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investigate the structure and dynamics of the domain wall after excitation with nanosecond pulsed
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particular, we demonstrate the formation of wave bullet-like excitations, which are generated in the

: domain walls and can propagate inside them during the @Jic motion of the vortex core. Based on

: numerical simulations we also show that, besides the corghere are four singularities formed at the

. corners of the pattern. The polarisation of these sigularities has a direct relation to the vortex core, ad
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. polarisations of the core and the singularities.

- Inrecent years, vortex closure domains in magnetic thinelements have become the focus of great attention

. due to their intriguing dynamic properties. As well as being fascinating model objects — in many aspects the
. vortices behave like classical harmonic oscillators — they are considered as promising retorehegronic

: components, which could provide a wide range of functionalities, stretching from static non-volatile tsig-den

. data storageto dynamic skyrmion excitatiofist and magnetic vortex generators e latter have particu-

. larly attracted much interest a er it was demonstrated that, similar to spin-torque oscillat@rs)(8Tmagnetic

: vortex can be driven by either AC or DC currents and perform as a microwave oscifldtocomparison

: to an STO device, a magnetic vortex is a natural and more coherent resonating system, which is less a ecte
by imperfections in the geometry of the material and its intrinsic parameters. However, theanuiegsof

. vortex dynamics remains complex, especially in matters regarding nonlinear e ects. In case of thin Im pat

© terned magnetic elements, such as microscopic permalloy g isquares or dots, the focus of research

© has been covering a number of topics including the understanding of the eigen-modes of gyration in single
 element§!t1215-17coupled oscillations in assemblies or patterns of eletfi@fitson-linear e ect$*?7 manip

. ulation of core dynamié§*3*%and their practical applicatiéf'2'3 In many cases the investigations have been

. based on time-resolved imaging using optfc&lior x-ray techniqued32-35 e spatial resolution in the best case

WS Z 7 Soece fet e—7'eterd @I’ Bfz-Fd e<—¥T & %oT'dd ®y-~VVV

PPt Z7tA " ferBA . SE U ee—cm— 1A {XYX <27 HmieR" IMiegpdW BT H o —ce
"fe lEAT Efe e ST =" e flif—c'e f..<Z<—3%& 1% ya viDgpartfient & Physics,
cTETeco> T e Ted wv { & dceffetetce %I SA —" . ta [T™MIZZ  .cke..

a
fer—ed «t..'—4 3" "teS<"fad ww v E P« lecsSotf el Tt —Fe—0 "7 of—f"(f
fTt teett - 88 & fef<Z8 "8 8 % <o;f8t—F1"4f... 84—«

SCIENTIFIREPORTS

lay|yv} a4 wvawvy~ «"t'y|yv} 1


mailto:f.y.ogrin@exeter.ac.uk

www.nature.com/scientificreports/

Coherent @) Sample b) Hologram  c) Differential filter d) Real-space
X-rays reconstruction
—

SiN membrane

Si support substrate Aperture

e) Sample (SEM)
& Py element

80 nmI

24
m
Gold mask Reference slit

Figure 1. Schematics of the HERALDO setup and sample structu@. e sample on a SiN membrane. e
incident x-rays di ract at the aperture hole and the referencelslite (nterference between these two beams
yields a hologram that is recorded on a CCD camera {ntensity map of the di erential lter, applied along

the directional derivative of the x-rays from the referencedjite feconstructed image a er fast Fourier
transform (FFT) and polarisation analysis. Inset shows a close-up of the aperture with the magretioto

the Py elemente] Scanning electron microscope (SEM) image from the back side of the sample showing the
aperture in the 600 nm gold layer together with the reference slit. e CPW with the square Py element can be
seen in the aperture through the 200 nm SiN membrane on the front of the sample.

is limited to the wavelength of the optical probe convoluted with the speci cs of the paréohiaiques and
their limitations. For example, in the case of so x-ray imaging the typical values are in the region of 20-50 nm.
is is insu cient to clearly resolve the vortex core or domaivalls with dimensions (~10-15 nm). In the major
ity of investigations these limitations were compensated by simulation stgdigsnicromagnetic numerical
tools, such as Mumé& from which one can further assess the e ects that may not be clearly resolved in spatial
imaging. is also facilitated study of the ner structure of the vortex closures gdyinamic&2637:3&nd to
investigate non-linear e ects and spin-wave phenomena associated with both the excitatiensieddy states
of the vortex gyration. e latter are of particular imptance in technological applications, where vortex core
manipulation underpins their operation (e.g. polarisation switching). Numerical work is altgainlesto under
stand the 3D structures of the domain closures, as these are normally ‘hidden’ for the experimental probes (e.g
X-ray transmission experiments), because of averaging or insensitivity to in-depth magnetisation.

