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Unraveling the structural dependency of Weyl nodes in Co2MnGa
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Conventionally, the modulation of the intrinsic Weyl nodes in Weyl semimetals is challenging, due to topolog-
ical protection. Here we report the structural dependence of the Weyl nodes in a Co2MnGa Heusler thin film via a
temperature-dependent tetragonal distortion. The ability to manipulate these Weyl nodes allows for the control of
the intrinsic electromagnetic properties. Temperature-dependent x-ray diffraction (XRD) measurements identify
a compressive tetragonal distortion with decreasing temperature from 300 to 20 K. The calculated Weyl
properties can be directly compared with experimental parameters through the temperature-dependent XRD
measurements which show the intrinsic correlation between Weyl properties and important magnetic parameters.
The microscopic momentum space properties of Weyl nodes such as the distance (dW), solid angle (�W), tilt
(ϕW), and nodal point energy (EW) directly affect the macroscopic observable properties such as exchange
stiffness (A), magnetization (M), and effective anisotropy field (H eff

K ), as shown via structure-dependent density
functional theory calculations. These predictions are experimentally observed as large variations in the bulk
magnetization and effective anisotropy field as a function of temperature. These results highlight a unique degree
of freedom in the control of macroscopic magnetic properties via the modulation of the intrinsic properties of
Weyl nodes through structural distortions.

DOI: 10.1103/PhysRevB.110.054419

I. INTRODUCTION

The existence of Weyl fermions as quasiparticle excita-
tions in solid state systems is directly tied to the crystal and
magnetic space group symmetry which requires the lack of
either time reversal or inversion symmetry [1]. The number
and positions of the Weyl nodes in these systems therefore
depends on the conserved crystal symmetries during adiabatic
processes like structural changes as well as the magnetization
direction [2]. The impacts of these conserved symmetries
have been studied in Weyl semimetal systems theoretically by
tuning the n-fold rotational symmetry [3], stabilizing double
Weyl phonons [4], and examining maximally charged Weyl
points [5].

Within Weyl semimetal systems, the preserved crystal
symmetries play an important role in the determination of the
bulk electronic and magnetic properties. Changing tempera-
ture or applied external fields can be utilized for the reduction
of these symmetries [6]. Potential Weyl semimetal systems
that exhibit temperature-dependent crystal structure changes
are then of particular interest to study the interplay of these
symmetries, Weyl points, and magnetic properties. Manip-
ulating Weyl points through symmetry modulation provides
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an additional degree of freedom to exploit in the design of
topologically nontrivial materials.

Heusler compounds have proven to be a broad platform
for the study of a wide range of emergent phenomena such
as Weyl and Dirac fermions [7–11], compensated magnets
[12–14], spin-gapless semiconductors [15–17], half-metals
[18–20], and magnetic shape memory [21–23]. One can tune
the chemical composition, and site occupation which allows
for the selection of these emergent phenomena, giving this
class of materials a wide range of applicability [24]. Yet
stoichiometric variations can be impractical for device ap-
plications and can lead to drastic changes in the electronic
structure. An alternative means of manipulating the magnetic
and electronic properties in Heusler compounds is through
structural changes, of which cubic L21 structures exhibit mag-
netic and electronic properties that are highly sensitive to
tetragonal distortions [25,26]. These distortions have been
studied in the context of their impact on magnetic shape mem-
ory [22,27–29], magnetic anisotropy [30,31], and spin transfer
torques [32–34], which depend on the respective c/a ratio of
the tetragonal distortion.

