fluence, respectively. The time scale for the recovery of
the magnetization depends on the fluence and reaches
∼9 μs for the strongest photoexcitation tested (5 mJ/cm2),
confirming the idea that the magnetization dynamics is
governed by the heat diffusion.

FIG. 4. Ns pump-probe Lorentz TEM on Skyrmions. (a) Sche-
matic evolution of the system across the phase diagram during the
laser-writing (photocreation) and pump-probe experiments.
(b) Portion of the Skyrmion lattice micrograph recorded with
25 ns photoelectron pulses and its Fourier transform, inset.
Scale bar is 250 nm. (c) Pump-probe temporal dynamics of
the Skyrmion lattice parameters: Skyrmion-Skyrmion distance
(d/d0, green dots, left axis), orientation angle (red dots, right axis)
and magnetization strength (I/I0, blue dots, left axis) at approx-
imately 1.5 and 5 mJ/cm2 fluence, top and bottom panel,
respectively. The solid blue curves are fits to the magnetization
strength via a finite rise-time exponential relaxation function,
yielding recovery time constants of 0.75" 0.3 μs at 1.5 mJ/cm2,
and 9.3" 4.4 μs at 5 mJ/cm2. The insets show the magnetic
Bragg peak profile before the arrival of the pump pulse (black)
and after 200 ns (red). The curves were obtained averaging over
all six Bragg peaks after having verified that all have the same
dynamics, ruling out distortions of the Skyrmion lattice.
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• Skyrmion lattice quenched without
distorting it

• Melting the SkL with B does go through
positional and orientational disorder
(paper in prep.)
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