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Ferrimagnetic iron garnets are promising materials for spintronics applications, characterized by ultralow
damping and zero current shunting. It has recently been found that few nm-thick garnet films interfaced with a
heavy metal can also exhibit sizable interfacial spin-orbit interactions, leading to the emergence, and efficient
electrical control, of one-dimensional chiral domain walls. Two-dimensional bubbles, by contrast, have so far
only been confirmed in micrometer-thick films. Here, we show by high resolution scanning transmission x-ray
microscopy and photoemission electron microscopy that submicrometer bubbles can be nucleated and stabilized
in ~25-nm-thick thulium iron garnet films via short heat pulses generated by electric current in an adjacent
Pt strip, or by ultrafast laser illumination. We also find that quasistatic processes do not lead to the formation
of a bubble state, suggesting that the thermodynamic path to reaching that state requires transient dynamics.
X-ray imaging reveals that the bubbles have Bloch-type walls with random chirality and topology, indicating
negligible chiral interactions at the garnet film thickness studied here. The robustness of thermal nucleation and
the feasibility demonstrated here to image garnet-based devices by x-rays both in transmission geometry and
with sensitivity to the domain wall chirality are critical steps to enabling the study of small spin textures and

dynamics in perpendicularly magnetized thin-film garnets.

DOI: 10.1103/PhysRevMaterials.4.011401

I. INTRODUCTION

Iron garnets are insulating ferrimagnets with desirable
properties in the context of magnetic soliton applications.
Micrometer thick garnets were developed in the 1950s to
1980s to realize the first commercial solid-state memory
based on magnetic-field-driven magnetic bubbles [1-3]. This
technology was ultimately not successful because propagating
bubbles by magnetic fields is energetically expensive and
not scalable. However, garnet materials have re-emerged as
promising candidate materials for spintronics devices for
many reasons: (i) they are electrically insulating, minimizing
energy loss due to current shunting, (ii) they have low Gilbert
damping, as low as ~10~> for YIG [4], which allows for
long magnon diffusion lengths [5] and high domain wall
mobilities [6,7], (iii) they exhibit a low depinning threshold
<4 x 10'° A/m? to move domain walls electrically by spin-
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orbit torques [6], and (iv) they are thermally and chemically
more stable than metallic magnets.

The recent revival of garnet materials has been enabled
by the successful growth of nanometer-thick, perpendicularly
magnetized, epitaxial garnet films [8,9] with fundamentally
different properties compared to bulk garnets. Most notably,
thulium iron garnet (TmIG, Tm3FesO;,) develops a signif-
icant chiral magnetic interaction (Dzyaloshinskii-Moriya in-
teraction, DMI) at thicknesses of <6 nm [6,7]. These few-
unit-cell-thick garnet films can also be manipulated efficiently
by pure spin currents generated in an adjacent heavy metal
layer such as Pt [6,7,10]. Based on both ingredients, chirality
and spin-torque, motion of domain wall spin textures with
velocities exceeding 800 m/s was recently observed in TmIG
[6,7]. The existence of skyrmions has also been suggested
recently by electrical signatures [11,12] but remains to be
confirmed by direct imaging.

High-resolution, in-operando x-ray imaging has been a
workhorse technique in skyrmion research [13-20]. The best
resolution is achieved by transmission-based techniques, in-
cluding scanning transmission x-ray microscopy (STXM)
[14,15,17-19] and x-ray holography [13,20], while photoe-
mission electron microscopy (PEEM) can provide additional
information about the Bloch or Néel character of domain
walls [16] if the wall width is within the spatial resolution

©2020 American Physical Society
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FIG. 1. Properties of the as-grown, 26.5 nm thick TmIG film.
(a) Symmetric 6§ — 26 x-ray diffraction scan recorded with Cu K,
radiation (A = 1.5406 A). Laue fringes are marked by arrows. The
bulk (444) peak position of TmlIG is at 20 = 51.339°, as indicated
by the vertical dashed line [21]. (b) In-plane (x) and out-of-plane (z)
magnetic hysteresis loops.

