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ABSTRACT 

 
By laser pump-probe /me-resolved coherent magne/c X-ray diffrac/on imaging, we have 
measured the migra/on velocity of an/ferromagne/c domain walls in the Mo> insulator 

Sr2IrO4 at 100 K. Coherent diffrac/on pa>erns, recorded at the 106 pure-magne/c Bragg peak, 
showed fringes, which responded dis/nctly to the excita/on laser. These pa>erns could not be 
inverted with current phasing algorithms, but could be modelled as four domains with phase 

shiKs consistent with the an/ferromagne/c structure.  During the laser-induced 
demagne/za/on, we observe these domains and their domain walls moving at 3´106 m/s, 

significantly faster than acous/c veloci/es. This is understood to arise from a purely electronic 
spin contribu/on to the magne/c structure without any role for coupling to the crystal laQce. 

 
MagneMsm is an important form of long-range order in condensed maQer materials, which has 
a profound influence on their transport properMes and a host of relevant applicaMons. In the 
standard picture [1], magneMsm arises from ordering of the electron spins in unpaired orbitals 
of the magneMc ions making up a material. An ordered anMferromagneMc (AFM) state forms 
when the spins are locally aligned in opposite direcMons with zero net magneMc moment [2]. In 
crystals, this results in a lower symmetry described by a supercell structure, leading to 
addiMonal unique magneMc Bragg peaks in diffracMon. The finite width of the magneMc 
reflecMons implies correlaMon over a finite distance in real space called the correlaMon length. 
This correlated region can be considered as a domain, separated from its neighbors by 
anMphase domain walls, which would be expected to thermally fluctuate on some Mme scale. 
Through the use of resonance with these electronic states, magneMc moments contribute to X-
ray scaQering, which can be used to study AFM structures [3,4]. 
 
The Mme scale for formaMon and destrucMon of magneMc domain structures is interesMng and 
important for applicaMons, such as magneMc memory devices. Because the spins are carried by 
the electrons, the domain dynamics might be expected to follow the Mme scale of electron 
diffusion inside a crystal, but can also be influenced by spin-lajce coupling which results in 



  

ionic displacements in a magneMc structure [5]. While electron-phonon coupling is widely 
measured to take place on a 1-5 ps Mme scale [6], its propagaMon into the crystal lajce travels 
at the speed of sound which can be much slower.  MagneMc domains are subject to pinning at 
lajce defect sites, which can also slow their response Mme. MagneMc domain walls were 
reported to migrate at 172 m/s when measured by Ultrafast Lorenz Microscopy (UFM) in Ni 
thin films [7]. More recent UFM experiments on permalloy reported a spin-wave phase 
velocity of 1077 ± 34 m/s [8], suggesMng it is limited by coupling to the lajce. Heat-assisted 
magneMc recording technology requires rapid magneMc domain switching [9]. Modelling of 5 
nm ferromagneMc grains of FePt using the Landau-Lifshitz-Gilbert equaMons showed switching 
as fast as 10 ps [10]. In Gd–FeCo magnetic wires, domain-wall velocities of 1200 m/s have 
been reported [11], while laser driven AFM domain walls in Sr2Cu3O4Cl2 have recently been 
found to reach 5´104 m/s [12]. 
 
In this paper we interpret pump-probe coherent magneMc diffracMon measurements made at 
an X-ray Free Electron Laser (XFEL) facility to address the quesMon whether AFM domains and 
the domain walls separaMng them in Sr2IrO4 move at electronic, magnon or sound velociMes, 
or otherwise. We report X-ray images of micron-sized clusters of magneMc phase domains 
which reconfigure within 100 fs following excitaMon by an opMcal laser, with their boundaries 
moving at 3´106 m/s. This is closer to a typical Fermi velocity, than the speed of sound, 
implying an electronic mechanism. The return relaxaMon is slower, taking longer than 10 ps, 
suggesMng that lajce coupling may be involved. We also show that domains regrow in the 
same locaMon every Mme. 
 
