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Spin Seebeck effect refers to the creation of spin currents due to a temperature
gradient in the magnetic materials or across magnet-normal metal interfaces,
which can be electrically detected through the inverse spin Hall effect when in
contact with heavy metals. It offers fundamental insights into the magnetic
properties of materials, including the magnetic phase transition, static mag-
netic order, and magnon excitations. The behavior of the spin Seebeck effect
across the spin-flop transition has been extensively studied, whereas the spin
Seebeck effect across the spin-flip transition remains poorly understood. Here,
we demonstrate the spin Seebeck effect in a weakly exchange-coupled van der
Waals antiferromagnet CrPS,. The spin Seebeck effect increases as the mag-
netic field increases before the spin-flip transition due to the enhancement of
the thermal spin current as a function of the applied field. A peak of spin
Seebeck effect is observed at the spin-flip field, which is related to the magnon
mode edges across the spin-flip field. Our results extend spin Seebeck effect
research to van der Waals antiferromagnets and demonstrate an enhancement
of spin Seebeck effect at the spin-flip transition.

Thermoelectricity combines heat transfer and electric voltage in solid
materials, presenting a promising option for green energy production
by harnessing waste heat with a simple device design'. In particular, the
thermal spintronics effect utilizes nonequilibrium magnon transport
phenomena in the presence of a heat gradient, enabling magnetic
insulators to serve as effective thermoelectric devices®. The spin See-
beck effect (SSE) has therefore drawn significant interest, where a
temperature gradient (V7) in magnetic materials leads to the gen-
eration of spin currents (J;). SSE can be subsequently detected via the

inverse spin Hall effect (ISHE) in a heavy metal contact with strong
spin-orbit coupling® .

In ferromagnet/heavy metal bilayers, the SSE observed below the
Curie temperature is associated with the spin current generated by
thermally excited magnons that exhibit only right-handed chirality™.
The SSE mechanism in antiferromagnetic heterostructures is more
complex due to two magnetic sublattices, which result in different
magnon modes? . In a uniaxial antiferromagnet, there are two
magnon branches with opposite chirality carrying opposite angular
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momentum. These modes degenerate at zero magnetic fields, mean-
ing there is no net magnon current until a field is applied to lift this
degeneracy. A change in the sign of the SSE was observed during the
spin-flop transition'*"*, which is attributed to the change in the chirality
of the thermally excited magnon mode, which dominates. Addition-
ally, the interfacial Néel coupling and spin conductance can influence
the sign and magnitude of the SSE?**. Recent studies have explored
magnon transport and interfacial spin transport in MnPS;*, as well as
spin caloritronics in CrBr;*, Crls/NiCl,”. More recent work has also
investigated magnon transport in CrPS,*7°. Especially, in Ref. 29, in
addition to discovering nonlocal magnon transport of CrPS,/Pt with in-
plane magnetic field across the spin-flip transition, a distinct peak of
SSE signal around the spin-flip transition and a sign change of non-local
SSE signal below 15 K were observed but the mechanism remains to be
understood®. Although the SSE is not the main focus of Ref. 29, it is
nonetheless a pioneering study on the magnetic field dependence
(especially spin flip) of this effect in CrPS4. These latest results indicate
that the spin Seebeck effect in van der Waals antiferromagnets, espe-
cially across the spin-flip transition, remains an area requiring further
investigation®2, This is particularly relevant for van der Waals systems
with interlayer antiferromagnetic coupling, where the weak exchange
coupling and low spin-flip fields are typically observed.

CrPS, is an antiferromagnetic van der Waals material constituted
of chains of chromium octahedra interconnected through
phosphorus®~? as shown in Fig. 1a. Due to the chemical composition
and multi-bonded crystal structures, CrPS, is a comparably air-stable
material that makes the device fabrication easier compared with other
van der Waals materials®’. It shows a sizeable Néel temperature
(Ty =36 K) and A-type antiferromagnetic ordering®. Unlike the con-
ventional bulk antiferromagnetic materials, CrPS, with a layered
structure exhibits extremely weak interlayer interactions between
sublattice spins, where spins within each monolayer are aligned

ferromagnetically out of the plane, subsequently leading to the weak
spin-flop field (0.8 T at 15 K) and spin-flip field (7 T at 15K) as shown in
Fig. 1b. This characteristic also significantly lowers the frequency of
antiferromagnetic magnons to the GHz range*.. As a result, it provides
easier access to antiferromagnetic dynamics. Notably, it improves the
efficiency of the thermal magnon population compared to traditional
antiferromagnets with a large magnon gap, making CrPS, an excellent
candidate for investigating the mechanism of SSE in antiferromagnets.