(typically 30 nm to 50 nm). Key challenges to apply these
techniques to garnets are the fabrication of membranes in case
of transmission-based imaging, particularly without losing the
strain-induced anisotropy of the epitaxial films, and resolution
limiting effects such as charging in case of PEEM. Here,
we demonstrate that both transmission-based x-ray imaging
and PEEM-based imaging of the domain wall chirality are
possible in sub-30-nm-thin TmIG films. Using these tech-
niques in-operando, we reveal that submicrometer bubbles can
be nucleated by electrical or optical heat pulses and remain
stable in a small bias field. This work not only demonstrates
the thermally-induced formation and dynamics of bubbles in
rare earth iron garnet films but also exemplifies the utility of
x-ray imaging in studying bubble and skyrmion behavior.

II. RESULTS

TmIG films with thicknesses of 26.5 nm and 30 nm (~22
and ~25 unit cells) were grown by pulsed laser deposition on
(111)-oriented gadolinium gallium garnet (GGG) substrates
[8,9], see Methods. Symmetric 6 — 26 x-ray diffraction scans
[Fig. 1(a)] exhibit Laue fringes, confirming high crystalline
quality, and show a shifted TmIG(444) peak corresponding
to an out-of-plane dsss spacing of 0.1773 nm, compared
to 0.178 nm (cubic lattice parameter 1.232 nm) for bulk
TmlIG [21]. In-plane lattice matching to the substrate was
confirmed by reciprocal space mapping. These results indicate
pseudomorphic growth with in-plane tensile strain [8]. Com-
bined with its negative magnetostriction coefficient A, this
produces a magnetoelastic anisotropy contribution favoring
an out-of-plane easy axis in (111) TmIG [8,9]. Vibrating
sample magnetometry was used to characterize the magnetic
properties of the continuous films, as shown in Fig. 1(b). The
saturation magnetization is M, &~ 140 kA /m, slightly larger
than the bulk value of 110 kA /m. The out-of-plane saturation
field of ~2.5 mT is much smaller than the in-plane saturation
field of ~100 mT, which is consistent with an out-of-plane
easy axis with a demagnetized (multidomain) remanent state.
This contrasts with the high-remanence out-of-plane loops for
thinner TmIG films [8,9], pointing to stronger stray field in-
teractions in these thicker films that promote a demagnetized
state. The out-of-plane loop exhibits hysteresis near satura-
tion, suggesting the presence of metastable states which can

GGG
(b) 0mT 1mT 2mT
3mT 4 mT 5mT
6mT 7mT 8mT

FIG. 2. Properties of TmIG (30 nm) on a back-polished GGG
membrane substrate. (a) Membrane device geometry for scanning
transmission x-ray microscopy (STXM). (b) STXM images of the
domain states of a bare 30 nm thick garnet film (without Pt layer)
at increasing out-of-plane magnetic field. The contrast indicates
the out-of-plane magnetization. Field values are shown on the top
right of each image. The field was applied by rotating permanent
magnets. Field values and the out-of-plane field direction are only
approximate.

be transformed into a bubble ground state [22—-24]. Finally, the
small out-of-plane remanence and coercivity <1 mT suggest
that the films have very low pinning.

The domain configuration was imaged directly by high
resolution scanning transmission x-ray microscopy (STXM),
with normal x-ray incidence such that the x-ray magnetic
circular dichroism (XMCD) [25] contrast is sensitive to the
out-of-plane magnetization direction. To achieve soft-x-ray
transparency, the GGG substrates were mechanically polished
to a thickness of ~20 um, and then a ~40 um x 40 um
transmission window with <1 um thickness was prepared
using focused ion beam milling [see Methods and Fig. 2(a)].
We note that the Ga ion implantation depth is less than the
final GGG membrane thickness, so Ga implantation in the
magnetic film itself is not expected.