A previous XFEL study showed sub-picosecond quenching of the anMferromagneMc (AFM) state  
in Sr2IrO4 followed by a rapid (< 2 ps) recovery of the local magneMc configuraMon seen in the 
Resonant InelasMc X-ray ScaQering (RIXS) signal [13]. The long-range magneMc order was seen 
to be much slower, on the 100 ps Mme scale, independent of the local ionic configuraMon. 
Previous all-opMcal Kerr rotaMon studies similarly showed rapid demagneMzaMon followed by a 
slower recovery [14]. None of the previously reported work was able to simultaneously record 
the posiMons of the domain walls, so could not report a spin velocity.  Here, by use of ultra-fast 
coherent X-ray imaging, we are able to record the rate at which the domain-wall locaMons 
change and hence obtain their velocity in response to a pumping laser excitaMon. 
 
We performed ultrafast magneMc Bragg Coherent DiffracMon Imaging (BCDI) experiments on  
Sr2IrO4, carried out on the Materials Imaging and Dynamics (MID) instrument of the European 
XFEL facility [15]. The structure of Sr2IrO4, shown in Fig. 1(a), is tetragonal with a=b=5.499Å 
and c=25.784 Å [16].  The space group, I41/acd, has 41 screw axes along the c-direcMon leading 
to the staggered paQern of 11° rotaMons of the IrO6 octahedra shown. Below its Neel 
temperature, TN=240K, Sr2IrO4 is anMferromagneMc (AFM), reported to have the AFM structure 
shown in Fig. 1(b), which breaks the 4-fold symmetry and leads to 90° magneMc twin domains 
with a slight orthorhombic distorMon [18]. Sr2IrO4 shows excepMonally strong Spin-Orbit 
coupling [18], which causes the magneMc moments to be well-aligned with the octahedral 
rotaMons [19], which, in turn,  leads to incomplete AFM cancellaMon within each IrO2 layer of 
the unit cell. The 11° canMng of the moments leads to a net moment along the y-axis shown as 
red arrows in Fig. 1(b). The net moments of the four IrO2 layers in the unit cell alternate with 
the AFM ++-- paQern shown.  Important to this leQer is that domains of the canted moments 
can also form, shited by c/4. Fig. 1(c) shows a -++- domain, separated from the ++-- domain by 



  

a putaMve domain wall (red dashed line). Unlike the 90° twin domains [20] which have 
altogether different magneMc Bragg peaks [21], these “phase domains” and their “zero-angle” 
domain walls are not normally detected in AFM materials because their Bragg peak is at the 
same locaMon in reciprocal space. However, they can be visualized using the coherent 
magneMc experiments we report here because their diffracMon signals are sensiMve to the 
phase produced by the different domains and their interference can be observed on the  
detector. 
 
We previously demonstrated magneMc BCDI on Sr2IrO4 samples prepared in block shapes by 
Focused Ion Beam (FIB) methods [22]. In that previous magneMc BCDI work, a single magneMc 
domain was found to fill the FIB block of 1.2´1.2´1.2 µm3 [22]. Previous work by scanning X-
ray nanoprobe diffracMon on larger crystals found side-by-side domains of both twin 
orientaMons up to 100 microns in size [20]. CorrelaMon lengths obtained from high-resoluMon 
diffracMon studies, which can be aQributed to domain formaMon, were similarly large, 0.36 µm 
[24] and 1.2 µm [22]. 
 