Here we report the rst demonstration of time-resolved imaging of vortex gyration helography with
extended reference autocorrelation by linear di erential op@rESALDO). is relatively new techniqué® has
recently been adopted for imaging of magnetic matéti&isSimilar to most synchrotron-based magnetic probes,
it uses x-ray magnetic circular dichroism (XMCfto probe the magnetisation with element-speci city, for
which magnetic contrast is observed for magnetic moments aligned parallel or anti-parallel toytheaxera
vector. Based on the principles of holography, HERALDO uses the interference between the reference bea
and the scattered light from the sample to reconstruct the real-spacetimagntrast. Compared to standard
Fourier transform holography (FTH)8 in HERALDO the reference beam is produced bit eater than a
hole (see Fig. 1). One of the advantages of this modi cation is the ability to image both out-of-plane @mel in-pl
magnetic components by performing measurements at normal (90 degrees) and acute (e.g. 45 degrees) angles
x-ray incidence with respect to the sample respectively. Here we employ HERALDO for time-resolved imagin
of the magnetic vortex gyration in thin- Im magnetic Py squares. Similar to circular elements, in theseestruct
the vortex is formed as a result of minimisation of the magnetostatic energy, faemgdgnetic moments to
stay preferably in-plane of the element. However, due to therice of the straight edges, as well as creating
the vortex core, the square elements tend to form 90° domain walls, breaking the sample into four equi-sized
triangular domains, forming a so-called Landau Flux Closure pé&tt&r$? e dynamics of the core is in this
case also a ected by the mobility of the domain walls and the associated mago&tostgy. Furthermore, it
was showft that the structure of the core itself and its dynamics can be greatly a ected by the Im thi¢kness o
the elements. Here we present a study on relatively thick (80 nm) Py elements. As well as the gyration of the cor
studied by x-ray imaging and micromagnetic simulations, we also examine the overall 3D structure of the mag
netic con guration and its dynamics during the rst cycles of excitation. In particular we focus on tbiat@sso
spinwave phenomena and investigate the wave propagations localised within the domainheadiefant.

Results

e experiments were carried out in the stroboscopic regifié? e overall schematics of the pump-probe
measurements using HERALDO is illustrated in Fig. 2, and described in more detail in Methods. Sytichronisa
between the pump and x-ray probe pulses was achieved by using the master oscillator clock of ttrersynchro
which served as the trigger signal for the pulse generator. To obtain images for di erent gyragothehaulses
from the generator were delayed with intervals of xed length corresponding to di erent time instaroes fr
the moment of initial riset§) of the pulse to the time of fully damped gyratioriy( 30 ns). Given the limited
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Figure 2. Experimental set-up and time structure of the experimen{s) Pump-probe time structure

used for the stroboscopic imaginlg) Gample geometry with respect to the x-ray beam for 45° imaging (for
perpendicular imaging the sample surface is at 90° to the x-ray bea@pti¢al image of the sample showing

the gold CPW on the Si substrate and SiN winddpwSEM image showing the Py squares, CPW structure and
reference slit. e aperture is on the rear side of the sample along the CPW core. Each CPW contains multiple
apertures and reference slits separated byh00