Here, we investigate the SSE in CrPS, in contact with a heavy
metal. A vertical temperature gradient in CrPS, drives the magnon
current in the longitudinal SSE configuration. The SSE increases as a
function of the applied field before the spin-flip transition. The
enhancement of the canted magnetization leads to a pronounced
magnon pumping. At the spin-flip field, a peak of SSE is observed that
further disappears above the Néel temperature. A theoretical model
indicates that the linear increase of SSE with increasing magnetic field
below the spin-flip transition is dominated by the spin canting angle,
while the decrease of SSE with further increasing magnetic field above
the spin-flip transition is dominated by increased energy of mag-
non modes.

Results

Longitudinal SSE in CrPS,/Pt(Ta)

High-quality CrPS, single crystals are used to fabricate the devices,
with magnetic properties shown in Supplementary Fig. S1. To obtain
CrPS4/Pt heterostructures for the SSE measurements, we deposited
5nm Pt on top of exfoliated CrPS, flakes and subsequently fabricated
Hall bar devices (see methods for details and schematic in Fig. 1c). The
structure and phase of the CrPS, are characterized with X-ray Dif-
fractometer and Raman spectroscopy (details see Supplementary
Fig. S2). The microscopic picture of the CrPS,/Pt Hall bar device can be
found in Supplementary Fig. S3, where one could obtain the thickness
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Fig. 1| Structure and magnetic properties of CrPS, and the Hall bar device for
spin Seebeck effect (SSE) measurement. a Crystal structure of CrPS,. The red and
blue arrows indicate the direction of the magnetic moment. b The magnetic
measurements at 15K are taken both along and perpendicular to the c-axis. The
spin-flop and spin-flip transitions appear when the magnetic field is aligned with the
c-axis. In contrast, only the spin-flip transition occurs when the field is applied

perpendicularly to the c-axis, ¢ Schematic of the Hall bar devices for the long-
itudinal spin Seebeck effect. The alternating current heats the sample, creating a
vertical heat gradient and generating a spin current perpendicular to the sample
plane. d Angular dependence (in the xz plane) of R,z(‘)j’ at different fields at a tem-
perature of 15K and an applied current of 1 mA (peak value). e Applied current
dependence of Ri‘y" (at 9T) at 15K. The dashed-dot line is the linear fit.
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Fig. 2 | Temperature dependence of the SSE in CrPS,/Pt and CrPS,/Ta.a, b The
schematics of spin Seebeck effect in CrPS, in contact with Pt and Ta, the differing
signs of the spin Hall angle result in a change in the sign of the SSE. ¢, d Field
dependence (uyH,) of Ri;’ at various temperatures for both CrPS,/Pt (5nm)
(applied current of 1 mA) and CrPS,/Ta (11 nm) (applied current of 0.6 mA).

e Temperature dependence of the SSE effective resistance in CrPS,/Pt at 9 T, along

with the magnetization as a function of temperature under a 50 mT applied field.
The Néel temperature (Ty) is identified as 36 K, however, the SSE signal continues
to be present even above Ty. f The field of the Rﬁ‘;’ peak decreases with increasing
temperature (blue star and red square), which is similar to the temperature

dependence of the spin-flip transition field (black circle).

of the CrPS; flake to be 75 nm. The high-quality interface of the CrPS,/
Pt heterostructure has been clearly demonstrated through cross-
sectional transmission electron microscopy, as shown in Supplemen-
tary Fig. S4. An alternating current (/) is applied to the Hall bar to
generate vertical temperature gradient VT, leading to the population
of spin currentJ; = — SVT. S is the SSE coefficient. By further applying
a magnetic field, it is possible to observe the SSE detected via the
inverse spin Hall effect. The resultant electric field E g is given by’
Eygye o 055 % 0, @
Where 6, is the spin Hall angle. o is the spin polarization direction,
which is parallel to the equilibrium magnetization M. Since the tem-
perature gradient results from the heating power of Pt, which is pro-
portionalto/ = Iosin?(wt), it is expected that the thermal signal can be
detected through the second harmonic response Ri;" = Vﬁ;" /.