We studied a large high-quality single crystal sample of Sr2IrO4, which was the parent crystal of 
the FIB-sample studied earlier [22]. The (106) magneMc reflecMon was pre-aligned by MlMng the 
sample to the parallel (2 0 12) crystal reflecMon and offsejng the Bragg angle. Upon cooling to 
100K and sejng the XFEL self-seeding energy to precisely 11.215 keV, wavelength l = 0.1105 
nm, just below the Ir L3 absorpMon edge [21], the speckled magneMc diffracMon paQern shown 
in Fig. 2 was recorded on a Jungfrau detector with p = 75 x 75 µm2 pixels, located D = 6 m from 
the sample. Compound RefracMve Lens focusing opMcs were posiMoned 180 mm before the 
sample to give a calibrated focal spot size of 12 µm. A beam aQenuator (transmijng 5%) was 
required to avoid ablaMon of material from the sample surface, observed when too fine a focus 
or too liQle aQenuaMon were used. The speckled diffracMon arises from coherent interference 
between the naturally occurring AFM domains within the beam size. By searching the posiMon 
of the sample in the beam, we were able to locate isolated magneMc domains, perhaps 
separated by twin domains with the other orthorhombic orientaMon [18], that would have 
Bragg peaks at (016). The diffracMon paQerns were found to be quasi two-dimensional (2D) in 
the sense that they did not evolve strongly with small changes of the sample rocking angle.  
 
The XFEL beam is highly coherent and the diffracMon paQerns were slightly different for each 
{106} domain invesMgated. The example shown in Fig. 2(a), was chosen for further 
invesMgaMon under laser excitaMon. It is strongly elongated on the area detector close to a 45° 
angle, which is understood to come from the 7.35° grazing incidence in the Mlted sample 
geometry, shown in Supplementary Figure S1. The observed paQern has two broad central 
maxima and regular side-fringes, which is loosely interpreted as due to a pair of side-by-side 
anMphase magneMc domains, causing a cancellaMon at the center. The fringes are 100 pixels 
long, with a fringe-to-fringe spacing of 6 pixels. In this work we consider the images in the 
coordinate system of the detector, in which the real-space pixel size is lD/Np, where N is the 
array size of the discrete Fourier transform used. We can therefore esMmate the domains to be 
about 100 nm wide and 1.5 µm long. Two side-by-side anMphase domains, one micron long, 
would explain the symmetric splijng of the peak center and the side fringes (see below).  
 
The temporal evoluMon of the diffracMon paQern following opMcal excitaMon was recorded in 
an opMcal-pump X-ray probe scheme, by means of pump-probe delay scans. The 50 fs opMcal 



  

laser pulses centered around 800 nm (1.55 eV) impinged on the sample nearly colinear with 
the X-ray beam. This energy is above the charge gap of Sr2IrO4, so It drives excitaMon between 
the Jeff=1/2 and Jeff=3/2 bands, creaMng holon-doublons propagaMng through the lajce and 
destroying magneMc order within a few 100 fs [13, 14, 25]. The incident fluence was 1.4 
mJ/cm2, sufficient to cause a 23% drop in the overall (106) peak diffracMon intensity. The 
diffracMon paQern shown in Fig. 2(a) was averaged over all negaMve Mme delays, Dt, while the 
one in Fig. 2(b) is averaged over 0 < Dt < 1 ps. The two-Mme correlaMon funcMon [26] of the 
diffracMon, as a funcMon of Mme delay is shown in Fig. 2(c). Despite some fluctuaMon of the 
correlaMons both at negaMve and posiMve Mme delays believed to come from imperfect 
normalizaMon of beam monitoring, clear changes in the diffracMon paQern are seen, with a 
sudden jump in correlaMon at Dt» 0. The correlaMon drops to 0.93 at posiMve Dt and relaxes 
aterwards. Careful inspecMon of Figs. 2(a) and (b) show the fringe spacing increases slightly for 
posiMve Dt.  
 
