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 20 

Non-collinear spin textures in ferromagnetic ultrathin films are attracting a renewed 21 

interest fueled by possible fine engineering of several magnetic interactions, notably the interfacial 22 

Dzyaloshinskii-Moriya interaction. This allows the stabilization of complex chiral spin textures 23 

such as chiral magnetic domain walls (DWs), spin spirals, and magnetic skyrmions. We report 24 

here on the ultrafast behavior of chiral DWs after optical pumping in perpendicularly magnetized 25 

asymmetric multilayers, probed using time-resolved circular dichroism in x-ray resonant 26 

magnetic scattering (CD-XRMS). We observe a picosecond transient reduction of the CD-XRMS, 27 

which is attributed to the spin current-induced coherent and incoherent torques within the 28 

continuously dependent spin texture of the DWs. We argue that a specific demagnetization of the 29 

inner structure of the DW induces a flow of spins from the interior of the neighboring magnetic 30 

domains. We identify this time-varying change of the DW texture shortly after the laser pulse as 31 



 

 2 

a distortion of the homochiral Néel shape toward a transient mixed Bloch-Néel-Bloch texture 32 

along a direction transverse to the DW.  33 

 Ultrafast demagnetization of a ferromagnet by an optical pulse was first demonstrated in 1996 34 

in the seminal study by Beaurepaire et al [Beaurepaire96], which is widely considered as the birth of the 35 

research field of femtomagnetism, i.e., the magnetism modulated (“pumped”) by femtosecond long laser 36 

pulses. While several underlying mechanisms are considered to explain these ultrafast processes, the 37 

central role of spin dependent transport of hot electrons has been clearly evidenced [Melnikov11, 38 

Siegrist19]. Such phenomena were first experimentally demonstrated in spin valves, in which the 39 

demagnetization process is faster for antiparallel alignment of the magnetization in the magnetic layers 40 

[Malinowski08]. Models based on polarized electron transport in the superdiffusive regime have been 41 

subsequently developed [Battiato10]. The optically excited hot electrons, initially ballistic, with spin-42 

dependent lifetimes and velocities, generate non-equilibrium spin currents either within a ferromagnetic 43 

layer or in adjacent non-magnetic layer. The induced loss of angular momentum greatly participates in 44 

ultrafast dynamical behavior of the magnetization [vodungbo16]. The existence of this phenomenon has 45 

also been tested in single magnetic layers with a heterogeneous magnetization configuration, i.e., 46 

containing a large density of magnetic domains and DWs, albeit with different conclusions [Moisan14, 47 

vodungbo16, Pfau2012]. X-ray diffraction experiments are in this latter case more powerful for probing 48 

the behavior of DWs [zusin2020, Kerber20, Hennes20b]. For example, Pfau et al. [Pfau2012] inferred 49 

that the DW size changes in the first few ps by investigating the variations of the first-order Bragg peak 50 

of the magnetic configuration. More recently, the studies of Zuzin et al. [Zuzin2020] and Hennes et al. 51 

[hennes2020b] have shown that a more precise way to extract insights about DWs is to study the position 52 

and width of higher order diffraction peaks.  53 

 54 

In this Letter, we use circular dichroism in x-ray resonant magnetic scattering (CD-XRMS) to gain 55 

access to the internal spin texture of the domain walls. This technique permits indeed a direct 56 

determination of the type (Néel or Bloch) as well as of the effective chirality of the DWs [Dürr99, 57 

chauleau2018]. Magnetic multilayers with homochiral Néel DWs stabilized by a large interfacial 58 

Dzyaloshinskii-Moriya (DM) interaction [Fert80, Fert90] are ideal systems to study DW dynamics at 59 

the fs timescales. In recent studies, this approach was used [Zhang17, chauleau2018, Legrand2018, 60 

Zhang20] to investigate the intrinsic nature of DWs and skyrmionic systems, which is currently a topic 61 

of the utmost relevance from both fundamental and technological viewpoints [Thiaville12, 62 