Here, we report on the temperature-dependent tetrago-
nal distortion in a ferromagnetic Heusler Weyl semimetal,
Co2MnGa. The ambient single crystal structure of Co2MnGa
belongs to the Fm3̄m space group (No. 225) with the cor-
responding point group O5

h [35]. Co2MnGa has been shown
theoretically to exhibit three interconnected nodal lines with-
out spin-orbit coupling that form in the kx, ky, and kz
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directions, protected by the mirror symmetries Mx, My, and Mz

and related by C4 rotational symmetries [8,9,35,36]. However,
taking spin-orbit coupling into account and the spontaneous
magnetization direction to be along the [110] direction, the
nodal lines gap and the Weyl nodes emerge due to combined
inversion and rotational symmetries [7,8,35,37]. Specifically,
a group of eight symmetry elements, defined by the three gen-
erators: inversion (î), twofold rotation around the [1–10] axis
with time reversal (T̂C2[1-10], and twofold rotation around
the [001] axis (C2z)) allows for two pairs of Weyl points to
form in the kxky plane close to the Fermi energy [7,8]. The
Weyl points are protected by different eigenvalues of the time
reversal T̂C2[1-10] symmetry operation, formed by two cross-
ing majority spin bands, and the pairs are related by inversion
symmetry [7,8].

Our temperature-dependent x-ray diffraction (XRD) mea-
surements show a contraction of the c/a lattice ratio as a
function of decreasing temperature. The tetragonal distortion
reduces the crystal symmetries to the I4/mmm space group
(No. 139) with the corresponding D17

4h point group. Conse-
quently, the Weyl points shift off the high-symmetry kxky

plane reducing the number of preserved symmetries to 4 with
the two generators: î and T̂C2 [1–10]. Structure-dependent
density functional theory (DFT) calculations indicate that
intrinsic parameters of the Weyl nodes, such as the Weyl
distance in momentum space (dW), Weyl solid angle (�W),
Weyl tilt (ϕW), and nodal point energy (EW), directly af-
fect macroscopic parameters such as the exchange stiffness
(A) as a function of tetragonal distortion. It is seen that
under specific ranges of c/a ratios, there exist strong non-
linear changes in these intrinsic properties, which can be
directly compared to measured changes in the bulk and sur-
face magnetic properties. Temperature-dependent magnetic
measurements display pronounced nonmonotonic changes in
the saturation magnetization (MS) and differences between the
field cooled cooling (FCC) and field cooled warming (FCW)
measurement protocols. The changes occur at the same c/a
ratios that are predicted via DFT calculations, congruently
mapped through XRD measurements. Tunnel diode oscillator-
based transverse susceptibility measurements, which probe
the effective anisotropy field of the system as a function of
temperature, further connect the macroscopic magnetic prop-
erties to changes in the intrinsic properties of the Weyl points.

Finally, to independently probe the surface magnetic prop-
erties, temperature-dependent magnetic force microscopy
measurements were performed. All magnetic measurements
show strong nonlinear changes in the magnetic properties
arising due to the weak temperature-dependent tetragonal dis-
tortion of the L21 cubic structure as a function of temperature,
and its symmetry-dependent modulation of the Weyl points.
Our results indicate that small changes in the c/a ratio can
give rise to comparatively large changes in the bulk magnetic
properties due to predicted modulations of the intrinsic elec-
tronic properties of the Weyl points [6].

II. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show the temperature (T) dependent
(002) and (004) x-ray diffraction (XRD) reflections of the
80 nm thick Co2MnGa film within the temperature range of