In the magnetic material/Pt bilayer system, R,Zq‘j’ typically involves
different factors, including current-induced torque and thermal
effects, which encompass the Nernst and spin Seebeck effects*’. The
electric field induced by the Nernst effect can be expressed as
Ene o< VT x M*, which shares the same symmetry as SSE in the long-
itudinal configuration. When a strong magnetic field is applied, the
current-induced torque is suppressed*, leaving only thermal effects in
the second harmonic response Rﬁ‘y" Figure 1d illustrates the angular
dependence of Riy in the xz plane under different applied fields with
the applied current of 1 mA (peak value) and the ambient temperature
(chamber temperature) of 15K. Rﬁ‘y" reaches the maximum when the
magnetic field is aligned with the x-axis and disappears when aligned
with the z-axis (or c-axis), and the angular dependence data can be
fitted well using the sine function following the Eq. (1). By applying an
in-plane magnetic field, the Zeeman splitting lifts the degeneracy of
the two magnon eigenmodes, resulting in the spin current that induces
the SSE signal. In the canted phase, the SEE increases with the strength
of the applied magnetic field, similar to the local SSE signal in Ref. 29.

This increase is generally attributed to the larger canted magnetization
resulting from a strong magnetic field*** or the increased SSE coeffi-
cient in response to the magnetic field*. This fundamentally differs
from the SSE in ferromagnets, where an increased applied field would
open the magnon gap, causing a decrease in SSE due to the reduction
of the thermal magnon population®. Additionally, the magnitude of
Ri;’ is proportional to the applied current as shown in Fig. le,
demonstrating a thermoelectric nature similar to previous findings*®. It
is important to note that CrPS, has a semiconducting characteristic
with an energy gap of £, =1.4eV*, which yields a very high resistivity
and prevents the electrical conduction through CrPS, at low
temperature®, allowing us to safely rule out the Nernst effect from
conducting electrons in CrPS,.

To better distinguish the SSE from other spurious effects, we
utilize Pt and Ta in the two Hall bar devices (Fig. 2a and b). Due to the
opposite spin Hall angles*, the thermally generated spin current
should yield SSE signals with opposite polarities in Pt and Ta samples.
In contrast, other magnetic thermoelectric effects, such as the Nernst
effect arising from the proximity effect'®, retain the same polarity in
both Pt and Ta. As illustrated in Fig. 2c and d, the R,z(‘;’ shows the
opposite polarities in Pt and Ta samples, suggesting that the phe-
nomenon originates from the SSE. As the temperature increases, the
strength of the SSE decreases, and the SSE remains present even at
temperatures exceeding the Ty of CrPS,. A more apparent trend is
illustrated in Fig. 2e. Although the propagation of spin waves without
magnetic interactions is not permitted in the paramagnetic phase,
short-range magnetic interactions still facilitate short-wavelength
magnetic excitations, resulting in the paramagnetic SSE*. In addition
to the increase in Ri;," with the applied field, peaks of Riy‘*’ are observed
in both samples at varying temperatures. Similar effects are observed
in the sample with a different Pt thickness (see Supplementary Fig. S5
for details) and also seen in local and non-local SSE signals in Ref. 29,
which confirm the robustness of this effect. The magnetic field at
which the Riy peak occurs aligns with the spin-flip field of CrPS,, as
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Fig. 3 | Origin of SSE peak at the spin-flip field. a Comparison of the field