Near zero external field, the film exhibits a labyrinth mul-
tidomain remanent state with a high degree of alignment of the
stripelike domains, as seen in Fig. 2(b). Hence, we conclude
that strain relaxation during the milling process is minimal
and the out-of-plane easy axis is retained. With increasing
out-of-plane field B,, the domains oriented parallel to the field
grow in width, while the width and density of the antiparallel
domains decrease as the film approaches saturation. (Note that
the field was applied via rotating permanent magnets with
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FIG. 3. Current-induced bubble nucleation and motion in
26.5 nm thick TmIG. (a) STXM image of a zero-field domain state in
a TmlG film partly covered with a Pt track. The dashed line indicates
the boundary of the Pt track. The image was taken immediately after
inserting the sample into the instrument and the aligned orientation
of the stripes (vertical in the top-view image) is possibly due to
a previous exposure to an in-plane field. (b) STXM image after
transmission of a single 100 ns current pulse of 8.2 x 10'' A/m?
amplitude in a pure out-of-plane field of 3.5 mT. (c)-(e) Images
of bubble domains in (c) the initial state, (d) after application of a
rightward-flowing current pulse, and (e) after subsequent application
of a leftward-flowing current pulse, with 100 ns duration and 8.2 x
10" A/m? amplitude in an out-of-plane field of 4.5 mT. Solid circles
show initial positions of the bubbles, from (c).

> 200 mT saturation field, possibly resulting in in-plane and
out-of-plane field offsets of a few mT, which may have been
responsible for the preferred in-plane orientation of the stripe
domains). Bubble domains are not observed here, which is
not surprising, since at zero field, the parallel stripe phase is
lower in energy than the bubble domain phase [23,24]. Trans-
formation to a bubble phase would require overcoming sizable
energy barriers, which is not expected during a quasistatic
(adiabatic) increase in the applied field [23,24]. At the highest
applied fields, the strip-out transition [26] is expected to lead
to isolated bubbles formed from collapsed stripe domains, but
their density in the present case is low enough that isolated
bubbles are not observed within the STXM field of view.
Electrical current pulses have been recently used to nucle-
ate magnetic skyrmions in metallic heavy-metal /ferro- and
ferrimagnet heterostructures [20,24,27-29] and here we ex-
amine whether similar effects can be observed in magnetic
insulators interfaced with a heavy metal. On top of a TmIG
film, we patterned 4-nm-thick Pt tracks, 10 um x 10 pum
in size, with 50-nm-thick Pt or Au contacts at either end
for current injection [Fig. 2(a)] using lift-off processes prior
to sample thinning. Figure 3(a) shows a STXM image at
remanence of areas of the bare TmIG and an adjacent Pt-
covered region. Stripe domains extend continuously across
both regions. Some domains end at the edge of the Pt track,
indicating pinning induced by the patterning process. How-

ever, there is no visible difference in the domain width. This
suggests that the Pt overlay does not significantly contribute
to the magnetic anisotropy (directly or through strain effects)
or to an interfacial Dzyaloshinskii-Moriya interaction, both of
which would change the equilibrium domain width [30].

While stripe domains are the lowest energy state at zero
field, bubble states are favored by applied fields and even-
tually become the ground state of the system. We therefore
increased the out-of-plane field to a value where all domains
in our field of view disappeared (B, = 3.5 mT). At this field,
we applied a unipolar current pulse (100 ns pulse duration;
8.2 x 10'' A/m? amplitude). As shown in Fig. 3(b), this
pulse nucleates a dense array of circular bubble domains,
all of which have similar sizes of ~500 nm in diameter.
These bubbles appear almost exclusively under the Pt track,
i.e., only where the current excitation was applied. There is
a slight increase of the bubble density toward the Pt track
edge, possibly due to the skin effect of the high frequency
current. There are two possible explanations for the strong
response of the magnetic material to current pulses in the Pt
layer: (i) spin-orbit torques [31,32], which may arise from
a pure spin current that is generated in the Pt layer due to
the spin-Hall effect and (ii) thermal effects due to the Joule
heating of the current pulse [24]. To distinguish between these
mechanisms, we studied the response of nucleated bubbles
to similar injected current pulses. Recent reports have shown
that in few-unit-cells thin TmIG/Pt bilayers, the dampinglike
torque from an injected spin Hall current can deterministically
displace domain walls in the current-flow direction. This is
enabled by a sizable Dzyaloshinskii-Moriya interaction that
stabilizes Néel domain walls [6,7]. In the case of bubble
domains, spin-orbit torques are expected to drive both Néel
bubbles and Bloch bubbles, although the direction of motion
would depend on the chirality and topology [33-35]. Even if
the DMI is too weak to stabilize Néel domain walls in these
relatively thick TmIG films, we expect that spin torques will
drive each bubble in a deterministic and reversible manner.