300–20 K. The growth procedure and in-depth characteriza-
tion of these films have been reported elsewhere [25]. Since
the films are epitaxially grown, only c axis reflections are
visible in θ−2θ scans. The (002) and (004) reflections shift
monotonically to higher 2θ on cooling, and are expressed as
a change in the c lattice parameter with respect to the room
temperature a value [Fig. 1(c)], where the shaded regions are
highlighted for connection between theory and experiment.
The temperature dependence of the c/a ratio is well described
by the Debye model of thermal expansion, which for low tem-
peratures predicts that c ∝ T 3, and for intermediate higher
temperatures below the Dulong-Petit limit, c ∝ T [38]. Fig-
ure S1 shows the normalized temperature dependence of c
for both the MgO (substrate) and Co2MnGa. Although both
the MgO substrate and Co2MnGa film follow similar temper-
ature dependencies as described by the Debye model, their
respective rates of change of their lattice constants differ,
with Co2MnGa changing much more rapidly over the same
temperature range, giving rise to strain at the interface (see
the Supplemental Material [39]). Figure S2 shows the recip-
rocal space mapping of the in-plane (220) reflection at room
temperature. The reciprocal space map shows that there exists
uniform elongation along both qx and qy corresponding to the
reciprocal space representation of the spatial coordinates x
and y, a sign of homogeneous in-plane strain [40]. Figure 1(d)
shows a schematic of the change in crystal symmetry when
going from a cubic to tetragonally distorted structure, and its
impact on the Weyl solid angle (�W), Weyl distance (dW),
Weyl tilt (ϕW), and nodal point energy (EW). Here �W is
defined as the solid angle made by the cone generated by the
Weyl points in steradians, dW is the distance between respec-
tive Weyl points in reciprocal space, and ϕW is the tilt angle
formed with respect to a perpendicular cone generated by the
undistorted Weyl point. Figure 1(e) shows the bulk Brillouin
zone with respective points of high-symmetry and Weyl points
labeled. Shown are comparisons of the cubic (c/a = 1) and
most distorted (c/a = 0.990) cases. For nonzero distortions,
the Weyl nodes shift off the high-symmetry paths obtaining a
finite z component leading to the changes observed in the inset
of Fig. 2(a).

DFT calculations were performed to examine the change
in these parameters as a function of the c/a ratio. Figure 2(a)
shows the calculated band structures for c/a ratios of 1 (black)
and 0.990 (red). The full list of band structures for the uti-
lized c/a values can be seen in Fig. S3 [39]. There exist
clear changes in the electronic properties even under small
tetragonal distortions. This is further highlighted in the inset
of Fig. 2(a), which shows the energy momentum dispersion
zoomed in around a Weyl point. Figure 2(b) shows the dW as
a function of c/a. These distances are defined as the distance
between respective Weyl points in reciprocal space, where d1,
d2, and d3 correspond to the distances between n1 and n2, n3,
and n4, respectively. A schematic representation of a cross
section of these distances can be seen in Fig. S4 [41]. There
exist three distinct regions in which the Weyl distances change
corresponding to 0.993 � c

a � 1, 0.992 � c
a < 0.993, and

0.990 � c
a < 0.992. In particular the distances exhibit a local

maxima around these regions. These c/a values can be mapped
to the temperature ranges of T > 275 K, 200 K � T � 275,
and T < 200 K in our film. Figure 2(c) shows the �W and
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FIG. 1. (a,b) Temperature dependence of the (002) and (004) reflections, respectively (�θ highlights the total change in 2θ across the
temperature range). (c) Temperature dependence of the c/a lattice constant ratio. (d) Schematic representation of the changes in structural
symmetry going from cubic to tetragonal, and its impact on the band structure. (e) Bulk Brillouin zone (BZ) for Co2MnGa with the high-
symmetry and Weyl points labeled. The (001) BZ plane is projected to show the position of the Weyl crossings for both the c/a = 1.000 (light)
and c/a = 0.990 (dark) cases.

ϕW, as a function of c/a, while Fig. 2(d) shows the energy
shift of the Weyl points with respect to the Fermi energy (EW)
and exchange stiffness (A) as a function of c/a. The same
c/a regions have been highlighted for clarity. In Fig. 2(c) the
respective Weyl solid angle and tilt angles change across the
same c/a ranges as specified previously, with large changes
occurring (∼60% larger than room temperature c/a) in �W

across c/a = 0.990. The energy shift shown in Fig. 2(d) fol-
lows an opposite pattern to the Weyl distances, suggesting that
shorter Weyl distances (closer together in momentum space)
correspond to smaller energy shifts with respect to the Fermi
energy.