available beamtime and the substantial acquisition time (a typical hologram took 30-40 min) aapé&oticsl
was given to the initial stage of vortex actuation and the rst two cycles of gyration. Overalgegadaoints
starting fromt, and ending at, 10 ns, with a typical step size of 250 ps and an average spatial resolution of
30 nm (40 nm) in vertical (horizontal) direction.
For imaging in perpendicular orientation (see Fig. 3a) an enhanced spatial resolution of 20 nm irtibath ver
and horizontal directions was achieved by moving the CCD camera closer tmphe sareconstruction of
the magnetic contrast was performed in the same way as previously rép@rtedli erence between the
di raction patterns for the two polarisations of opposite circularlyapigled light was multiplied by the inten
sity matrix representing the di erential lIter. e resulting image was then Fourier transformedi@io the
real-space magnetic contrast (see Fig. 1). Figure 3 shows the results of the reconstructions fi@obtaamdd
at di erent delay times betweegand the x-ray probe pulse. Imaging was carried out at two di erent x-ray angles
of incidence (90° and 45°) with respect to the sample surface, and for two di erent pulse amplitudes (7.7 mT
and 10 mT), respectively. Figure 3a,b depict typical images of the magnetic contrast in fritberaatex core
acquired at 90° and 45°. e overlaid lines trace the positions of the core at di erent delay times. Figure 3¢ shows
the vertical displacement of the core as a function of delay time, as well as the results of micromaggetic sim
tions, modelled using the same geometric and material parameters. Figure 3d shows the spatialqidlsé
core extracted from all frames imaged at perpendicular (90°) orientation of the x-rays with respectrpléhe sa
Supplementary movies S1, S2, and S3 show the combined time-resolved images for both samplesorientatio
Figure 3c shows that, as time progresses fgothe core of the vortex is rst vertically displaced (along the
CPW) a er which it follows a continuous precession around a new equilibpiosition. is new position is
determined by the amplitude of the magnetic pulse and, once the gyration is fully damped (a er t+8@ss), i
the same vertical displacement as would have been induced by a constant applied eld with the sitaide mag
as that of the pulsed eld. As in experiments on circular element8’@gsu cient bandwidth ( f 1/ t) for
excitation of eigen-modes of the vortex gyration was provided by a pulse with a rise timelofis. To match
the amplitude of gyration with that produced in the simulation we used a Gaussian smoothing Eeheimich
leads to a further reduction of the dynamic bandwidth, but more realistically describes the extadGapabil
ities of the generator and the transmission lines. In the simulation, we also assumed a non-uniform structure o
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Figure 3. Vortex gyration. Close-up of the reconstructed magnetic contrast around the core taken at di erent
values of the delay time fibr (8) 90° andlf) for 45° (3.7 V pulse) angle-of-incidence. e lines trace the vortex
core position. ) e vertical displacement of the vortex core at di erent delay times. e purple line shows
vertical displacement extracted from micromagnetic simulations. e simulated magnetic pul$eiprshown

by the green line. e point at 238 ns delay gives the vertical position of the core a er being fully daenped
pulse length for this particular point was increased to 500 ns to allow verifying the verticat pb#itéocore

in this case.d) e position of the vortex core in thexy plane at various delay times imaged in perpendicular
orientation.

the eld, which was inversely proportional to the distanfrem the antenna according to the relat®n Byry/

(ro 1), whereB, 7.7mT isthe eld at the surface of the antenna,rgnd40 nm is the half-thickness of the
antenna. As shown below, this non-uniform nature of the eld plays an impaméin the dynamics of the
domain walls. Based on previous studies, the gyration frequency is mainly determined by the gesvaratric p
eters of the element and is proportional to the thickness to length aspect ratio of th&&tjlraceir measure

ments on a square of &h long and 80 nm thick, the period of the rst cycle of gyration was found to be ~4.5ns.
is value is in good agreement with that obtained by the micromagnetic simulations. e reduction & th
amplitude of gyration is also in agreement with the simulation, in which the damping coe cient of Py is set to its
standard value of 0.008.

Core structure. As mentioned above, to obtain the in-plane magnetisation contrast, which is predominant
in this case, the imaging is performed at 45°, providing the required non-zero in-plane project®x-chyh
wave vector. However, regions with out-of-plane components will also result in a non-zeetimegntrast,
thereby providing more information about the overalhdon structure. In particular this is important for theak
elements, in which the increased aspect ratio leads to non-linear regions with large variations grietisana
tion vector. Figure 4 shows the magnetic contrast in the vicinity of the vortex core obtained exphlyjrardta
extracted from micromagnetic simulation. Two particular aspects arising from o -normairinage related to
the angle of observation. Firstly, the maximum (zerajynetic intensity is found for moments forming 45° ()35
with the surface (Fig. 4a). ese are the moments that are at opposite sides of the core centre and either parallel
or at 90° to the x-ray beam. eoretically, the extension between the maximum intensity and its zero can be taken
as the average dimension of the core.