dependence of R,z(‘y" in CrPS,/Pt (obtained at 15 K) and magnetic moment CrPS, flake
(measured at 20 K). b Angular dependence (in the xz plane) ofRi‘y" when the applied
field approaches the spin-flip field at a temperature of 15 K and an applied current of
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illustrated in Fig. 2f, suggesting a strong connection between the Ri;,"
peak and the magnetic phase transition induced by the magnetic field.
We note that the proximity effect could potentially lead to magneti-
zation of the Pt layer, which might contribute to the Nernst effect.
However, since the peak in Riy disappears above Ty, while the
proximity effect would still be present, we conclude that the proximity
effect does not contribute to the observed peak in Ri;’ The long-
itudinal resistances for CrPS,/Pt and CrPS,/Ta are ~ 600 Q and 1560 Q
respectively, with applied currents of 1mA and 0.6 mA for the two
samples. This results in a higher heating power in CrPS,/Pt, causing a
larger temperature difference between the sample and the variable
temperature insert (VTI) chamber. There is expected to be a shift in the
spin-flip field for the samples with and without heating at the same VTI
chamber temperatures, and this discrepancy will become more pro-
nounced at lower temperatures (see Fig. 2f and also Supplementary
Fig. S5 for the current dependence of SSE). A numerical simulation of
the temperature distribution in the device can be seen in Supple-
mentary Fig. S6. The simulation shows that a temperature change of
about 4 K is induced in CrPS, via Joule heating under the experimental
conditions, in good agreement with the observed change in the spin-
flip field. The simulation also shows a prominent temperature gradient
in the CrPS, layer (-4.2x10°K/m), which is the basis for the
observed SSE.

The origin of the SSE peak

The peak of Ri‘y" observed at the spin-flip field is intriguing, as it is not
associated with the static magnetic moment, which would not exhibit
an increased canted magnetization during the spin-flip transition, as
illustrated in Fig. 3a. In Fig. 3b, the angular dependence (in the xz
plane) of Ri;," is shown as the applied field approaches the spin-flip
transition at a temperature of 15 K and an applied current of 1 mA in the
CrPS,4/Pt. The curves can be well-fitted with the sine function according
to Eq.(1), with a maximum observed at 6.8 T, indicating that the peak
originates from the SSE. Additionally, the SSE continues to be present
above Ty, while the peak of Riy“’ disappears beyond T (see Fig. 2c, d).
Although the paramagnetic phase could exhibit a SSE, the loss of long-

range ordering above the Ty causes the spin-flip transition to dis-
appear. This highlights the significant connection between the peak of
SSE and the spin-flip transition.

The SSE signal involves the following three physical processes:
first, the temperature gradient excites the magnetization dynamics,
leading to a non-equilibrium magnon current; second, the magnon
current is transformed into a conduction-electron spin current
through the s-d interaction, which travels across the interface con-
nected to the metal; finally, the spin current is converted into a charge
current via the ISHE. We highlight the efficient spin transport at the
interface of CrPS, and sputtered Pt, as recent studies on CrPS,/Pt have
demonstrated effective magnon transport®®~>°*’, Notably, detecting
the spin current is not crucial for the SSE peak, as both the CrPS,/Pt
and CrPS4/Ta samples exhibit peaks (see Fig. 2c, d). The only remaining
likely mechanism for the SSE peak is related to the pumped spin cur-
rentJs from the antiferromagnet into heavy metals which includes the
effect of both thermal magnon excitation and interfacial spin mixing
conductance®’.

Considering the canted magnetic phase, the magnetic field
dependence of magnon frequency can be obtained by diagonalizing
the spin Hamiltonian®® with eigenfrequencies®. Before the spin-flip
field, ugH < 2uoHg +poH,,

W, =Vl \/<2HEsin2(p + HAcosz(p> (2Hg +H,), (2)

wﬁ:ypo\/HA(ZHE+HA)cosz(p, 3

After the spin-flip field, uoH > 2uoHg + poH,,
(A)a:)/]lo\/H(H—HA), (4)

Wy =VHto\/ (H — 2Hg) (H — 2H; — H,), )
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Fig. 4 | Nonlocal SSE measurement. a Schematics of nonlocal SSE measurement. b Field dependence of SSE at different angles at 5 K with the applied current of 1 mA. Inset
shows the field dependence SSE when the applied field is slightly off the c-axis (z-axis).

where poH, uoHg, and pyH, represent the applied in-plane field,
interlayer exchange field, and anisotropic field along the c-axis,
respectively. The simplified model only considers the anisotropic field
along the c-axis. w, and w; are the two magnon modes. y is the
gyromagnetic ratio and ¢ is the canted angle along the c-axis applied in
the plane field, ¢ = arcsin méloiﬁlolﬂ
The field dependence of the magnon mode frequency is plotted in
Fig. 3¢ with parameters poHy =3.5T and pyH, = 0.12 T*. The w, mode
has the potential to transport angular momentum due to the canted
magnetization of the mode rotating around the applied magnetic field.
This mode is similar to the quasi-ferromagnetic mode that emerges
following a spin-flop transition when a magnetic field is applied along
the c-axis'. Moreover, the SSE in CrPS,/Pt has the same sign as that in
YIG/Pt (see Supplementary Fig. S7 for details), suggesting that right-
handed magnons (w, mode) are responsible for the SSE signal. In
contrast, the w; mode oscillates in the direction of the applied field
(see Fig. 3d).