To explore the impacts of the predicted changes in the
magnetic and electronic properties as a function of the tetrag-
onal distortion, magnetization (M) versus temperature (T) and
magnetic field (H) measurements were performed with the
field applied in plane with respect to the sample surface.
Figure 3(a) shows the M-H loops recorded at T = 40 and 300
K, respectively. The films show an in-plane easy axis, and a
saturation magnetization MS ≈ 910 emu

cm3 at 300 K, in agree-
ment with previous results [25,42]. Figure 3(b) shows the
temperature-dependent magnetization [M(T)] following the
field cooled cooling (FCC) and field cooled warming (FCW)
protocols under different applied fields, measured from H =
25 to 5000 Oe (selected fields shown for clarity). Two distinct
changes in the magnetic properties of these films are seen,
first a shallow peak at T1 ∼ 270 K [as taken from the low field
M(T) measurement], which also marks the onset of thermal

hysteresis, followed by an inflection point at T2 ∼ 200 K. It
should be noted that Co2MnGa has an ordering temperature
of Tc = 694 K, far above the temperature range in question
[25]. Therefore, these features are not related to an ordering
temperature. The observed behavior of the magnetization and
thermal hysteresis are similar to the martensitic transforma-
tions which have been reported in other Heusler alloys, which
arises due to a temperature-dependent tetragonal distortion of
the crystal structure [28,29,41,43] from a high-temperature
cubic structure to a lower-symmetry structure at low tempera-
tures. In this case the martensiticlike behavior may be driven
by the interplay between the temperature-dependent strain due
to both the substrate/film lattice mismatch, as well as due to
differing coefficients of thermal expansion, which leads to
the tetragonal distortion of the cubic crystal structure. This
is further evidenced by the kinetic arrest phenomena [42,44]
observed at an applied field of H = 50 000 Oe, shown in Sup-
plemental Fig. S5 [39], where the transformation is weakened
under large applied fields. Furthermore, T1 shows a strong
field dependence, as shown in Fig. 3(c), whereas T2 effectively
shows no field dependence [39]. Care should be taken when
examining the shaded regions which highlight the onset of T1

because, since it is field dependent, the temperatures at which
T1 occurs are different depending on whether the measurement
is taken in a saturated state or a demagnetized state. When
the saturation magnetization (MS) is extracted from the M-
H measurements, as shown in Fig. 3(d), a similar trend is
observed. Namely, there exists a local maximum at T1, and
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FIG. 2. (a) Sample energy momentum dispersions for c/a =
0.990 (red) and 1 (black). (b) Weyl distances as a function of c/a.
(c) Weyl solid angle and tilt angle extracted from the band structures
as a function of c/a. (d) Exchange stiffness and nodal point energy as
a function of c/a.

then an inflection point at T2, below which a steep decrease
in the saturation magnetization as compared to the room tem-
perature value occurs. These temperatures are mapped to their
respective c/a ratios through the temperature-dependent XRD
data shown in Fig. 1(c). From these data, T1 corresponds to
a c/a ratio of approximately 0.993, while T2 corresponds to
a c/a ratio of 0.992. These values have been highlighted in
Figs. 2(b)–2(d), which are the exact values marking large
changes in the nodal point energy, exchange stiffness, Weyl
solid angle, and Weyl distances. In the context of Figs. 3(b)
and 3(d) compared with Figs. 2(b)–2(d), higher magnetization
values correspond to Weyl points that are further apart and
shifted away from the Fermi energy.