Ruy13, Nagoasa13, Fert17, Yang15]. The degree of circular dichroism in these experiments is not only 63 

related to the homochiral nature of the magnetic textures but also to the intrinsic DW configuration and 64 

allows us to probe the size and magnetization ratio of domain/domain-wall with unprecedented 65 

sensitivity. We hence unveil the ultrafast dynamics of these domain walls, unambiguously showing a 66 

specific behavior compared to that of the domains.   67 



 

 3 

 68 

The system under study is an asymmetric magnetic multilayer 69 

[Pt(3 nm)|Co(1.5 nm)|Al(1.4 nm)]x5 grown by sputtering on a thermally oxidized Si wafer buffered by 70 

Ta(5)|Pt(5) (see Supplementary Sec. S1 for details) presenting perpendicular magnetic anisotropy and 71 

large interfacial DM interaction. At remanence, domains adopt a typical disordered labyrinthine 72 

structure, but with a narrow distribution of domain widths. The magnetization and anisotropy are 73 

measured by SQUID magnetometry, while the DM amplitude is determined by comparing the 74 

experimentally measured (by magnetic force microscopy) domain periodicity to those simulated using 75 

micromagnetic calculations with MuMax3 [Vansteenkiste14] (see Supplemental Material S1 for details 76 

about the magnetic preparation and the simulations). From these calculations, we can also estimate the 77 

DW width to be ~20 nm. The micromagnetic simulations are also used as inputs in the empirical XRMS 78 

model with accurate values for the width of the DW. 79 

The time-resolved XRMS experiments have been performed on the DiProI beam line 80 

[Capotondi13] at the FERMI free electron laser [Allaria12] (Trieste, Italy). Time resolution is achieved 81 

using a standard pump-probe approach [Fig. 1(a)] in which the probe is a 60 fs XUV pulse at the Co M 82 

edge energy (photon energy ~60 eV) and the pump is a 100 fs infrared laser pulse (780 nm). The overall 83 

time resolution is therefore ~120 fs. The scattering experiments have been conducted under reflectivity 84 

condition at 45° incidence for circularly left (CL) and right (CR) x-ray polarization allowing to acquire 85 

ultrafast snapshots of diffraction diagrams (Fig. 1b) and their corresponding circular dichroism (Fig. 1c) 86 

at each delay time of the infrared (IR) excitation (see S2 for details). Noteworthy, the degree of x-ray 87 

circular polarization is between 92-95% [Allaria14]. Regarding the probe and pump energy densities, 88 

the IR fluence was set to 4.8 mJ/cm2 (at a repetition rate of 50Hz) and the FEL fluence was set to 0.5 89 

mJ/cm2. At the Co M edge, with 45° photon incidence angle, the penetration depth is ~10 nm, therefore 90 

most of the scattered signal comes from the uppermost Co layers. Such a small penetration depth also 91 

ensures that the expected tilting of the Ewald sphere is negligible in our experiment. Finally, we decided 92 

to perform the experiment at the peak of the absorption resonance to avoid any spurious effect caused 93 

by the energy shift of the XAS edge at ultrafast timescales [yao20, hennes20]. 94 

 95 

Figure 1: CD-XRMS experiments. (a) Experimental configuration with the incident beams of the IR pump and the x-ray probe. 96 

(b) Magnetic diffraction pattern, (CL+CR) (c) Dichroic pattern (CL-CR), displaying the typical signature of clockwise Néel 97 
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domain walls. The images in panels b and c have been geometrically corrected to account for the projection related to the 98 

photon incidence angle θ = 45°, and the scale corresponds to the sum of the counts (500 XFEL pulse of each polarization) for  99 

(CL+CR) (b) and (CL-CR) (c). 100 

 101 

A typical diffraction pattern of the magnetic system at negative time delays, i.e. before the laser 102 

pulse excitation, is displayed in Fig. 1(b) in which the diffracted intensity is the sum of the two circular 103 

polarizations (CL+CR). It results from the x-ray diffraction on the labyrinth structure with a period of 104 