We aQempted to obtain real-space images of the domains by inversion of the diffracMon 
paQerns using 500 cycles of the Hybrid Input-Output (HIO) method alternaMng with error 
reducMon and a fixed ellipMcal “support” esMmated from the speckle shape in the diffracMon 
paQern [27,28] and also using the guided HIO approach [29]. However, it was not possible to 
obtain a unique soluMon from the 2D diffracMon paQern, perhaps due to the low signal-to-
noise raMo. Instead, we obtained a number of similar soluMons agreeing with the data; this 
diversity of soluMons is considered to represent the propagaMon of noise in the raw data, 
arising from limited counMng staMsMcs, giving agreement 0.048 < c2 < 0.063 [30]. Typical 
examples of the reconstructed phase images, shown in Fig. 3(a) for HIO and Fig. 3(b) for guided 
HIO, have phase ramps and offsets removed. They typically show 4 to 6 regions of flat phase 
with steps between resembling domains and discrete phases distributed over -p < f < p. This 
block structure suggests the presence of AFM domains shited by fracMons of a unit cell along 
the c-axis separated by domain walls as illustrated in Fig.1. The micron-sized images seen in 
the reconstrucMons in Fig. 3, consistent with the speckle size, are smaller than the nominal X-
ray beam size, so might indicate the magneMc domains are surrounded by invisible regions 
with the other orthorhombic distorMon [20]. 
 
The poor reproducibility of the reconstrucMons made it impossible to track the small changes 
due to the laser excitaMon of the AFM structure. So, an explicit, simplified 4-domain model, 
shown in Fig. 3(c), was introduced and manually adjusted to give good qualitaMve agreement 
with the diffracMon data. This model has two axis dimensions of the ellipse and one rotaMon, 
three independent phase values (since the fourth can arbitrarily set to zero) and six 
parameters to posiMon the domain boundaries. The ellipMcal shape was chosen for simplicity. 
We used a Voronoi construcMon [31] where the phase is assigned as belonging to the domains 
with the closest seed posiMon, expressed as a fracMon of the ellipse axis lengths. This model, 
with 12 adjustable parameters, was then opMmized for best agreement with the diffracMon 
paQern using the Powell  scipy.opMmize.minimize algorithm [32], shown in Table 1 and Fig. 
3(c,d). The agreement with the diffracMon data is shown in Supplementary Figure S2.  
 
The diffracMon paQerns measured at different pump-probe delay Mmes were then fiQed to the 
12-parameter model, resulMng in a staMsMcally good fit with a correlaMon coefficient of 0.92. 
The fit was stable even for single frames of 100 fs, but is ploQed in Fig. 4 for steps of 200 fs 
ater binning frames. The binning reduced the error bar, esMmated from the variaMons of the 



  

negaMve Mme-delay fit parameters. As seen in Table 1, only one of the 12 model parameters 
was found to vary significantly with the laser Mme delay, Dt, which is the length of the ellipMcal 
envelope containing the domains, h(Dt). Supplementary Figure S3 shows the variaMons of the 
other 11 parameter of the model with Dt. Fijng the trend to a double exponenMal decay in 
Fig. 4, 

 
yielded a 15% drop of h(Dt) in t1 = 40±30 fs and a recovery Mme of t2 = 20 ps, roughly 
consistent with the trends in the diffracMon signal seen in the correlaMon coefficient of the raw 
data, as discussed above.  
 

 -5 ps < Dt < 0  0 < Dt < +5 ps  
Major half-axis (µm)    1.017       0.890 
Minor half-axis (µm)    0.281   0.307 
RotaMon (radians)     0.673     0.689 
Voronoi 1 (fracMons)    (0.106, -0.910)   (0.132, -0.642) 
Voronoi 2 (fracMons)    (0.034, 0.671)    (0.107, 0.714) 
Voronoi 3 (fracMons)    (0.266, -0.026)    (0.25, 0.053) 
Voronoi 4 (fracMons)    (0,0)   (0,0) 
Phase 1 (radians)    -1.874    -1.90 
Phase 2 (radians)     1.412      1.327 
Phase 3 (radians)     2.819     2.858 
Phase 4 (radians)       0.0    0.0 

 
Table 1. Fit parameters of the 4-domain model of magneMc domains in the detector coordinate 
system, shown in Fig. 3. The pump-probe diffracMon data were averaged into the two Mme 
ranges indicated before fijng the model. The first three parameters define the ellipMcal shape 
of the area filled with domains. The Voronoi parameters are the fiQed domain centers, as 
fracMons of the (minor, major) axis lengths. The phases are the fiQed values relaMve to the 
fourth domain, fixed to be zero at posiMon (0,0). 
 
