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Understanding the formation and dynamics of charge and spin-ordered states in low-dimensional
transition metal oxide materials is crucial to understanding unconventional high-temperature superconductivity. La2−x Srx NiO4þδ (LSNO) has attracted much attention due to its interesting spin dynamics.
Recent x-ray photon correlation spectroscopy studies have revealed slow dynamics of the spin order (SO)
stripes in LSNO. Here, we applied resonant soft x-ray ptychography to map the spatial distribution of the
SO stripe domain inhomogeneity in real space. The reconstructed images show the SO domains are
spatially anisotropic, in agreement with previous diffraction studies. For the SO stripe domains, it is found
that the correlation lengths along different directions are strongly coupled in space. Surprisingly,
fluctuations were observed in the real space amplitude signal, rather than the phase or position. We
attribute the observed slow dynamics of the stripe domains in LSNO to thermal fluctuations of the SO
domain boundaries.
DOI: 10.1103/PhysRevLett.127.275301

Strong correlations in transition metal oxides between
charge, spin, orbital, and lattice degrees of freedom can
lead to the emergence of symmetry-breaking novel quantum states, such as spin order (SO), charge order (CO), and
superconductivity [1,2]. In these states, electrons exhibit collective behaviors, and their corresponding dynamics are often represented in the energy domain [3,4].
Understanding the driving forces behind the formation
of SO and CO stripe states and their dynamics is crucial to understanding unconventional superconductivity [2].
However, due to the complex interplay between spin,
charge, orbital, and lattice degrees of freedom, the microscopic mechanisms underlying these collective behaviors
are mostly unknown and not captured well by theories
based on effective single-electron interactions [5].
Stripe-ordered La2−x Srx NiO4þδ (LSNO) received much
attention due to its being a close analog of the high T c
cuprate superconductors [1,6]. As a nonsuperconducting
214 nickelate family, LSNO presents an ideal model with
complex interplay between spin-charge-lattice degrees of
freedom, while exhibiting distinct spin and lattice ordering
but only weak screening of low energy excitations [6–9].
Several prior studies have reported stripe transitions (i.e.,
SO or CO) and related correlation lengths in LSNO
[7,8,10–16]. The transition temperatures of these stripe
orders have been determined by neutron studies to be
T SO ¼ ∼90, ∼100, and ∼120 K and T CO ¼ ∼115, ∼150,
and ∼190 K for compositions x ¼ 0.20, 0.225, and 0.275,
0031-9007=21=127(27)=275301(6)

respectively [17–19]. T CO ¼ ∼150 K for x ¼ 0.225 was
also confirmed with hard x-ray measurement [20]. Usually,
the measured SO or CO stripes show limited spatial
correlation, implying the presence of stripe domains.
Based on a phenomenological Landau and cluster models,
the spin and lattice coupling are predicted to play a
fundamental role in stabilizing SO stripes [5,21–23].
Recent x-ray photon correlation spectroscopy (XPCS)
measurements have observed slow fluctuations of SO
stripes in particular LSNO crystals [24,25]. The time
constant of the SO stripe fluctuations varies significantly
with temperature and is slowest at 70 K.
Here, we report the first resonant soft x-ray Bragg
ptychography experiment to reveal the origin of the slow
dynamics of spin order in a stripe-ordered La2−x Srx NiO4þδ
single crystal, with x ¼ 0.225 and δ ¼ 0.07. Advances in
coherent x-ray imaging have led to our ability to make
maps of these magnetic domain structures, which can be
utilized to address the origin of these slow dynamical
phenomena. X-ray ptychography is a powerful coherent
imaging technique which can reconstruct complex amplitude and phase images with high spatial resolution and
quantitative phase contrast from coherent diffraction patterns of the magnetic signal, measured on a raster grid of
overlapping probe positions [26]. The SO domains of
LSNO, which are phase shifted with respect to each other,
have been successfully imaged in real space with a
measurement time faster than the slow dynamics. This
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FIG. 1. (a) Schematic experimental soft x-ray Bragg ptychography experimental setup. (b) Cartoon of the spin stripe order in
nickelate with simplified ionic doping level x ¼ 0.25. The doped
holes reside on Ni and neighboring O ions, resulting in effective
Ni3þ ions. The remaining Ni2þ ions are at high-spin state (S ¼ 1).
SO labels the unit cell of the spin superstructure and the shading
shows the charge density distribution. (c) Real space cartoon of
the formation of the mesostructured SO stripe domains with
different modulation directions in the NiO2 plane.