We further calculate the spin current in the heavy metal following
Ref. 23 using a minimal model where the CrPS, sample is modeled as a
one-dimensional antiferromagnetic chain with periodic boundary
conditions. The model has an interfacial s-d coupling that couples the
localized spins in the antiferromagnet with the itinerant electrons in
the heavy metal. Using Fermi’s Golden rule to calculate the transition
probability for the spins to be pumped from the antiferromagnet into
the heavy metal, the thermal spin current density polarized along the
x-axis in the heavy metal is given by Tang & Bauer®

Of gr(wy )

O pr(W, o)
Tor ar ~ ©

Js=AATsing Y hay , + A hwy
k

where A is a constant depending on the interface and the density of
states for the electrons in the heavy metal, AT is the temperature
difference across the interface, k is the wave vector of the one-
dimensional chain, and A parametrizes the degree of compensation at
the interface; 4=0 corresponds to a compensated interface and
A= +1 corresponds to a fully uncompensated interface where only
one of the two sublattices couple to the heavy metal. The w; mode
only contributes to the spin current for an uncompensated interface,
reflecting the linearly polarized nature of the mode (see Supplemen-
tary Fig. S8 for the calculation of the spin current as a function of the
applied field).

The effect of the in-plane magnetic field on the pumped spin
current in the heavy metal is twofold: first, the magnetic field increases
the canting angle ¢, causing a linear increase of the factor sin ¢ in Eq.
(6). Physically, this can be interpreted by noting that each of the two
sublattices pumps a spin current that on average is polarized along the

sublattice equilibrium direction, thus, the measured spin current is
given as the projection on the x-axis, which is proportional to sin¢.
Second, the magnetic field changes the magnon frequencies of both
magnon modes. Above the spin-flip critical field, the energy of the w,
mode and the w; mode increases with the in-plane field. This causes a
decrease in the terms inside the sum in the above equation. Impor-
tantly, the increase due to the change in canting angle is proportional
to sing ~ H below the critical field and constant above the critical
field since the canting angle has reached its maximum at this point. In
total, these two effects explain the observed peaks and saturation in
SSE of CrPS,/Pt at the spin-flip field.

The gap closure of the wg mode frequencies at the critical field
could further increase the peak observed in the spin Seebeck effect at
the critical field for systems with an uncompensated interface. How-
ever, to probe the low-frequency excitations, the temperature needs to
be smaller than or comparable to the gap energy, which for CrPS, is
0.4 K in units of temperature. Therefore, a sharper peak is expected for
temperatures approaching this value (see Supplementary Fig. S8 for
details).

Nonlocal SSE in CrPS,/Pt

The nonlocal configuration is further introduced to explore the SSE in
CrPS,4/Pt as shown in Fig. 4a (see method and Supplementary Fig. S3
for details). An in-plane heat gradient is created by passing current
through one of the Pt strips, resulting in a nonequilibrium distribution
of magnons. At the detection part, the magnon spin current is injected
into Pt, which leads to the SSE. It is worth noting, in this configuration,
that the temperature gradient VT is oriented along the x-axis, while the
spin current J, flows along the z-axis, differing from the longitudinal
SSE previously discussed. Figure 4b shows the field dependence of SSE
at different angles (6) at 5K with the applied current of 1mA. By
applying the in-plane field (8= 0°), the SSE as a function of the applied
field is similar to the longitudinal configuration, and a peak of SSE is
also observed at the spin-flip field.

A weak SSE response occurs when the applied field is close to the
z-axis, with nominal angles of 6 = 92° and 87°. Typically, the SSE should
not be present when the field is directed along the z-axis, as the parallel
alignment of spin polarization ¢ and spin currents J; does not generate
a SSE voltage. However, a slight deviation from the z-axis in the
direction of the applied field results in a finite value of J x @, since the
spin polarization aligns with the canted magnetization. This accounts
for the observed positive and negative SSE at strong positive fields
when 0=_87° and 92°, respectively. The plateau in the SSE is observed
before the spin-flop transition, as there is no x-component of the
canted magnetization. In particular, one could also find a peak of SSE at
the spin-flop field, which is attributed to the divergence of spin
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conductance as the magnon gap closes approaching the spin-flop
transition*’. Similar effects are also observed in the longitudinal SSE
configuration (see Supplementary Fig. S5 for details).