(330 ± 20) nm (estimated from the ring radius). The total magnetic scattering intensity mainly comes 105 

from the alternating out-of-plane magnetic domains. The diffraction intensity also displays circular 106 

dichroism (CL-CR) [Fig. 1(c)], which reverses its sign on each side (along Qy) of the specular reflection, 107 

and reaches about 10%. Such dichroic signal is known [Durr99] to be a signature of an uncompensated 108 

sense of rotation in non-collinear magnetic textures. In our experiment, the sign of the dichroism indeed 109 

reveals the stabilization of clockwise (CW) Néel DW as we recently demonstrated [Chauleau2018].  The 110 

observed features have been corroborated by static scattering measurements at the Co L edge performed 111 

at the SEXTANTS beamline at SOLEIL [Sacchi13], for which the interpretation is now well established 112 

(see Supplementary Materials S1).  113 

 114 
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 115 

Figure 2:  Evolution of the XRMS signal over the first 5 ps: (a) intensity of integrated diffraction ring (CL+CR) and dichroism 116 

(CL-CR) normalized at their values at negative time delays; (b) experimental asymmetry ratio (CL-CR)/(CL+CR) normalized 117 

by its value at t < 0 in grey circles and black dots. The simulations for different models discussed in the main text appear as 118 

colored lines (see Supplementary Materials S3 for details). (c) Full width at half maximum (FWHM) (red dots) and the position 119 

(blue circles) in reciprocal space of the magnetic dichroic peak as a function of time. 120 

The time dependence of both the magnetic intensity (CL+CR) of the overall diffraction ring 121 

[Fig 2(a)] and the dichroism (CL-CR) shows a typical signature of ultrafast demagnetization in metallic 122 

magnetic ultrathin layers: first, a quench of the magnetization reaching a minimum value after a few 123 

hundreds of fs, followed by a log-like recovery over a few ps. The experimental results are further 124 

analyzed by plotting the asymmetry ratio, i.e., (CL-CR)/(CL+CR) as a function of time [see Fig. 2(b)], 125 

which represents the DW behavior normalized by the total magnetic moment. If the DW magnetization 126 

follows the same dynamics as that of the domains, this ratio should not vary. It is plotted in Fig. 2b 127 

(normalized by its value before the pump pulse) where one clearly observes a 15% dip at ~0.7 ps. This 128 

has been reproducibly observed when repeating the experiment, as demonstrated by the overlapping 129 

series of black filled and open circles in Fig. 2(b) showing identical behavior within error bars (inferred 130 
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from the statistical fit of the background and peak intensity, see Supplemental Material Section S2).  131 

The normalized ratio remains below 1.0 up to 2 ps. The time evolution of the peak position defined by 132 

the maximum of its Gaussian fit, and of the full width at half maximum (FWHM) in reciprocal space of 133 

the magnetic dichroic peak are displayed in Fig. 2(c). Those two quantities generally correspond 134 

respectively to the variation of the domain size and their distribution. However, this apparent domain 135 

extension corresponds in fact to an expansion of the DW in the first ps after optical excitation, as 136 

reported by Pfau et al. [Pfau 2012]. When considering this expansion according to the value reported in 137 

Fig. 2(c), an increase of the asymmetry ratio is predicted as shown by the blue curve in Fig. 2(b). 138 

To explain this ultrafast deviation of the dichroism asymmetry ratio, we first exclude an origin 139 

due to a change in the scattering factors induced by hot electrons filling the d band. Indeed, the IR laser 140 

fluence of our experiment is much lower (~10%) than the one used to probe the change of electron 141 

occupation induced by the IR pulse using x-ray absorption spectroscopy (XAS) [Mathieu18]. Thus, we 142 

explain our observation by the fact that during the demagnetization (resp. remagnetization), the magnetic 143 

moments do not decrease (resp. increase) by the same amount simultaneously inside the DWs and inside 144 

the domains. If the magnetization decreased uniformly, the expected asymmetry ratio would be constant, 145 

as shown by simulation using a model that is detailed in Supplemental Material S3 [magenta line in Fig. 146 