Secondly, imaging at 45° results in averaging of the magnetic contrast along the lines inclined at fuos angle
thicker elements this means that a projection of the vertical structure will also be present agthd-igure 4b
shows the simulation result of the experimental data in Fig. 4c, in which the averaging is taken at 45°. e area of
the core shows a certain structure arising from the horizontal non-uniformity &f ffoemponent. A further
examination of the simulation results for di erent layers of the element (Fig. 4e) reveals that theestfutte
core is asymmetric towards the top and bottom layers, which are respectively mapped atitiesirgrojection.
However, this structure is di cult to resolve, and experimentally it is exhibited only in the htalzwoadening
of the core area (Fig. 4d). Examining di erent phases of gyration shows a similar structure, indicating that this
structure is a result of the static magnetic con guration. From previous numerical studies on thick &feinents
is known that the structure of the core can be non-uniform, and this is generally related to the toniwishe
dipole-dipole energy across the thickness of the sample. Although this e ect is relativelysispdiculate that
it may play a role in the asymmetric dynamic e ects of the domain walls described below.

Domain wall dynamics. Figure 5 displays the experimental and simulated images obtained for perpendicular
orientation of the x-ray beam. e contrast clearly indicates a point at the core, which was used to trace-the gyra
tion trajectory. is is particularly useful to identify the horizontalsplacement, which cannot be easily extracted
from the ‘in-plane’ imaging. e images are also of su cient quality to resolve the magnetissttiocture of the

area around the core as well as the domain walls. Analysing the contrast of the domain wallsl ¢ortipee
produced in the simulations, one can see the following dinewects. Before the magnetic pulse is triggered, all
four domain walls show a small out-of-plane magnetisation component, which has the saigatjpolas the
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Top

Bottom hot V2

Figure 4. e core structure. Simulated normalised magnetic contrast with averaging out the thickness in

(a) perpendicular orientation andb) over 45° directionc] Reconstructed experimental image obtained for

the same delay timed)(Vertical intensity pro les through the centre of the core for all three images a, b and c.
Positive values correspond to magnetisation vector parallel to the x-ray wave @eShoufated images of the
magnetic contrast for di erent layers within the structure. From le to right, the images representtibra b

15t middle 8 and top 18 layer of a 16-cell thick simulation grid (cell size is 39 5 nn¥). Colour coding:
Positive (Red) and negative (Blue) normalised magnetic contrast.

core. Once the magnetic eld begins to rise &, etwo of the walls reverse to opposite polarisation. is happens
through the formation of a ‘bullet-like’ excitation that propagates from the core towardartiers of the element
and switches the positive component entirely or leaves a small domain close to the corners (narshown h

e exact scenario depends on the magnitude and form of the applied magnetic pulse. A reasonably low
pulse B, 4 mT) can switch the polarisation of both domains walls together with their correspondieg co
singularities (see Figs 5 and 6). A smaller pulse amplitude can lead to switching o& @aiynensingularity or
none at all. In the latter case all four corner singularities maintain the sdamsgtion, but the domain walls
will partially change theirs. Once the magnetic pulse reached its maximum, the core continué&s gyosigpin
trajectory. Once the core has passed its maximum displacement, the polarisation of the ddmsjipigadly
remain the same. Generally, if the magnetic eld is non-uniform, all domain walls will maintain thesgima
(two up and two down) and continue to oscillate with¢bee. However if the eld is uniform, the bullets &ii s
formed, but they cannot switch polarisation in the corners and a er some period of sporaidic the polart
sation of all domain walls returns to its initial state (see supplementary videos S4 and S5).

It should be noted that in our simulation study the corners of the elements are ‘ideal, so the e eciaof-singu
ties is signi cantly pronounced. In the experiment however, due to lithographic imperfections thekwisiegu
are broadened and therefore less intense than the vortex core. is is also a likely reason vahgribation
of the corners can be switched by the onset of the pulsed magnetithue leaving the combination of two
black domain walls and two white domain walls that are unchanged dugraptk gyration (Fig. 5a). Based
on the simulation results, we also note that, similar to the vortex core, the 3D struchgeofitain walls is
also non-uniform. Figure 6d shows how it changes across the thickness of the square. e larger congrast cor
sponds to the middle layers of the structure, whereas at the surfaces the e ect is mostly dupprvasfeund
that the formation of the bullets and their propagation strongly depends on the eld gradient. Ifgliteiden
of the eld is larger at the bottom layers of the element (as is thinaageexperiment), the bullets are formed
in the le -hand domain walls. However, if the sign of the gradient is reversed, the bullets will be formed in the
right-hand domain walls and a similar dynamic scenario is obtained, but @hlppposite polarisations of the
le -hand and right-hand domain walls and their singularities in the corners.