allows us to discuss for the first time whether these
fluctuations occur in the amplitude, phase, or relative
positions of the domains.
The resonant soft x-ray ptychography experiments were
performed at the coherent soft x-ray 23-ID-1 beamline at
National Synchrotron Light Source II. The energy of the
incident x-ray beam was tuned to the Ni L3 edge at 852 eV
with π polarization, which greatly enhances the magnetic
diffraction signal from SO (Supplemental Material [27])
and suppresses background. Before impinging on the
LSNO sample, the monochromatic soft x-ray beam was
shaped by an 8.0 μm diameter pinhole, located ∼5.50 mm
upstream, as shown in Fig. 1(a). During the measurements,
the scattered x-ray signal was collected by a fast chargecoupled device detector 0.34 m away from the sample.
The LSNO single-crystal sample was grown by the
floating-zone method with a Sr doping concentration of
0.225 [36]. After growth, the LSNO crystal was then
polished so that its surface normal was closely along its
[110] crystal direction to favor the measurements of the SO
peak. Here, the reciprocal lattice units are defined as
Q ¼ ðH; K; LÞ ¼ ð2π=a; 2π=b; 2π=cÞ, in the tetragonal
unit cell with I4=mmm symmetry and the corresponding
lattice constants a ¼ b ¼ 3.84 Å and c ¼ 12.65 Å. The Ni
L3 resonant Bragg reflection at wave vector Q ¼
ð0.36; 0.36; 0Þ was used to probe SO. During the measurements, the temperature of the sample was set to 70 K, where
the SO stripe domains are more stable and correlated [24].
It is also well below the SO transition temperature, which is
∼100 K. As shown in Fig. 1(a), the x-ray beam can
generate coherent x-ray diffraction patterns from SO close

to symmetric backscattering, allowing a favorable reflection geometry for the raster-scan data acquisition of Bragg
ptychography. The resonant coherent x-ray diffraction
signal at the SO wave vector is very sensitive to magnetic
scattering from the antiphase spin structure [Fig. 1(b)] and
the modulation of the Ni valence electrons [37]. Figure S2
in the Supplemental Material [27] shows one representative coherent x-ray diffraction pattern surrounding the
(0.36, 0.36, 0) SO Bragg peak, in which SO stripe domains
interfere with each other, leading to a complex “speckle”
pattern.
In nickelates, SO and CO coexist at low temperature,
where doped charge carriers form one-dimensional stripes
in concert with spin modulations with double the CO
period, as shown in Fig. 1b [38–41]. The charge and spin
stripes, which simultaneously break translational and rotational symmetry, are coupled and aligned along the
“diagonal” direction, i.e., 45° with respect to the Ni─O
bond direction [41]. Figure 1(c) schematically shows
mesostructured “stripe” domains in an NiO2 plane associated with both the incommensurate SO wave vector
QHH ¼ ð0.36; 0.36Þ that we measure as well as QHH̄ ¼
ð0.36; −0.36Þ that are not detected in this geometry.
The soft x-ray ptychography experiments used a wellpolished straight-walled pinhole fabricated by the focused
ion beam method (Supplemental Material [27]). This
avoids complications from the rough borders of the pinhole, prepared by laser ablation alone, which are found to
introduce strong arcs and flares in the coherent diffraction
[42]. The total scanning time for each 21 × 21 point grid
ptychography scan was ∼23 min, with an exposure time of
2 s per grid point, which is achieved by scanning the
pinhole as shown in Fig. 1(a). The ptychographic reconstructions were computed using a GPU-accelerated iterative phase retrieval approach (Supplemental Material
[27]). Because the soft x rays have a smaller penetration
depth, ∼69 nm (Supplemental Material [27]) than the
correlation length of SO domains, the diffraction pattern
is effectively two dimensional; if the sample Bragg angle is
changed the speckle pattern just shifts rather than evolves.
Therefore, the Ewald cut through reciprocal space associated with the geometry of Fig. 1(a) fully samples the 2D
cross section of the extended 3D Bragg peak distribution.
So, despite the fact we are performing a “Bragg ptychography” experiment, we do not suffer difficulties of missing
data [43] and can safely interpret the results as a 2D
projection on the sample surface plane.
Figure 2(a) shows the reconstructed complex-valued
wavefront of the illuminating beam aligned to the plane
of the incident x-ray beam. The concentric fringes in the
wavefront can be attributed to Fresnel propagation, and
since the image is complex, it was numerically propagated
back to the pinhole plane [44], shown in Fig. 2(b), which is
indeed consistent with its scanning electron microscope
(SEM) image [Fig. 2(c)]. Additionally, the horizontal cut
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FIG. 2. (a) Reconstructed complex-valued wavefront of x-ray
probe along the incident x-ray direction at the LNSO sample
position. Here, the amplitude is mapped by the image brightness,
and the corresponding phase is mapped by hue. (b) Computed
free space propagation of the reconstructed soft x-ray probe to the
plane where the pinhole was placed. (c) SEM image of the 8 μm
pinhole. (d) Horizontal cut through the propagated wavefield,
displaying the waist of the soft x-ray beam in the pinhole plane.
Here, the left dashed lines show the position of the pinhole and
the right dashed line shows the LSNO sample position. Scale bars
are 4 μm.