2(b)]. As explained above, the sole expansion of the DW widths cannot explain our data [blue curve in 147 

Fig. 2(c)]. To explain an asymmetry ratio dropping below its initial value, we resort to a reduction of 148 

the degree of magnetic chirality. In other words, it corresponds to a change of the ratio between the out-149 

of-plane and the in-plane magnetization. In our interpretation, the ultra-fast decrease of the asymmetry 150 

ratio below 1.0 is linked to a different demagnetization rate between the DWs and the domains. Note 151 

that a scenario that would correspond to a faster remagnetization of the DWs than the domains shall 152 

result into an asymmetry ratio larger than 1 (similarly to the expansion of the DW), and therefore can 153 

also be safely ruled out. In the following, in order to reproduce our experimental observations, the 154 

simulations include both coherent evolution of the hot electron spins that induce a spin torque on the 155 

DW and spin temperature (incoherent) variations within the DWs.  156 

 157 

The understanding of the ultrafast DW width expansion requires considering the intense flow 158 

of spin currents in the ps regime. These can efficiently transfer angular momentum to and from the 159 

ferromagnetic material as shown, e.g., when Pt layers absorb it and generate ps electrical pulses 160 

[Kampfrath13]. Angular momentum transfer and dissipation often results in both enhanced 161 

demagnetization as well as a faster magnetization recovery. We argue that this is exactly what is 162 

happening with the non-collinear magnetic regions inside the DWs. The enhanced spin scattering within 163 

DWs is a rather old topic born with studies of the extra contribution to the static magnetoresistance 164 

[Viret96] or the induced spin transfer torques resulting in their current-induced displacement. To this 165 

aim, ballistic models have been developed and can be appropriately adapted for the ultrafast 166 

demagnetization scenario in which superdiffusive spin currents play a central role [Battiato10]. The 167 
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behavior of ballistic spin carriers can be described such as a classical spinned particle perceiving a time 168 

varying exchange field while crossing the wall [Viret96, Vanhaverbeke07]. Let us recaller salient 169 

features. First, these are band particles that are coupled by exchange to the localized spins (through the 170 

so-called s-d Hamiltonian). Their velocity perpendicular to the wall is related to their momentum in k-171 

space. With the appropriate parameter renormalization, the problem is equivalent to the “fast adiabatic 172 

passage” known, e.g., in NMR theory. The spin evolution is given by the Landau-Lifshitz equation: 173 

𝑑�⃗�

𝑑𝑡
=
𝐽!"𝑆

ℏ
𝑚**⃗ × 𝜇 174 

where 𝜇 is the electron spin, JexS the exchange energy with the localized moment (S) and 𝑚**⃗  the direction 175 

of the time varying exchange field seen by the ballistic electrons. The localized moments are rotating in 176 

a Néel fashion within the DW and the problem is generally treated in this rotating frame 177 

[Vanhaverbeke07]. Basically, the electronic spins will precess around the localized moment effective 178 

field and thus acquire a component out of the plane of rotation, inducing a torque parallel to the chiral 179 

vector: Si×Sj. The electron spin precession angle w is proportional to the velocity v divided by exchange 180 

times and the DW width 2pD [Viret96]: <w> =
#ℏ%

&!"'	)#*
 . Typically, for electrons at the Fermi level, 181 

this precession angle is found to be around 7 degrees for a DW width 2πΔ of 15 nm [Vanhaverbeke07]. 182 

However, it is to be noticed that this angle can be quite different for the hot electrons produced in the 183 

demagnetization process as the relevant parameter values are hard to quantify. Although their velocities 184 

should not be too far from those at the Fermi level (in the 106 m/s range [Kampfrath13]), the exchange 185 

energies effective in bands over 1 eV above the Fermi level can be dramatically reduced (~ 0.1 eV). 186 

