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Controlling spin pumping into superconducting Nb
by proximity-induced spin-triplet Cooper pairs

A. K. Chan® 2% M. Cubukcu?, X. Montiel®, S. Komori3, A. Vanstone'?, J. E. Thompson 3 G. K. Perkins!,
C. J. Kinane?, A. J. Caruana® 4, D. Boldrin®, M. Blamire® 3, J. Robinson3, M. Eschrig® ©, H. Kurebayashi® 2 &
L. F. Cohen® 1™

Proximity-induced long-range spin-triplet supercurrents, important for the field of super-
conducting spintronics, are generated in superconducting/ferromagnetic heterostructures
when interfacial magnetic inhomogeneities responsible for spin mixing and spin flip scattering
are present. The multilayer stack Nb/Cr/Fe/Cr/Nb has been shown to support such currents
when fabricated into Josephson junction devices. However, creating pure spin currents
controllably in superconductors outside of the Josephson junction architecture is a bottleneck
to progress. Recently, ferromagnetic resonance was proposed as a possible direction, the
signature of pure supercurrent creation being an enhancement of the Gilbert damping below
the superconducting critical temperature, but the necessary conditions are still poorly
established. Here, we demonstrate that pumping pure spin currents into a superconductor in
the presence of an external magnetic field is only possible when conditions supporting
proximity-induced spin-triplet effects are satisfied. Our study is an important step forward for
pure spin supercurrent creation, considerably advancing the field of superconducting
spintronics.
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great interest as potential candidates to exploit the spin

degree of freedom in superconducting phenomena, leading
to potential applications for cryogenic memory and novel com-
puting technologies!2. As its cornerstone observation, the pre-
sence of a spatially varying magnetisation at a SC/FM interface
has been found to generate long range spin-polarised triplet
supercurrents in the FM via a superconducting proximity effect in
combination with spin mixing and spin flip scattering
processes!3-10, These proximity-induced triplet supercurrents are
attractive for emerging applications in superconducting spin-
tronics as transmitters of spin information within logic circuits,
without incurring ohmic dissipation!3-7-11.

Creation of pure spin currents within a superconductor would
also accelerate developments in the field, particularly if their gen-
eration was independent of the Josephson junction architecture.
Houzet!2 proposed such a route by using ferromagnetic resonance
(FMR). It has been long established that spin pumping is a direct
means to generate and transport pure spin currents from a FM into
adjacent materials using the magnetisation dynamics [M(t)] asso-
ciated with ferromagnetic resonance!3-1>. The generation of spin
currents from the FM affects the magnetisation dynamics via the
enhancement of the effective Gilbert damping e.

Using FMR, it has been demonstrated!®1” in FM/SC systems
with clean interfaces that the SC blocks the transport of a
dynamically driven spin current. The creation of equilibrium
(spin-zero) spin-singlet Cooper pairs depletes the number of
normal electrons in the SC, and therefore supresses Andreev
reflection at the FM/SC interface. Below T, singlet blocking
dominates and results in a decrease of a!®1°.

However, recently Jeon et al.?? demonstrated that pure spin
currents appeared to survive within superconducting Nb when
spin pumping by FMR into Pt/Nb/Py/Nb/Pt stacks, but only
when Pt a strong spin-orbit coupling (SOC) layer was
included?0-23. The identifying feature was a sustained broadening
of the FMR linewidth associated with an increase in «, as the
sample was cooled below T.. These observations are consistent
with the theoretical predictions that SOC in combination with the
ferromagnetic exchange interaction can also generate conditions
for the formation of spin triplet superconductivity?42>. Although
an important and encouraging development, the influence of the
spin triplet channel on the ability to pump pure spin currents into
a superconductor was obscured by the non-local character of the
Py and Pt interaction, indeed the source of much subsequent
discussion!®19:26:27, Therefore, the precise role of the spin triplet
channel on pure spin pumping into a superconductor remains an
outstanding question.

To explore this research question explicitly, we study a system
previously shown to support long range proximity-induced spin
triplets. We fabricate a series of samples with 6 nm of Fe to
observe the behaviour of superconducting pair states in Nb/Fe/Nb
and Nb/Cr/Fe/Cr/Nb structures above and below T, as illustrated
in Fig. 1. As observed by Robinson et al.?82, the inclusion of Cr
in Nb/Cr/Fe/Cr/Nb structures provide the correct conditions to
form proximity-induced spin triplet states through artificially
engineered spatially inhomogeneous magnetism. In their
Josephson junction measurements, they varied the Fe thickness to
characterise the coherence length of the singlet and triplet Cooper
pairs. By including a F/F/F type inhomogeneous magnetic layer
introduced through the inclusion of Cr, long lived triplet pair
states were observed to survive across Fe distances well beyond
6 nm. Measurements of the Fe thickness dependence of the
characteristic voltage on Nb/Fe/Nb Josephson junctions show an
oscillatory decay®?. However, with 6nm of Fe they showed a
similar characteristic voltage as Nb/Cr/Fe/Cr/Nb Josephson
junctions. With a fixed Fe thickness of 6 nm in our samples, a