TDO (tunnel diode oscillator) based transverse suscep-
tibility (TS) measurements were then performed to probe
the changes in the effective anisotropy of the system as a

function of temperature [45–49]. Since Co2MnGa exhibits
strong in-plane anisotropy, the TS measurements are per-
formed by sweeping a static out of plane magnetic field with
respect to the sample surface, and a fixed in-plane oscillating
rf field of H ∼ 10 Oe. Figure 4(a) demonstrates bipolar TS
spectra at T = 300 K. High-field peaks in the TS spectra are
fit with a peak finding function to determine the peak position,
which corresponds to the effective anisotropy field (H eff

K ) of
the system at a given temperature. Low-field peaks correspond
to the switching field (Hsw) [50]. This procedure is repeated
for all the temperatures in question. Figure 4(c) shows the
temperature dependence of H eff

K . Again, pronounced changes
in H eff

K are observed at the same temperature/(c/a) ranges
reported earlier, matched to their respective closest temper-
atures. Additionally, the domain wall width, and thus the
domain width in magnetic systems, is highly sensitive to
both the exchange stiffness and the anisotropy energy density
as [51]

δDW = π

√
A(T )

K (T )
.

To connect the simulated changes in the exchange stiff-
ness to the measured H eff

K , temperature-dependent magnetic
force microscopy (MFM) measurements were performed. A
magnetic domain structure imaged at a representative temper-
ature (275 K) is shown in Fig. 4(b), which shows wavelike
domain structure (additional temperatures and scales shown
in Fig. S7 [39]), which further shows textured domains along
the direction of the MgO substrate, indicative of the impact
of strain even on the surface magnetic domains [39]. By a
comparison of Fig. 4(b) and Fig. S7 [39] it can be seen
that the magnetic domains expand and contract following
the changes in the bulk magnetic properties induced by the
temperature-dependent tetragonal distortion. At temperatures
from each MFM scan the autocorrelation spectra and phase
distribution can be extracted, as shown in Figs. S8(a) and
S8(b), respectively [39]. By fitting both the two-dimensional
(2D) autocorrelation and phase distribution with Gaussians
as a function of temperature, the average domain width and
root-mean-squared phase deviation (�ϕrms) can be extracted
as a function of temperature [52,53], shown in Fig. 4(d);
larger range scans were performed to obtain the statistics over
a larger number of domains while smaller scale scans are
shown in Fig. S7 [39]. The phase distribution and average
domain width follow opposite patterns through T ≈ 200 K,
then converge at lower temperatures. As has been reported
previously, �ϕrms follows the temperature-dependent surface
magnetization of the sample, which agrees well with the
magnetization data as well as the structure dependence of A
extracted from DFT calculations, occurring at temperatures
for T1 which correspond to a demagnetized state. The tem-
perature dependence of H eff

K and the average domain width
follow the same trend. This highlights the reproducible im-
pact of the structural modulations of dW and A on both the
average domain width and anisotropy field. Moreover, Fig.
S9 clearly indicates the occurrence of in-plane negative mag-
netoresistance in the Co2MnGa film across the temperature
range in question [39]. This negative magnetoresistance has
been reported extensively as a feature of Weyl semimetals and
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FIG. 3. (a) Sample field-dependent magnetization measurements at 300 and 40 K. (b) Magnetization versus temperature measurements
following field cooled cooling/field cooled warming protocols under different static applied fields. (c) Field dependence of T1, marking the
onset of thermal hysteresis. Lines are to guide the eyes. (d) Temperature dependence of the saturation magnetization as extracted from the
high-field magnetization measurements.

is therefore suggestive of the preservation of the Weyl points
in Co2MnGa films even under the large changes in magnetic
and electronic properties due to the temperature-dependent
tetragonal distortion [54–56].

Furthermore, calculations of the net magnetic moment and
the magnetocrystalline anisotropy as a function of c/a indi-
cate linear changes of the moment, and negligible (∼ μeV)
changes in the magnetocrystalline anisotropy. This under-
scores the dominant impact of the modulation of the
microscopic Weyl distances, energy, and angles on the
relevant macroscopic parameters including the exchange stiff-
ness, saturation magnetization, and effective anisotropy, and
their dependence on both temperature and applied magnetic
field.