Therefore, the expected mistracking angle could be significantly greater for a large part of the hot 187 

electrons’ distribution. All these processes shall in turn generate a torque applied on the localized 188 

moments [Waintal04]. However, because the hot spin currents flow in all directions, mistracking angles 189 

can be both positive and negative, resulting in cancellation of the net torque acting on the DWs. The 190 

overall effect of the incoherent precession results in an average loss of angular momentum. This should 191 

speed up the spin relaxation processes within the DW so that after some 100 fs, a net spin current is 192 

established from the domains into the interior of the DWs.  193 

The new components of the spin-transfer torque resulting from this latter spin current originating 194 

from the coherent evolution of the hot electron spins are not cancelled out. Importantly such torques are 195 

of opposite sign on the two sides of the DW and should induce a sizeable tilting of the DW magnetization 196 

out of the Néel plane as illustrated in Fig. 3(a). This phenomenon is at the origin of a new transient DW 197 

shape, made of a Néel type center surrounded by opposite Bloch types as depicted in Fig. 3(b). Such a 198 

mixed Bloch/Néel/Bloch contribution will in turn lead to a transient reduction of the measured chirality 199 

as it adds two (opposite) Bloch components on both sides of the DW compared to the originally purely 200 

Néel character. In order to estimate the amplitude of this DW distortion, it is useful to realize that unlike 201 

small current-induced electron flows at the Fermi level, spin fluxes during demagnetization are 202 
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enormous as for each pulse, typically 0.5 electrons per Co atom are excited to higher bands for the used 203 

laser fluence [Kampfrath13]. The timescale for the onset of the induced torques is given by the exchange 204 

energy and falls in the 10-fs range, ensuring that the wall distortion does not lag from the population of 205 

hot electrons. For a spin temperature sufficiently different between domains and DWs, a quantitative 206 

estimate using the abovementioned parameters gives a precession angle of the magnetization inside the 207 

DW that is larger than 10 degrees. Moreover, the onset of this Bloch component in the DW must leaks 208 

out into the domains, thus slightly increasing the effective DW width as also observed experimentally. 209 

The measured expansion of the DW can be directly derived from the variation of the dichroic peak 210 

position and width shown in Fig. 2(c). We find that the DW width (slightly) increases rapidly and its 211 

magnetization reaches a minimum around 1 ps (blue curve), as reported previously for Bloch type DWs 212 

[Pfau2012]. Note that this DW expansion takes place when the quenched magnetization starts to recover 213 

(1 ps). After reaching it maximum expansion, the DW width then recovers its original (unpumped 214 

represented as dotted lines in Fig. 2(c) size at a timescale of ~5 ps. 215 

 216 

 217 

 218 

Figure 3: Magnetization texture modification by hot electrons. (a) Schematic representation of the torque (black arrows) 219 

imposed by the ‘hot spins’ flowing from the domains to the DWs resulting in transient mixed Bloch/Néel/Bloch contributions. 220 

(b) Transient DW shape. (c) Precession angles (red) and DW magnetization normalized by Domain one (blue) used in the 221 

simulations of the asymmetry ratio shown in Fig. 2(b). 222 

 223 

Using a 1D magnetization profile (described in Supplementary Material S3) and considering the 224 

experimental change of magnetization (extracted directly from the square root of the (CL+CR) 225 

intensity), the time evolution of the asymmetry ratio can be simulated. We consider a magnetization in 226 

the domains extracted from the (CL+CR) data, along with a further 12% reduction of the magnetization 227 

inside the DWs to account for incoherent effects, as well as a transient Bloch-Néel-Bloch wall as shown 228 

in Fig. 3(a) for coherent ones. With these simulations, we find that the precession angle can reach at the 229 

maximum about 8 degrees after a time delay of ~ 0.6 ps [red curve in Fig. 3(c)] simultaneously with the 230 

reduction of the DW magnetization [relative to domain magnetization blue curve in Fig. 3(c)], The 231 
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resulting simulated asymmetry ratio using the described model is plotted as the green curve in Fig. 2(b), 232 

and is in excellent agreement with the experimental measurements. Even accounting for DW expansion 233 