Figures 3(c)-3(e) show sequential STXM images after
positive and negative polarity current pulse injection of similar
amplitude as before. Prior to this measurement, the bias field
was increased to 4.5 mT to reduce the density of bubbles to
allow their tracking. We observe five bubble domains in all
three frames [and a sixth bubble appearing at the top edge of
Fig. 3(e)]. The approximately constant bubble count suggests
that all three images show the same bubbles, only at different
locations. However, the bubble displacement is random after
each injected current pulse, and the displacement directions
do not reverse when changing the polarity of the current
pulse. The observations suggest that spin-orbit torques are not
significant due to the relatively large thickness of our film
and that Joule heating is dominantly responsible both for the
nucleation and the motion of bubbles.

To confirm the role of thermal excitations in the observed
bubble nucleation, we used ultrafast laser pulses to apply fast
heat pulses in the absence of electrical excitations. Here, we
used a nominally identical TmIG film on an unthinned GGG
substrate. We applied 80 fs laser pulses (wavelength 800 nm)
of variable intensity and polarization through the polished
backside of the sample (see Ref. [36] for details of the
sample holder and optics). The resulting domain states were
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FIG. 4. Laser-induced bubble nucleation in 26.5 nm TmIG. (a)-(c) PEEM images of domain state in a purely out-of-plane bias field of
2.1 mT, in the initial state (a), after one laser pulse (b) and after a second laser pulse (c). Light (dark) contrast corresponds to out-of-plane
(into-the-plane) magnetization. Panel (d) shows a higher-magnification image of several bubbles in (c), where the light/dark contrast at the
bubble perimeter is due to the in-plane orientation of the magnetization, marked as colored arrows. (e) Laser-induced bubble nucleation
thresholds versus laser fluence and pulse number. Blue and tan regions indicate presence or absence of bubble nucleation for positive and
negative laser helicity. The x-ray direction in all images was top-to-bottom and approximately perpendicular to the Pt strip.

imaged using photoemission electron microscopy (PEEM)
with XMCD contrast. Images were recorded at grazing inci-
dence (16° with respect to the surface plane) such that both
the in-plane and out-of-plane magnetization orientations can
be determined. Charging was avoided by covering almost the
entire sample with 50-nm-thick Pt, leaving only small 10 um
to 20 um wide trenches of bare film for imaging.

Figures 4(a)-4(c) show images after first saturating the
sample and subsequently reducing the applied field to B, =
2.1 mT. At this field, the sample is expected to remain in a
single-domain state, based on the hysteresis loop in Fig. 1(b).
This is confirmed by the PEEM image of the initial state in
Fig. 4(a). Figures 4(b) and 4(c) show PEEM images after
a single laser pulse excitation [Fig. 4(b)], and after a sec-
ond laser pulse excitation [Fig. 4(c)], at a laser fluence of
31 mJ/cm?, respectively. We observe similar bubble domain
nucleation as was observed for electrical current pulse excita-
tion, even though the laser excitations are six orders of mag-
nitude shorter in duration. Laser-induced bubble nucleation
is progressive, with the density of bubbles increasing with
increasing pulse number. The fluence threshold for bubble
nucleation is not sharp, though as the fluence is reduced,
the number of pulses required to nucleate bubbles increases
exponentially, as seen in Fig. 4(e). The switching threshold
does not depend on the helicity of the laser pulses within
our experimental resolution. These results suggest that the
observed laser-induced bubble nucleation is a thermal effect,
similar to that observed by current injection.