through the complex caustic profile, given in Fig. 2(d), can
be used to precisely deduce the distance between the LSNO
sample and the pinhole, which is 5.57 mm [44].
Figure 3 shows the corresponding real space ptychographic images of the LSNO sample, measured at the SO
peak and transformed into projections on the surface plane.
A picture of close-packed elongated domains is clearly seen
covering most of the field of view. The estimated resolution
for these images is ∼23 nm. The lengths and widths of the
domains correspond roughly with the measured SO correlation lengths in the ½11̄0 and [001] directions [24]. The SO
stripes along [110] will contribute to the image in our
experiments, while the stripes along ½11̄0 will be dark. As
one can see, each domain generally has a well-defined
phase which reflects the relative position of its average
stripes along the Q vector of the SO Bragg peak which is
normal to the surface plane. A few domains show a sharp
π=2 phase-jump boundary, indicating coherence across a
defect. The dark patches in Fig. 3 could be regions of ð11̄0Þ
domains, but more likely represent surface damage due to
crystal polishing, discussed below.
To elucidate the slow fluctuation of the SO domains, and
to explore the general stability of the SO stripes, timedependent real space ptychographic images were made
over 4 h both immediately and with an excursion to another
part of the sample and returning. These are displayed in
Fig. 3 as a function of indicated time at a fixed temperature
(70 K). Because of the limited penetration depth of the soft
x rays, the images shown in Fig. 3 are assumed to contain
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FIG. 3. (a)–(f) Bragg ptychography images of the reconstructed
“stripe” domain structure in LSNO at 70 K at the indicated times
during the experiment. The color scale is used to show the
complex amplitude of the image, with the magnitude given by the
brightness and the phase by the hue.