Discussion

We report evidence of the SSE in a weakly interlayer exchange-coupled
van der Waals antiferromagnet CrPS, in contact with the heavy metal.
We showed how the SSE is substantially enhanced by tuning the
magnetic field. In particular, we observe a peak of SSE which shares the
same temperature dependence as the spin-flip transition of CrPS,
when applying magnetic field perpendicular to the c-axis. By con-
sidering the thermal spin current density into the heavy metal, we
conclude that the SSE peak is related to the magnon mode edges as a
function of the applied field across the spin-flip field.

Field-induced peaks in SSE were also observed in YsFesOp,/Pt*?,
Lu,BiFe,GaOy,/Pt*, Fe;04/Pt™, and Cr,04/Pt* bilayers. These peaks in
SSE arise when the magnetic field adjusts the magnon energy to the
point of anticrossing between the magnon and phonon dispersion
curves, creating magnon-polarons®’>. The combined magnetoelastic
excitation couples the long-lasting acoustic phonons in single crystals
with the short-lived magnons, increasing the magnon lifetime and the
associated SSE*. The SSE peak in CrPS,/Pt (Ta) exhibits similar field-
like behaviors, but it arises from a mechanism involving the magnon
mode and spin conductance. Given that the SSE peak in CrPS,/Pt (Ta) is
observed at low temperatures where the phonon population is frozen,
we do not expect the magnon-polarons to dominate the signal our
samples.

The SSE is a sensitive tool for investigating the interfacial spin
conductance and magnon population across various materials. Our
findings indicate that the magnon spin transport in CrSP,/Pt(Ta) can be
effectively modulated through adjustments in temperature and
applied magnetic field, particularly at the spin-flip field. This approach
paves the way for innovative magnonic devices that utilize weakly
exchange-coupled van der Waals antiferromagnetic materials.

Methods

Sample preparation and characterization

CrPS, single crystals are synthesized using chemical vapor transport
technique. Chromium (Aladdin,99.99%), red phosphorus (Alad-
din,99.999%), and sulfur (Aladdin,99.999%) powders were measured
in a stoichiometric ratio of 1:1:4 and combined with 5% more sulfur as
transport agents. The mixed powders were sealed in a quartz tube and
placed in a two-zone furnace, where the temperatures at the source
and sink ends were maintained at 923 K and 823K for a duration of
7 days. The atomic structure was analyzed using X-ray diffraction
(XRD) with Cu Ka radiation (1=1.54056 A). The magnetic properties
were measured using a Superconducting Quantum Interference
Device (SQUID). The CrPS, flakes were mechanically exfoliated from
the single crystals using adhesive tape and transferred onto a SiO,/Si
substrate. CrPS,/Pt(Ta) samples were prepared with the magnetron
sputtering in a vacuum of approximately 6 x 1078 torr. The thickness of
the Pt layer is 5 nm, while the Ta layer is 15 nm; 5 nm of Ta will oxidize in
air, leaving 10 nm of Ta to facilitate the inverse spin Hall effect for
detecting spin current generation. The Hall bar with 10 pm in width
and 25 um in length was fabricated using photolithography followed
by ion beam etching. The width of the heater and the detection Pt
strips are designed to be 1.4 um and 2.3 um, the distance of the two
stipes is 1.6 um in the nonlocal device. An atomic force microscopy
image of the samples is provided in Supplementary Information Fig.
S3, showing the thickness of the CrPS, flake in the Hall bar device to
be 75 nm.

Transport measurement
The SSE is measured at different temperatures by varying the magnetic
field in the Physical Properties Measurement System (PPMS-9T). An

alternating current ranging from 0.4 to 1mA at a frequency of 13 Hz
was supplied to the Hall bar or nonlocal device using a Keithley 6221
instrument, while the transverse voltage was measured with a lock-in
amplifier (SR830).

Data availability
The data that support the findings of this study are available in figshare
with the identifier https://doi.org/10.6084/m9.figshare.28557785.
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