The double exponenMal response of the diffracMon intensity to the laser excitaMon has been 
reported for Sr2IrO4 before. Dean et. al. [13] reported t1 = 268±16 fs and t2 = 197 ps at a 
fluence of 2.67 mJ/cm2, similar to that used in our experiment, in pump-probe Mme-resolved 
magneMc scaQering at the (3 2 28) peak. Laser reflecMvity measurements [14] reported t1 = 
262 fs and t2 = 0.72 ps and demagneMzaMon by Kerr rotaMon t1 = 345 fs and t2 = 1.52 ps, both 
at a sample temperature of 80 K and a fluence of 0.1 mJ/cm2. Since both studies reported 
strong increases of t2 with fluence, we consider them both to agree roughly with our results 
for the demagneMzaMon and recovery Mmes, given the large uncertainMes in the trend fijng in 
Fig. 4 and the different pump wavelength used in Ref. [13]. 
 
To support the validity of the real-space image modelling of the changes in the observed 
diffracMon paQern, we also performed a direct fit to the data. We integrated the diffracMon 
paQern in Fig 2 along the diagonal direcMon to extract its intensity profile, shown as amplitude 



  

(square-root) in Fig 4(b). This profile was least-squares fiQed to the Fourier transform of a 1D 
block of scaQering material with an anMphase domain boundary at the center, 

 
where 2a is the length of the block represenMng the magneMc domain in 1D. This A(q) funcMon 
resembles a sinc(qa) funcMon, except for having a node at the center coming from the phase 
step. The fit curves in Fig 4(b) show a good agreement of this simpler 1D model both for the Dt 
< 0 and Dt > 0 pump-probe delay ranges, where the frequency of the side fringes can clearly be 
seen to change. This 1D descripMon is simple enough to allow reliable fijng of single 100 fs-
spaced frames of the Dt Mme series, for which the fiQed block half-length, a in Eq(2), is ploQed 
in Fig 4(c). The trend is very similar to that of the 4-domain model in Fig. 4(a) and the Mme 
constants were t1 = 87 fs and t2 = 19.6 ps showing good agreement between the two 
descripMons and supporMng the validity of the 4-domain picture used above.  
 
While the sub-picosecond excitaMon of the magneMc structure has been seen before, we have 
now visualized how the associated spaMal magneMc arrangement changes too. Within the t1 = 
40±30 fs excitaMon, the outer boundary of the domains is seen to move by 0.127 µm and the 
internal domain walls by a fracMon of that distance in Fig. 3(e, f). The block half-length of the 
second model in Fig. 4(c) contracts by Da = 0.18 µm in 87 fs. This represents a domain velocity 
of 3´106 and 2.1×106 m/s for the two models, typical of an electronic Fermi velocity and far 
faster than the speed of sound. We conclude there is no acousMc component associated with 
the excitaMon, for example a change in rotaMon angle of the octahedra, which would be limited 
to sound velociMes. The magneMc structure in Fig. 1 is purely composed of spins, so the 
velocity we measure is a spin velocity. Since the spins are electronic, it is reasonable to expect 
their migraMon to be at a similar velocity. 
 