The bubble chirality was directly determined using the in-
plane sensitivity of grazing incidence PEEM [16], as depicted
in Fig. 4(d). The bubble domain walls are generally Bloch type
with a random sense of rotation (clockwise or counterclock-

wise). Some bubbles exhibit a mixed chirality (clockwise
Bloch on one side and counterclockwise Bloch on the other
side), which indicates the presence of vertical Bloch lines
even though these cannot be resolved directly. The presence of
Bloch lines means that some bubbles have topological charges
other than unity, which distinguishes them from skyrmions
in high DMI materials, where the chirality is fixed and the
topological charge is always unity [14-16,35,37-39]. Interfa-
cial DMI leading to stabilization of Néel domain walls was
recently reported in ultrathin TmIG films [6,7]; the results in
our thicker films suggest that the DMI effective field, which
decreases with increasing film thickness, is not sufficient to
overcome the magnetostatic fields that favor Bloch domain
walls. The presence of Bloch lines is still surprising because
the magnetic field was applied precisely in the out-of-plane
direction by design. Under these conditions, bubbles in achiral
hexaferrite and Gd/Fe thin films were reported to be of
random chirality but common topology [40,41]. We therefore
conclude that DMI plays a negligible role in the bubble
nucleation and stability in these samples and that Bloch lines
are of sufficiently low energy to exist in these bubbles even
without an in-plane field.

To further examine the effect of temperature in our sam-
ple, we imaged the domain state as the temperature was
slowly increased from 7= 300 K to 7 = 340 K in the sam-
ple cryostat, as shown in Figs. 5(b)-5(e). The sample was
first saturated in a field of B, = 5.3 mT and then the field
was reduced to B, = 2.3 mT, reproducing the field sequence
where bubbles were successfully nucleated all-optically. At
T =300 K, the out-of-plane hysteresis loop in Fig. 5(a)
shows that a saturated state is expected under these conditions,
as is verified by the PEEM image in Fig. 5(b). The hysteresis
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FIG. 5. Domain nucleation by quasistatic heating in 26.5 nm TmlIG. (a) Out-of-plane hysteresis loops at temperature 7 = 300 K and
T = 320 K. The fields at which domain nucleation occurs on the increasing branch of the hysteresis loops are indicated by arrows. (b) PEEM
image at T = 300 K after saturating the film and reducing the field to B, = 2.3 mT. (c)-(e) PEEM images at temperatures of 320 K (c), 330 K
(d), and 340 K (e). T was slowly increased (~1 K/s) and the purely out-of-plane field was kept constant at B, = 2.3 mT. (f) Calculated bubble
energy as a function of its diameter in our TmIG material for three field values, as indicated. See Methods for parameters.

loop slightly deviates from the bare film loop in Fig. 1(b) due
to pinning induced by the patterning processes, leading to a
finite coercivity. Also, note that the single bubble domain in
Fig. 5(b) was nucleated during a previous laser exposure and
appeared to be stable even at the largest available magnetic
field during our PEEM measurements (5.3 mT) [42]. Bubble
stability beyond the apparent saturation field is common in
perpendicular magnetic anisotropy materials [43]. At elevated
temperatures, the minimum field B, required to maintain a
uniformly magnetized or low bubble density state increases,
as seen in the hysteresis loop at 7 = 320 K in Fig. 5(a).
PEEM imaging in Figs. 5(b)-5(e) shows that the sample spon-
taneously demagnetizes as the temperature increases under
constant B,, with the density of domains increasing with in-
creasing temperature. This result agrees with previous reports
showing that the net perpendicular anisotropy decreases with
increasing temperature [9], making a multidomain state more
favorable. Hence, increased temperature can drive domain
nucleation in these films. Bubble domains do not appear
during this slow heating process.