Superconductor (SC)/ferromagnet (FM) interfaces are of

mixture of singlet and triplet pair states are expected, and their
behaviour can be compared with the singlet only case of the Nb/
Fe/Nb structure. Of course, the Josephson junction experiment
probes close-to-equilibrium physics and the decay of a super-
current within a ferromagnet, whereas the FMR experiment that
we propose here is an out-of-equilibrium experiment where spin
is pumped from a ferromagnet into a superconductor. In the
context of this and previous FMR experiments, the performance
of Nb/Fe/Nb and Nb/Cr/Fe/Cr/Nb structures under FMR spin
pumping conditions, particularly in the presence of an external
magnetic field, is pertinent, timely and has wider implications for
the field.

Importantly, we find that in our structures the Fe layer has in-
plane uniaxial magnetic anisotropy. This allows us to place a
further condition on the spin triplet state survival in finite mag-
netic fields necessary for FMR resonance. We demonstrate
experimentally that when the applied magnetic field lies along the
magnetic hard axis, an enhancement of the Gilbert damping
persists to low temperatures in Nb/Cr/Fe/Cr/Nb structures,
whereas we do not observe this signature when the field lies along
the easy. We also show that the Gilbert damping enhancement is
absent in Nb/Fe/Nb samples regardless of orientation with respect
to the external magnetic field.

Results

All samples were grown on SiO,/Si(001) where the oxide layer is
250 nm thick. In the main body of the paper, we focus on samples
grown with a 6 nm thick layer of Fe and a 31 nm thick layer of
Nb, referred to as 31Cr when including a 1 nm thick layer of Cr,
and 3INCr when Cr is absent. A range of samples with different
Nb thickness have been explored. A summary of these structures
is given in Table 1, and the results of these samples are shown and
discussed in Supplementary Notes 1-6.

Magnetic characterisation and anisotropy. Although the Fe is
polycrystalline, it shows in-plane uniaxial magnetic anisotropy.
Figure 2a shows room temperature magnetisation M(H) data
taken on sample 31Cr in different in-plane magnetic field
orientations showing uniaxial magnetic easy and hard char-
acteristics. This is also confirmed by our FMR measurements.
Typical FMR spectra measured along the two directions, shown
in Fig. 2b, display a significant difference in FMR resonance field
poHes. The temperature dependence of poH,es for samples 31Cr
and 31NCr are shown in Fig. 2c, demonstrating that the aniso-
tropy is sustained to low temperatures. The difference in reso-
nance field poAH,es between applying the external dc field along
the easy and hard directions is shown in Fig. 2d. H,. is higher in
the Cr containing film. This behaviour is confirmed in a further
series of samples 32Cr, 32NCr, 30Cr and 25Cr (see Supplemen-
tary Notes 1 and 2).

The magnetic anisotropy Hy can be extracted from the
modified Kittel formula fitted to the FMR data, taken with the
dc field applied along the easy and hard magnetic directions3!-33,
as set out in Eq. 1:

2
f2 =<%) [{Meff + Hres + HkSin2 <¢ - (/)0) + H?I?lft
X {Hres - Hk COSZ((p - ‘po) + Hf}gft ]7

M

where y is the gyromagnetic ratio, y is the permeability of free
space, M. is the effective saturation magnetisation, ¢ is the angle
of the film’s magnetisation with respect to the easy axis magnetic
direction, ¢ is the angle of the hard axis direction with respect to
the easy axis direction, and H3, is the contribution to the local
field acquired in the superconducting state3* (see Supplementary
Note 5 for further details). Due to the relatively small values and
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Normal metal state (T > T,)

Y Fe ND

Superconducting state (T < T,)

Nb Fe Nb

Fig. 1 Schematic diagrams of spin pumping in Nb/Fe/Nb and Nb/Cr/Fe/Cr/Nb heterostructures. Schematics above (a, b) and below (¢, d) the critical
superconducting transition temperature, T, where (d) indicates the formation of triplets with the disorder Fe/Cr spin interface and (c) the lack of triplet
generation for the ordered Fe/Nb interface. Spin- dependent density of states and its occupation in superconductors are indicated by the red (majority-
spin) and blue (minority-spin) symbols. M(t), J; and «, () represent the time-varying magnetisation vector of the ferromagnet, the spin current injected
from the ferromagnet into the superconductor by spin pumping, and the Gilbert damping of the ferromagnet relevant (irrelevant) to the spin pumping,
respectively. u®, u* and A are the spin dependent electrochemical potentials and superconducting energy gap, respectively.