We speculate that other factors will also likely a ect the demonstrated dynamics, ig¢helinitial polari
sation of the core and the singularities in the corners, the vertical structbeeaafre, the chirality of the vortex
and the temporal structure of the magnetic eld pulse. Haesimulate a particular case that provides good
agreement with the experimental observations. However, further combined studies of experimeritsand
magnetic simulation are required to understand the phenomenon in more detail.
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Figure 5. Domain wall dynamics(a) Experimental andh) simulated magnetic contrast of the domain

structure imaged in perpendicular orientation at di erent delay times (from top to bottom): 0.0, 1.5, 2.0, 3.5 and
6.0ns. e frames represent di erent stages of the pulse rise and gyration. e domain walls at the le -hand side
in each image are predominantly ‘black’ (magnetised downwards), whereas those at thadigittehare always
‘white’ (magnetised upwards). Yellow arrows have been inserted to point to the equilibsitionpf the core.

Conclusions

In summary, we have demonstrated time-resolved imaging of vortex gyration using a novel tecdseduenb
x-ray holography with extended references. Using micromagmetidagions we have con rmed the eigen-fre
guency of the principal mode of gyration and explored the dynamics of the Landau closure dorhaioasstt
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Figure 6. Simulated images of the domain wall structuréa) Perpendicular component of the magnetisation
at di erent delay timeg, :0.3,1.3, 1.8 and 2.3 18.3D depiction of the out-of-plane magnetic component
at 1.4 ns delay. A localised wave ‘bullet’ is formed at the edge of the positively polariéedepdomain wall
and propagates within the wall towards the corrgpintensity scans within the domain wall for di erent delay
times demonstrating the pro le of the ‘bullet’ as it approaches the singularity at the adrresitnhulated
structure of the domain walls for di erent layers throughout the thickness of the element. e waletbul
structure is more pronounced in the middle layers.

of excitation and during the precession of the core. We showed that the 3D structure and the dytaenbose
have a direct e ect on the domain walls, which can change their out-of-plane polarisation@andHfelgyra
tion of the core depending on the state of the singularities in the corners of the Landau pattern. Nuevatso s
that the change in polarisation is accomplished via the foomatf ‘bullet-like’ excitations, which propagate
within the domain walls and can also lead to switching tigrikarities at the corners. e latter are energetically
related to the polarisation of the core and can reduce the energy required for switchate), itss# e ects are
important for further understanding these systems because the manipulation of the ctselgndmics are key
factors in the prospective technology utilising vortex gyration.

Methods

Sample preparation. e samples were prepared on a 50en 500 m 200 nm SN, membrane, which

served as substrates for lithographically produced CPWs and Py squares. In both cases, ttelanda
tron-beam lithography (EBL), metal deposition and li -0 techniques were used to obtain free standing Py ele
ments. A dual Focussed lon beam (FIB) system was used to éapettiures and reference slits. e Py squares
were2m 2 m 80nm and had an edge-to-edge separation of ®hich ran along the entire length of the

CPW core. A 600 nm thick gold Im served as a mask and was evaporated onto the underside ofatie samp
order to block the x-rays in the imaging measurements. Each device hadreapé&rture milled through the

gold mask with a FIB down to the silicon nitride membrane. Each CPW contained 5 devices separated 100
m apart from each other along the CPW core (see Fig. 2(d)). Reference slits were milled throughout the mask

laylyv} & wvawvy~ «"$'y|yv}



membrane and CPW ground strip, the centre of which was positionedddwn and 7 m to the side of the
centre of the aperture. Slits weren6long and on average 35 nm wide.

HERALDO measurements. e initial tests and optimisation of x-ray holographic measurements were
carried out on the beamlines ID32 (ESRF) and SEXTANTS (SOLt&irg 16 bunch (~70 mA) and 8 bunch
(~80mA) lling modes. e nal results presented here were taken at SEXTANTS, using a single bunch mode
with an average current of 17 mA. (SOLEIL). In order to produce the pulsed magnetic eld inside the elements we
used a shorted coplanar wave guide (CPW) antenna, which was formed from a Au (88 deyosited onto

the SiN membrane using photolithography. e width (5n) and separation (1Im) of the CPW were chosen to
maintain the characteristic impedance of the microwave electronics to enhance the current démsitgevi
antenna and the resulting magnetic eld. e pumping was achieved with magnetic eld pulses, which were gen
erated by a 330 MHz 3.8V pulse pattern generator (Agilent HP 81180A12A). e pulse length was 20 ns.