III. DISCUSSION

The mechanism of fast thermal bubble nucleation in ultra-
thin garnet materials is different from traditional all-optical
switching [44—46], all-optical topological switching [47,48],
and from previously studied light-induced switching in garnet
materials [49]. All these mechanisms are deterministic and
involve some form of ultrafast transient phase transition.
By contrast, thermal bubble nucleation is probabilistic, pro-
gressive, and can be much slower than conventional optical
reversal processes. Thermal bubble nucleation can also be
distinguished from helicity-dependent all-optical switching
[50-54] because the helicity appears to play no role, even
after thousands of pulses [Fig. 4(e)]. Moreover, the physics
of switching appears to be the same regardless of whether
the heat pulse is delivered by light or electrical current and
insensitive to the presence of a Pt top layer.

Our measurements suggest that bubble nucleation is me-
diated by a transient thermal excitation over the nucleation

energy barrier. As was shown in Ref. [24], the energetics of the
possible multidomain morphological states (Iabyrinth, stripe,
and bubble array) depend on the applied magnetic field, with
the bubble array state becoming the ground state at higher
B.. Figure 5(f) shows the energy landscape of an isolated
bubble domain as calculated using the model of Ref. [35]
and the parameters of our material (see Methods). Bubble
diameters are of the right order of magnitude, with small
discrepancies to the observed bubble sizes likely originating
from higher order anisotropy terms not included in our model.
The energy barriers exceed several hundred times the thermal
energy at room temperature (26 meV). Therefore, morpho-
logical transitions between metastable and stable states do
not readily occur during quasistatic variation of the field or
temperature. Instead, the experimental results presented here
suggest that fast thermal excitations, delivered by Joule heat
pulses during current injection or ultrafast laser pulses, can
drive the system over these energy barriers to a bubble ground
state configuration.

IV. CONCLUSIONS

In summary, we have successfully prepared sub-30-nm-
thick, sheared loop, epitaxial thulium iron garnet films and
demonstrated a process to back-thin their single-crystalline
substrates down to soft x-ray transparent thicknesses without
changing the strain-induced magnetic properties of the films.
We found that submicrometer sized bubble domains are read-
ily nucleated in these films by single heat pulses, where the
excitation can be as short as 80 fs using an ultrafast laser. Our
results suggest a strategy to nucleate magnetic bubble domains
in insulating magnetic garnet films and demonstrate how x-
ray imaging can be applied to study the resulting magnetic
textures statically and upon in situ excitation. Although the
relatively thick films in the present study show negligible
Dzyaloshinskii-Moriya interactions, our results suggest that
in ultrathin rare earth iron garnet films, in which interfacial
DMI has recently been found, fast thermal excitations might
be used to controllably nucleate chiral magnetic skyrmions.
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V. METHODS

TmlIG films were deposited using pulsed laser deposition
(PLD) on single-crystal (111) GGG substrates as described in
Ref. [55]. The PLD used a 248 nm wavelength KrF excimer
laser with 10 Hz repetition rate and a heated substrate stage.
The target used was a commercially available TmIG target
with a 99.9% elemental purity. Pt tracks were prepared by
sputtering and patterned by direct laser optical lithography
and liftoff. Oxygen plasma cleaning was employed to remove
resist residues from the TmIG surface before Pt deposition.
Contact pads were subsequently prepared in a similar manner.
Thinning of the substrates from the back side was performed
as a last step using mechanical polishing followed by focused
ion beam milling. Alignment with the front side textures was
performed by first etching markers with the FIB on the back
side and then checking the position of the Pt tracks with
respect to those markers via optical microscopy through the
transparent sample.

Laser pulses were generated by a Femtolasers Scientific
XL Ti:sapphire oscillator with a central wavelength of 800 nm
and a pulse duration of 80 fs (full width at half maximum,
FWHM). The spot size on the TmIG surface was (4.3 +
0.1 pm) x (6.3 £0.2) um. The spot size and fluences were
calibrated as described in Ref. [56]. During all measurements
in Fig. 4(e), the temperature was kept constant at (299.5 +
0.5) K.

The analytical model in Fig. 5(f) is based on
Ref. [35] using a film thickness of 26.5 nm, a saturation
magnetization of My = 140 kA/m, and an anisotropy field
of H,=80kA/m (B;=100mT) as determined from
the in-plane loop in Fig. 1(b), an exchange constant of
A = 2.3 plJ/m [57], and zero DMI.
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