III. CONCLUSION

The impact of a tetragonal distortion on the surface and
bulk magnetic properties was studied in the magnetic Weyl
semimetal Co2MnGa. It was found that the temperature-
dependent tetragonal distortion leads to changes in the
intrinsic properties of Weyl nodes including the Weyl solid
angle, distances, tilt, the nodal point energy which gives rise
to comparatively larger impacts in the macroscopic properties
including the exchange stiffness, saturation magnetization,
and effective anisotropy field. These changes in the properties

of the Weyl points are found to be intrinsically related to the
bulk magnetic properties, amplified even under small tetrag-
onal distortions. This gives rise to nonmonotonic changes in
the bulk and surface magnetic properties as a function of tem-
perature manifested through a weak martensiticlike transition,
while preserving Weyl points against these structural changes.
Temperature-dependent structural distortions can therefore be
utilized as an alternative degree of freedom in the manipula-
tion of the bulk magnetic and electronic properties in Weyl
semimetal systems.

IV. METHODS

Thin film growth and characterization. An 80 nm thick
(001)-oriented Co2MnGa film was grown on a (001)-oriented
MgO single-crystal substrate using a BESTEC ultrahigh-
vacuum magnetron sputtering system. Prior to deposition,
the chamber was evacuated to a base pressure of less than
6 × 10−9 mbar, while the process gas (Ar 5N) pressure was
maintained at 3 × 10−3 mbar. The target to substrate distance
was set to 20 cm, and the substrate was rotated at 20 rpm to
ensure uniform growth. We used Co (5.08 cm), Mn (5.08 cm),
and Mn50Ga50 Si (5.08 cm) sources in a confocal geometry,
applying 34, 6, and 20 W dc power, respectively. The films
were grown at 600 °C, followed by an additional 30 min of
in situ postannealing at the same temperature. A protective
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FIG. 4. (a) Transverse susceptibility spectra taken at 300 K. (b) Magnetic force microscopy scan at 275 K. (c) Effective anisotropy field as
a function of temperature, extracted from transverse susceptibility measurements. (d) The rms phase deviation and average domain width as a
function of temperature.

layer of amorphous 3 nm thick Si film was deposited at room
temperature, to prevent oxidation of the film.

Temperature-dependent x-ray diffraction. Temperature-
dependent x-ray diffraction measurements were conducted
with a PANalytical X’Pert Pro powder diffractometer us-
ing monochromated Cu Kα radiation. The temperature was
controlled with an Oxford Phenix closed cycle cryostat.
Diffraction scans were collected using a θ−2θ protocol with
the x rays normal to the film surface oriented vertically. It
should be noted that since the films are epitaxially grown,
θ−2θ scans show only c-axis reflections as expected. The
value for a was assumed to be fixed at the MgO c value
corrected for the misfit strain as was reported previously [25].
Room temperature in-plane reciprocal space mapping was
performed using a Rigaku SmartLab diffractometer. Scans
were performed using a planar beam configuration and Cu Kα

radiation.
Theory and computation. The electronic structure and ex-

change stiffness calculations were performed using the full
potential linearized augmented plane wave (FLAPW) method
with FLEUR [57]. The calculations were carried out within
the Perdew-Burke-Ernzerhof exchange-correlation functional
[58]. Convergence was reached for a plane-wave cutoff of
3.8 a.u.–1 (inverse atomic units) and a k-point grid of 183.
The cubic unit cell of the bulk Heusler compound Co2MnGa
consists of four interpenetrating FCC sublattices with the ex-
perimental lattice constant of 5.77 Å. The Co, Mn, and Ga

atoms occupy the Wyckoff positions 8c ( 1
4 , 1

4 , 1
4 ) and ( 3

4 , 3
4 ,

3
4 ), 4b ( 1

2 , 1
2 , 1

2 ), and 4a (0,0,0), respectively [40].
We performed self-consistent total energy calculations of

magnetic spin spirals to obtain the exchange stiffness. The
exchange stiffness was extracted for each c/a ratio by per-
forming a least-squares fit for the total energy of the system
as a function of the spin spiral wave vector

⇀

q = q ẑ using
the equation E (q) = Aq2 where A is the exchange stiffness
[35]. The fitting is shown in Fig. S6 in the Supplemental
Material [39].