e two pulse amplitudes (7.7 mT and 10 mT) were produced with the generator output of 3.0V and 3.7 V respec
tively. To allow for a su cient time of gyration, the rise-time of the pulses was set to the minimum possible set
ting of the generator (~800 ps) to provide the necessary bandwidth excitation in the MHz/GHZ é§oa

individual x-ray pulses (in single bunch mode) were separated by 1181 ns and had an average width of 25-30p
e transmitted x-rays were recorded on a CCD camera positioned on the optical axis behind a beam stop for the
direct, undi racted beam. e distance from the camera to the sample was set to 25 cm, resulting in a minimum
spatial resolution of 20 nm. To obtain holographic images the sample had a reference slit that echEdsolat

the imaged area by a distance corresponding to twice the aperture diameter, and within the x-ray coherence
length (~25 m). e interference pattern of the direct and di racted x-rays was recorded on the CCD for le -

and right-circularly polarised x-rays, which were subtracted and then operated on by the dileletiovatives

and Fourier transformed to obtain the real-space image. e magnetic images were taken at a phagrotener

707 eV coinciding with the Fg absorption edge.

Micromagnetic Simulations. Micromagnetic simulations of 2 m permalloy squares with thickness 83 nm
were performed using the MuMax micromagnetic séf/&arameters for permalloy (saturation magnetisation

Ms 8 1CGAm 1 exchange constantl 10! m3and Gilbert damping 0.008) were chosen with cell-size

X 2000/512nm,y 2000/512nng  83/16 nm and negligible magnetocrystalline anisotropy. Vortex precession
was induced by a step pulse with maximum amplitude(s) of 7.7 mT and 10 mT and rise-time elaid.pro-

le decays as I r) through the thickness of the square element kyith40 nm representing the half thickness

of the antenna. e lateral variation of the eld (close to the edges of the central CPW conductor) was neglected.
e dot product of the vector magnetisation was calculated with respect to a 135 degree (see Rijpélpen

dicular (see Figs 5 and 6) orientation of the x-ray and the magnetisation was averaged across the thiekness at t
corresponding angle.

References
1. Bolte, M.et al. Time-resolved x-ray microscopy of spin-torque-induced magnetic vortex gyrBtigs. ev. Letl00,176601
(2008).
2. Muhlbauer, Set al.S yrmion lattice in a chiral magne$cienc823,915 (2009).
3. Butner, Fet al.Dynamics and inertia of s yrmionic spin structur®gature Physickl, 225 (2015).
4. Mul ers, J.et al.Cycloidal versus s yrmionic states in mesoscopic chiral magtets. ev. B93,214405 (2016).
5. Pribiag, V. Set al.Magnetic vortex oscillator driven by d.c. spin-polarized curiaiiure Physic3, 498-503 (2007).
6. uotolo, A. et al.Phase-loc ing of magnetic vortices mediated by antivortias.Nanotechno#t, 528-532 (2009).
7. Dussaux, Aet al.Large microwave generation from current-driven magnetic vortex oscillators in magnetic tuntiehgiiNat.

Commun1, 1006 (2010).

8. Stiles, M. D. & Miltat, J. Spin-transfer torque and dynami&gim dynamics in con ned magnetic structlite825-308 (Springer, 2006).

9. iselev, S. l.et al.Microwave oscillations of a nanomagnet driven by a spin-polarized cuMetnte245,380-383 (2003).

10. atine, J. A, Albert, F. J. & Buhrman, . A. Current-driven magnetization reversal and spi@-®xitations in Co/Cu/Co pillars.
Phys. ev. Lett84,3149-3152 (2000).

11. ammerer, M. et al.Magnetic vortex core reversal by excitation of spin whlasCommun2, 1277 (2011).

12. Waeyenberge al.Magnetic vortex core reversal by excitation with short bursts of alternatindNaglste444,461-464 (2006).

13. Bohlens, et al.Current controlled random-access memory based on magnetic vortex handéghpésBhys. Let@3, 142508
(2008).

14. Bisig, Aet al.Direct imaging of current induced magnetic vortex gyratiroan asymmetric potential welppl. Phys. Let@6,
152506 (2010).

15. Weigand, Met al.Vortex core switching by coherent excitation with single in-plane magnetic eld pRfses. ev. Lett102,
077201 (2009).

16. Puzic, Aet al.Spatially resolved ferromagnetic resonance: Imaging of ferromagnetic eigenmagdpk.Phy87,10E704 (2005).

17. Stoll, H.et al.High-resolution imaging of fast magnetization dynamics in magnetic nanostrucimgis. Phys. Let84, 3328
(2004).