[red curve in Fig. 2(b)], the agreement can be obtained for a ~10 degrees tilt angle. Although the 234 

exchange driven DW distortion is established on a very short timescale, it should last for the nanosecond 235 

timescale of the micromagnetic evolution. On the other hand, the incoherent part of the spin current 236 

shall relax at the ps timescale of the remagnetization processes, similarly to what we have measured. 237 

Interestingly, enhanced spin relaxation existing inside the DWs should speed up remagnetization, 238 

explaining that the asymmetry ratio can exceed 1, again in agreement with the experimental results.  239 

 240 

In conclusion, we report here about the experimental investigation of the ultra-short timescale 241 

evolution of complex chiral Néel spin textures after laser induced demagnetization. Circular dichroism 242 

in x-ray resonant magnetic scattering is used to obtain information in the time domain about both the 243 

magnetic domain configuration and the magnetic chirality. Beyond the evolution of the period of the 244 

magnetic domains in magnetic multilayers with large perpendicular anisotropy, we acquire new insights 245 

into the way that the chirality of the non-collinear spin textures, and their long-range ordering, is 246 

evolving in the few ps after demagnetization by a strong optical pulse. We observe that the magnetic 247 

difference CL-CR (reflecting the DW properties) reduces faster than the diffracted sum signal 248 

(associated to domain magnetization) in the first 2 ps after the laser pulse. To explain this unexpected 249 

change of XRMS chirality signal at this short timescale, we propose that angular momentum flowing 250 

from the interior of the domains inside the DWs associated to hot electrons induces an ultrafast distortion 251 

of the DW magnetization. This transient in-plane deformation of the DWs leads to a transient mixed 252 

Bloch-Néel-Bloch DW accompanied by an increase of the DWs width and a reduction of the 253 

magnetization inside the DW. These original experimental results are reproduced by calculations, 254 

considering a magnetization reduction of 12% with a 7.5 degrees distortion of the DW. On a longer 255 

timescale, i.e., after a few ps, the DWs return to their pure chiral Néel configuration preserving the 256 

original sense of rotation (i.e., chirality) together with a recovery of their magnetization. We emphasize 257 

that our approach using dichroism in x-ray resonant scattering is applicable to any other magnetic chiral 258 

texture and should provide a better understanding of the evolution of the chirality of spin textures on the 259 

ultrafast timescale. 260 
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Figures

Figure 1

CD-XRMS experiments. (a) Experimental con�guration with the incident beams of the IR pump and the x-
ray probe. (b) Magnetic diffraction pattern, (CL+CR) (c) Dichroic pattern (CL-CR), displaying the typical
signature of clockwise Néel domain walls. The images in panels b and c have been geometrically
corrected to account for the  projection related to the photon incidence angle θ = 45°, and the scale
corresponds to the sum of the counts (500 XFEL pulse of each polarization) for (CL+CR) (b) and (CL-CR)
(c).



Figure 2

Evolution of the XRMS signal over the �rst 5 ps: (a) intensity of integrated diffraction ring (CL+CR) and
dichroism (CL-CR) normalized at their values at negative time delays; (b) experimental asymmetry ratio
(CL-CR)/(CL+CR) normalized by its value at t < 0 in grey circles and black dots. The simulations for
different models discussed in the main text appear as colored lines (see Supplementary Materials S3 for



details). (c) Full width at half maximum (FWHM) (red dots) and the position (blue circles) in reciprocal
space of the magnetic dichroic peak as a function of time.

Figure 3

Magnetization texture modi�cation by hot electrons. (a) Schematic representation of the torque (black
arrows) imposed by the ‘hot spins’ �owing from the domains to the DWs resulting in transient mixed
Bloch/Néel/Bloch contributions. (b) Transient DW shape. (c) Precession angles (red) and DW
magnetization normalized by Domain one (blue) used in the simulations of the asymmetry ratio shown in
Fig. 2(b).
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