We confirmed the point group and magnetic group sym-
metries with the ISOTROPY software and with the Bilbao
Crystallographic Server [59,60]. Figure 2(a) shows the four
relevant linear crossings. A dense k-point grid of (25 × 25 ×
25) was used to examine the energy dispersion close to the
Weyl points of interest with a uniform spacing of 10−7 be-
tween each point. We determined, due to the shifting of the
Weyl points off the high-symmetry kxky plane in the Brillouin
zone, that the symmetry operations along the magnetization
direction [001] and the [110] direction were lost. The shifting
of the Weyl points within the Brillouin zone is illustrated in
Fig. 2(a). A gap appears where the Weyl point has shifted
away from the high-symmetry path as compared to the cubic
case.

The nodal point energy (EW) is the difference in energy
between the Fermi level and the average energy of the two
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intersecting bands at the minimum point (i.e., Weyl point).
The distance of the Weyl points is calculated in the con-
ventional reciprocal cell. The tilt (ϕ) and solid angles (�)
were found by analyzing the shape of the energy surface
near the Weyl point. The solid angle is calculated as � =
2π [1− cos(θ )] assuming a radius (i.e., the slanted height of
the cone) to be 1 within a unit sphere.

Temperature-dependent magnetic force microscopy.
Temperature-dependent MFM measurements were performed
on a Hitatchi 5300E environmental control system
under high-vacuum conditions (P � 10−6 Torr). Prior
to measurements, the MFM tip was magnetized out of
plane using a permanent magnet. After the scans were
completed, a parabolic background was subtracted to
correct for flatness of the sample on the stage. Scanning
line artifacts were then subtracted before applying a small
Gaussian averaging/sharpening filter across the sample.
The phase standard deviation was estimated by fitting
a Gaussian distribution to the phase distribution at each
temperature. Likewise, the average domain width was taken
from the full width at half maximum (FWHM) of the 2D
autocorrelation spectra at each temperature, with larger
FWHM corresponding to larger domain widths. This was
done by calculating the autocorrelation spectra at each
temperature (see Fig. S8 [39]) and fitting different cross
sections of the spectra with a Gaussian function to extract the
FWHM, and therefore the average domain width across the
image.

Magnetic characterization. Magnetometry measurements
were performed utilizing the vibrating sample magnetometer
(VSM) option of the Quantum Design Physical Properties
Measurement System (PPMS). Samples were attached to a
magnetically inert quartz rod via GE varnish. The magne-
tization as a function of field measurements reported had a
standard linear diamagnetic background subtracted after each

measurement. Measurements of magnetization as a function
of temperature were performed in a zero field cooling (ZFC),
field cooled cooling (FCC), field cooled warming (FCW) pro-
tocol where the samples were cooled to the measurement base
temperature (10 K); then measurements were performed with
the specified static applied magnetic field as the temperature
was swept for each measurement.

Radio-frequency transverse susceptibility. Transverse sus-
ceptibility measurements were performed in a homemade
setup inside of a PPMS. An RLC circuit is paired with a tunnel
diode oscillator such that it is self-resonant at a resonance
frequency of fres ≈ 13 MHz. The inductor of the circuit gen-
erates a fixed oscillating field of approximately 10 Oe. With
the sample placed inside the inductor with the applied field
out of plane with respect to the sample surface, the magnetic
field of the PPMS is swept from +Hsat to −Hsat and back.
Peaks in the transverse susceptibility spectra correspond to the
effective anisotropy field of the system at a given temperature.
These peaks are fit, and the peak location is determined from
the fit parameters.
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