18.Barman, A., Barman, S., imura, T., Fuuma, Y. & Otani, Y. Gyration mode splitting in magnetostaticpllydcmagnetic vortices
in an arrayJ. Phys. D: Appl. Ph48,422001 (2010).

19. Su hostavets, O. V., Gonzalez, J. M. & Guslien o, . Y. Magnetic vortex excitation frequencies and eigenmodes in aiplaid of co
circular dotsAppl. Phys. Expre$s065003 (2011).

20. Jung, Het al.Logic operations based on magnetic-vortex-state netwd€S Nano6, 3712-3717 (2012).

21. Han, D.-Set al. Wave modes of collective vortex gyration in dipolar-coupled-dot-array magenysialsSci. ep.3,2262 (2013).

22.Jung, Het al.Tunable negligible-loss energy transfer between dipolar-coupled magnetic dis s by stimul@&ed yationSci.
ep. 159 (2011).

23.Jung, Het al.Observation of coupled vortex gyrations by 70-ps-time- and 20-nm-space-resolved full- eld magnetic transmission
S0 x-ray microscopyAppl. Phys. Let®7,222502 (2010).

24. oop, B. C.et al.Static and dynamic properties of vortex pairs in asymmetric nanomagietsdvances, 056406 (2016).

25. Drews, Aet al.Nonlinear magnetic vortex gyratioRhys. ev. B5,144417 (2012).

26.Lee, .-S. & im, S.-. Gyrotropic linear and nonlinear motions of a magnetic vortex in so magnetic nanotipps. Phys. Lett.
91,132511 (2007).

laylyv} & wvawvy~ «"$'y|yv}



27.Guslien o, . Y., Heredero, . H. & Chuby alo-Fesen o, O. Ninear gyrotropic vortex dynamics in ferromagnetic dBtsys. ev.
B.82,014402 (2010).

28. eatley, P. S., ruglya, V. V., Gangmei, P. & Hic en, . J. Ultrafast magnetization dynamics of spintramostructuresPhil.
Trans. . Soc. 869,3115-3135 (2011).

29. aabe, J.et al.Quantitative analysis of magnetic excitations in Landau flux-closwetstes using synchrotron-radiation
microscopyPhys. ev. B4,217204 (2005).

30. Antos, ., Otani, Y. & Shibata, J. Magnetic vortex dynandidBhys. Soc. Jpn 031004 (2008).

31. aabe, Jet al.Magnetization pattern of ferromagnetic nanodisisAppl. Phy88,4437 (2000).

32. Chembrolu, Vet al. Time-resolved x-ray imaging of magnetization dynamics in spin-transfer torque dé&hgss.ev. B30,
024417 (2009).

33.Vogel, A., Martens, M., Weigand, M. & Meier, G. Signal transfer in a chain of stray- eld coupled ferromagneticiguplairés/s.
Lett.99,042506 (2011).

34. Ewald, Jet al.A full- eld transmission x-ray microscope for time-resolved imaging of magnetic nanostrudilfeSonf. Prac
1696,020005 (2016).

35. Wessels, Bt al.Time-resolved imaging of domain pattern destruction and recovery via nonequilibrium nzagioatstatesPhys.
ev. B90,184417 (2014).

36. Vansteen iste, Aet al. e design and veri cation of MuMax3.AIP Adv 4, 107133 (2014).

37.Van de Wiele, B., Vansteen iste, A., ammerer, M. & Van Waeyenberge, B.rvigreetic simulations on GPU, a case study: Vortex
core switching by high-frequency magnetic eldEE T. Magrd8,2068-2072 (2012).

38. Estévez, V. & Laurson, L. Head-to-head domain wall structures in wide permalloyétygpsev. B91, 054407 (2015).

39. Guizar-Sicairos, M. & Fineup, J. . Holography with extended reference by autocorrelation linear di erpat&tian.Optics
Expres$5,17592-17612 (2007).

40. Duc worth, T. A.et al.Magnetic imaging by x-ray holography using extended referébptss Expred®, 16223-16228 (2011).

41. Duc worth, T. A. et al.Holographic imaging of interlayer coupling in Co/Pt/NiRew J. Phy45,023045 (2013).

42. Liu, T.-M. et al.Nanoscale con nement of all-optical magnetic switching in TboFeCo — competition with nanoscale heigrogen
Nano. Lett15,6862-6868 (2015).

43. Burgos-Parra, E. @t al.Holographic magnetic imaging of single-layer nanocontact spin-transfelatssllEEE T. Magn52,
6500304 (2016).