In conclusion, we have imaged the dynamics of a cluster of anMferromagneMc domains in 
Sr2IrO4 excited by a femtosecond opMcal laser by magneMc Bragg coherent diffracMve imaging. 
We observe a disMnct contracMon of the domain structure, including its internal domain walls, 
with a fiQed Mme constant of 40±30 fs. Such “breathing” behavior has been seen before in 
thermally-driven magneMc domain fluctuaMons [33]. The corresponding domain wall migraMon 
velocity is 3´106 m/s, which is typical of an electronic Fermi velocity. This informs us there is 
no role of electron-lajce coupling in the domain wall moMon, instead involving a pure flipping 
of spins.  
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JusMficaMon Paragraph (75 words): While laser-driven demagneMzaMon and magneMc X-ray 
scaQering in Sr2IrO4 are both well-established, the combinaMon in a pump-probe experiment at 
an X-ray free electron laser is new. Micron-sized anMferromagneMc domains have been seen by 
other methods, but not the more subtle phase domains to which coherent scaQering is 
sensiMve. By measuring the temporal and spaMal changes in the domain walls in a single 
experiment, we are able to establish a wall-migraMon velocity for the first Mme. 
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Figure 1: (a) Atomic structure of stronMum iridate, Sr2IrO4. Sr2+ ions are blue, O2- ions are red 
and the Ir4+ ions are at centers of the canted octahedra. (b,c) MagneMc structure showing two 
of the four possible phase domains (++-- and -++- respecMvely) with an indicaMve domain wall 
(dashed line) between them. The red arrows indicate the net in-plane Ir4+ magneMc moments 
due to canMng of the octahedra in the structure. The figure was prepared with the use of the 
VESTA imaging sotware [17]. 
 
 

 
 
Figure 2. Amplitude (square root of the measured intensity) of the coherent diffracMon paQern 
around the 106 magneMc Bragg peak of Sr2IrO4 recorded on the Jungfrau detector (a) before 
and (b) over the first picosecond ater the laser excitaMon. (c) Two-Mme correlaMon funcMon 
between all measured diffracMon paQerns, binned into 200 fs long groups. 



  

 
Figure 3: (a) Phase reconstrucMon of the observed diffracMon paQern at negaMve Mme delay, -
5<Dt<0 ps, in a fixed support using (a) 500 cycles of alternaMng HIO_ER (b) guided HIO [29] 
with 5 generaMons of 15 populaMons (c) the 12-parameter 4-domain model described in the 
text.  (a) and (b) are typical examples of a wide range of non-reproducible structures, shown in 
the “detector” coordinate frame, the Fourier transform of the data shown in Fig.2. (d) the 
same model fiQed to posiMve Mme-delay data, 0<Dt<5 ps. (e) and (f) are the same as (c) and 
(d), but transformed to the view on the 001 face of the sample. 
 
 



  

 
Figure 4(a) Time dependence of the domain envelope length parameter of the 4-domain 
model used to fit the diffracMon paQern.  The trend has been fit to a double exponenMal 
funcMon with Mme constant t1 for the excitaMon and t2 for its relaxaMon. Two fit curves with t1 
= 10 fs and 70 fs indicate the range of possible fits. (b) Direct fit to the raw magneMc diffracMon 
amplitude data integrated along a 38-degree diagonal direcMon over the Mme ranges -5 ps < Dt 
< 0 (top) and 0 < Dt < +5 ps (boQom, offset for clarity). The fijng funcMon was Eq(2) 
quadraMcally added to a Lorentzian background funcMon. (c) Values of the block half-length 
parameter a in Eq(2) extracted for single XFEL shots and fit to the same double exponenMal. 
  



  

Supplementary Figures: 

 
Figure S1: (a) DiffracMon geometry of the X-ray setup at the MID instrument of XFEL. The Q-
vector lies in the horizontal plane, and the sample face is Mlted by 51.5° to reach the 106 
reflecMon (b) coordinate transformaMon required to convert the reconstructed image from the  
detector view into the surface-normal view. 
 

 
Figure S2: Fijng of the 4-domain model to the XFEL magneMc coherent diffracMon data 
summed over ranges -5 ps < Dt < 0 (frame 0, top) and 0 < Dt < +5 ps (frame 1, boQom). The 
first column is the measured diffracMon amplitude, the second column is the fit model colored 
according to the values of the phases and the third column is the best-fijng diffracMon 
amplitude distribuMon. 
 
 
 



  

 
 
Figure S3: Time dependence of the other parameters of the model listed in Table 1, used to fit 
the diffracMon paQern. (a) Domain phase shits. (b) Voronoi (x,y) coordinates as a fracMon of 
the axis length of the ellipse, as listed in Table 1. The fourth domain is fixed at (0,0) with a 
phase of 0. 
 

 
 