no more than one layer of SO stripe domains, which would
be bright or dark. However, the estimated ratio of large
areas of close packed (110) domains in Fig. 3 is 0.62
(Supplemental Material [27]), suggesting this is not true
near the surface. Since the surface of a material always
breaks inversion symmetry and results in inherent strain
fields, it is possible the equal ratio of SO stripe domains
along the two different directions is no longer kept.
The images in Fig. 3 appear locally similar, and the
fluctuations are hard to see by direct examination. For
fluctuating SO stripe domains, there are three different
ways fluctuations might be considered to occur: in the
amplitude, phase, or relative positions of the domains in the
image. “Sliding” is a widely discussed excitation mechanism of charge or spin density waves [45,46]. This would
manifest itself as changes of phase or domain position,
corresponding to sliding perpendicular or parallel to the
surface, respectively. In the time-resolved image in Fig. 3,
no obvious trends with time were seen for the phases or the
domain positions. Instead, and surprisingly, the amplitude
was found to vary. This is shown in Fig. 4(a) as onedimensional amplitude profiles taken along [001] in each
image at the same position. The profile of these lines can be
seen to change as a function of time. We consider that this
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FIG. 4. (a) Extracted SO domain amplitude profiles along the
vertical direction from the reconstructed real space images at x ¼
−0.4 μm from the reconstructed real space images in Fig. 3.
(b) Profiles along the horizontal direction at y ¼ 0.35 μm.
(c) Cross-correlation plot of SO stripe amplitudes over the whole
region of Fig. 3 at 70 K.
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results from changes in the three-dimensional volumes of
the SO-ordered regions in the LSNO host lattice which
undergo thermal fluctuation near the second-order SO
phase transition. As the domain volume changes, the image
amplitude would be expected to follow. This might be
caused by individual spins flipping between adjacent
domains. As indicated by the black arrow in Fig. 4(a),
we also notice the center position changing of one isolated
SO domain, which might be a rare example of the sliding
effect, where the motion is ∼50 nm. Sliding of SO domains
along the normal [110] direction would also be detected as
phase changes in the domain images of Fig. 3. Close
inspection of Fig. 3 does indeed reveal a few domains
which change phase, for example at ðx; yÞ position
ð0.3; −1.2Þ which shows a ∼1 radian change; this corresponds to a net motion of the SO domain by ∼0.35 nm.
However, sliding effects cannot account for the observed
changes in the amplitude profiles of SO domains, which
make the largest contribution to SO stripe domain fluctuation. Furthermore, Fig. 4(b) shows the corresponding
one-dimensional lines are taken along ½11̄0 with similar
profile changes observed.
To further quantify the timescale of the SO domain
fluctuations, Fig. 4(c) shows the calculated correlation
coefficient (Supplemental Material [27]) as a heat map
for all time pairs. The correlation drops off systematically
with measurement time difference. This is consistent with
our picture of size fluctuations of the SO domains, caused
by individual spins flipping at the domain walls between
them. Small changes in domain sizes will show up in the
amplitude signal with finite image resolution. Just a few
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FIG. 5. (a),(e),(i) SO domain sizes extracted directly from the diffraction patterns along ½11̄0. (b),(f),(j) Same along [001]. (c),(g),(k)
The ratio between the two directions as a function of the scanning position. (d),(h),(l) The corresponding ratio distribution. (a)–(d),
(e)–(h), and (i)–(l) were at 0, 31, and 94 min, respectively.
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spins need to fluctuate for this change to occur, whereas an
entire domain of spins must change to undergo sliding.
The SO stripe domain size can also be derived directly
from the width of the coherent diffraction patterns. This
allowed us to prepare spatial maps, shown in Fig. 5, of the
domain sizes from the same data used for ptychography.
The data of each ptychography frame were fitted by an
anisotropic Lorentzian squared shape along the ½11̄0 and
[001] directions (Supplemental Material [27]). The formal
correlation length, defined as ξ ¼ 2π=FWHM, agrees well
with the values found in Fig. 3 and so can be identified with
the domain sizes in each direction. Figure 5 shows the SO
domains size over a statistical region much larger than that
in Fig. 3, and closer to that of the full ptychographic image
in Fig. S4.
Figure 5 also shows distinct diagonal lines of low
correlation length in the maps. These striking features
are even more apparent in the high-resolution ptychography
images of Fig. S4 where they appear as dark straight lines
resembling the scratches due to crystal polishing. The
disappearance of the SO domains in these regions may
result from the surface damage of the sample due to
polishing. It should also be mentioned that the appearance
of these scratches in each ptychographic image allowed us
to precisely align each of the six close-up images given in
Fig. 3, for which the lateral positions suffered thermal drift.
While it is possible the scratches are filled by ð11̄0Þ SO
stripe domains, we suspect damage is more likely.
Figure 5 further confirms that the correlation length ξHH̄
of SO along ½11̄0 is much larger than the correlation length
ξL of SO along [001], as also seen in the ptychographic
reconstructed images. Figures 5(a) and 5(b) show that the
SO domain sizes along both directions are inhomogeneously distributed. The coupling of spins within each NiO2
plane (in plane,) is expected to be much stronger than
between spins in neighboring planes (out of plane, [001])
[47], as can be seen in the ratio of domain sizes along ½11̄0
and [001], shown in Fig. 5(c). The domain size ratio can be
seen to vary as a function of the x-ray scanning position.
Lastly, Fig. 5(d) shows a scatter plot of the ratio of the SO
domain sizes, along the two correlation lengths. As one can
see, the domain dimensions along the two directions are
strongly correlated. Despite a significant growth in the SO
domain size along both ½11̄0 and [001] with time, the trend
in the ratio is preserved. Thus, though the coupling of spins
within each NiO2 plane is much stronger than between
neighboring planes, both couplings of spins affect the SO
domains size.
Based on the results above, the SO fluctuation mechanisms are complicated. From both the ptychographic results
in real space and peak fitting results in reciprocal space, we
clearly show that these fluctuations are mainly coming
from dynamics in the size (i.e., the amplitude) of the SO
domains. This is important because it implies that the
domain boundaries migrate by spin flipping during thermal

fluctuation. Some sliding of SO domains could also be
contributing to the fluctuation.
In summary, resonant soft x-ray ptychography has been
applied to image spin-ordered (SO) stripes in a sample of
composition La1.775 Sr0.225 NiO4.07 (LSNO), where real
space domain images showing the size and spatial inhomogeneity of the domains are observed. Close to the
surface, SO stripes show a preferred [110] orientation,
which may be related to strain. In these real space ptychographic images, we find that the slow fluctuations are
mainly coming from changes in the SO stripe’s domain
size, seen in the image amplitude signal because of limited
resolution. At the level of our data, we see that just one of
the three possible fluctuation channels is active and not the
other two. The use of real space imaging allows the
elucidation of further details of domain fluctuations first
seen by XPCS. Furthermore, we find strong correlation of
the SO domain size along the two observed directions. Our
results open a new route to study the complex interplay
between lattice and spin degrees of freedom in quantum
materials at cryogenic temperatures.
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