44. Van der Laan, Get al.Experimental proof of magnetic x-ray dichroidpiys. ev. B34,6529 (1986).

45. Van der Laan, G. Applications of so x-ray magnetic dichroi&rhys. Conf. S480,012127 (2013).

46. Schlotter, W. Fet al.Multiple reference Fourier transform holography with so x rayspl. Phys. Le&9,163112 (2006).

47. Scherz, Aet al.Phase imaging of magnetic nanostructures using resonant so x-ray holodg?aphy.ev. B76,214412 (2007).

48. Milller, L.et al.Ultrafast dynamics of magnetic domain structures probed by coherent free-electron las&yhghtotron
adiation News26,27-32 (2013).

49. Landau, L. & Lifshits, E. On the theory of the dispersion of magnetic permeability in ferromagnetidchydiezeitsch. Der Sow
8,153-169 (1935).

50. ittel, C. eory of the structure of ferromagnetic domains in Ims and small particle$ys. ev70,965 (1946).

51. Vansteen iste, Aet al.In uence of domain wall pinning on the dynamic behavior of magnetic vortex structures: Time-resolved
scanning x-ray transmission microscopy in NiFe thin Im structuRkg/s. ev. B77,144420 (2008).

52. Novosad, Vet al.Spin excitations of magnetic vortices in ferromagnetic nandebys. ev. B56,052407 (2002).

53. Verba, . V.et al.Spin-wave excitation modes in thic vortex-state circular ferromagnetic nanéigts. ev. B3,214437 (2016).

54. Sacchi, Met al.l MA-2 at SOLEIL: a set-up for magnetic and coherent scattering of polarized so xJ@ysal of Physics
Conferences Serié¢85,072018 (2013)

Acknowledgements

is research was partly supported by Engineering and Physical Sciences Research Council (EPSRC)tUK (Gran
No: EP/M001016/1). N.B. acknowledges support from Diamond Light Source and University of Exeter. E.B-P
and C.M. acknowledge support via the EPSRC Centre for Doctoral Training in Metarmgt@rait No. EP/
L015331/1) and CONICYT-Becas (Chile). One author, P. S. Keatley was supported by EPRSC grant EP/1038470/

Author Contributions

F.Y.O. led the project and conceived the main idea along with G.v.d.L., G.B. and S.A.C. N.BCHBIB.-P
G.v.d.L., G.B., FY.-H. and F.Y.O. obtained preliminary experimental results of time-resolved imaging using
HERALDO in Py samples with ID32 beamline (at European Synchrotron Radiation Facility, Grenoble, France).
N.B. and F.Y.O. prepared the samples discussed in the manuscript. R.J.H., P.S.K. and E.B.-P. provigletd equip
for growth and characterisation of samples using time-resolved Kerr microscopy (P.S.K.) and VNA-FMR
(E.B.-P.) to explore resonance gyration frequencies and other associated dynamic e ects in the samples use
for these experiments. G.v.d.L. provided the pulse generator and other necessarpmRéntdaicarry out
time-resolved measurements at synchrotron facilities. G.B. and M.D. created and optimised tireicoons
soware. F.Y.O., H.P,, N.J., N.B., E.B.-P. and G.v.d.L. conducted the experimentalmes@sie/ortex gyration

in the Py squares described in this manuscript using IRMA-2 end station at the SEXTANTS beamline (at SOLEIL
synchrotron radiation source, Saint-Aubin, Paris). C.M. carried out micromagnetidlimga@and together with

F.Y.O., N.B. and E.B.-P. interpreted the experimental results. N.B. and F.Y.O. wrote the manuscript. C.M., E.B.-P
G.v.d.L.,, S.A.C., N.J. and P.S.K. discussed the results and commented on the manuscript.

TT(_((.fZ ."l”.f_(l.
Supplementary informationaccompanies this paper at http://www.nature.com/srep
Competing nancial interests: e authors declare no competing nancial interests.

How to cite this article Bukin, N.et al. Time-resolved imaging of magnetic vortex dynamics using holography
with extended reference autocorrelation by linear di erential operdtor.Re, 36307; doi: 10.1038/srep36307
(2016).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional a liations.

laylyv} & wvawvy~ «"$'y|yv}



is work is licensed under a Creative Commons Attribution 4.0 International License. e images
amm or other third party material in this article are included in the article’s Creative Commons license,

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© e Author(s) 2016

laylyv} & wvawvy~ «"$'y|yv}