sensitivity of Hy compared to H,., and M.g we simultaneously
fit data taken with the applied magnetic field aligned along the
easy and hard axis direction in order to extract single values for
Hy and Mg Example fits for 31Cr and 31NCr are shown in
Fig. 3a and Fig. 3b respectively. It can be observed that the
magnetic anisotropy is sustained down to 2 K for a sample with
and without Cr. The anisotropy energy constant K can then be
calculated by the relation K = HMy/2 and summarised in Table 1.
We can observe fair agreement between K extracted from two
independent techniques, i.e. M(H) and FMR. Uniaxial magnetic
anisotropy has been reported in Fe films angle sputtered onto
Si02/Si producing sizable structural anisotropy>>-3¢. However, we
can rule this out as the source of anisotropy in our films because
the Fe in our films are nanocrystalline (confirmed by atomic force
microscopy shown in Supplementary Fig. 16) and are grown on a
rotating substrate table. Uniaxial magnetic anisotropy is also
known to occur in Fe alloys when grown in the presence of an
external magnetic field, such as in our case with dc magnetron
sputtering3”-38. The Fe alloy will experience atomic pair ordering,
whereby the Fe atom bonds are elongated along the magnetic
field direction. It is known that Nb and Fe can alloy>?, and that Cr
inter-diffuses into Fe#0. Therefore, it is likely that atomic pair
ordering occurs within the interfacial layers between Fe and Nb
and between Fe/Cr and Cr/Nb and is the likely source of the
uniaxial magnetic anisotropy observed in our samples. An
extended discussion on the source of anisotropy is included in
Supplementary Note 8.

Gilbert damping. We observe that the FMR linewidth AH has a
linear dependence on frequency f, as shown in Fig. 3c. The Gilbert
damping « and the inhomogeneous broadening AH, can be
extracted from AH vs f plots using the following equation*!:

4
AHe:AHb+~§5f. 2)

where a number of previous experimental works have shown
good agreement between data and this linear relationship#2-44.
Example fits for sample 31Cr and 31NCr are shown in Fig. 3c and
Fig. 3d respectively. The presence of Cr at the interfaces increases
HoAH, by a factor of two to three (for Nb/Fe/Nb samples

oAHy = 10 mT and Nb/Cr/Fe/Cr/Nb samples pyAH, lies between
20mT and 30mT) as expected for the increased interfacial
magnetic disorder that occurs due to the Cr inter-diffusion at the
Cr/Fe interface.

Figure 3e shows « for sample 31Cr as a function of temperature
extracted from AH, for microwave frequencies from f= 12 GHz
to f=20 GHz. Note that the « values shown are averaged over
several measurements. We also checked the reproducibility of
measurements by performing experiments with the microwave
stripline placed in different regions of the sample (see
Supplementary Note 7)—the error bars reflect the variability in
measurement. In-phase ac susceptibility y/_ (red) measurement of
the bulk T, are plotted on the same graph. The onset of
superconductivity is indicated by a decrease in y,_, with the gap
fully opened when y/. reaches a constant minimum value (see
Supplementary Note 4 and Supplementary Fig. 8 for further
information). For all frequencies, a is almost T-independent
between 16 K and T.. As the temperature is reduced below T a
significant temperature-dependent enhancement of & occurs for
the field aligned along the hard-axis that is in stark difference
from spin transport blocking caused by singlet Cooper
pairs!6-18:2627 This clear enhancement of & with Cr samples
below T. is indicative of higher rates of spin relaxation in the Fe
layer when the Nb layers are superconducting!14. Since a spin
current carries spin-angular momentum, this damping enhance-
ment that increases as the sample is cooled suggests an
increasingly strong spin-current transmission and dissipation as
the superconducting gap opens, consistent with previous
observations20-23, When the same experiment is repeated for
the field aligned along the magnetic easy axis, the sustained
enhancement of « is absent, as shown in Fig. 3e. Samples without
Cr replicate this latter behaviour below T, regardless of the
orientation of the magnetic field alignment with respect to the
easy and hard magnetic axis, as shown in Fig. 3f for sample
31INCr. These observations are repeated in additional series of
samples 32Cr, 32NCr, 30Cr and 25Cr (see Supplementary Note 3)
and the results are consistent with those reported here.
Supplementary Notes 9 and 10 also sets out a theoretical model
which described a physical scenario that captures some of the
essential aspects of the experimental work. However, the physical
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Table 1 Samples and their magnetic property values.

Kemr (J/m3)

Kysm (J/m3)

's

M

Hard axis

Easy axis
M,/M, M,/M,

Hard axis

Easy axis

Ref

Sample Structure

(103 A/m)
1680 £ 37

noH. (mT)

11

I,loH: (mT)

7.4

9008 +158

8193 +1359

0.19£0.01

0.93+0.03

32Cr

Nb(32)/Cr(1)/Fe(6)/

Cr(1)/Nb(32)

1500 £ 41 7438 £1172 5060 +73

0.50+0.02
0.68£0.03

0.90+0.04

3.4
6.0

83
9.8

32NCr
31Cr

Nb(32)/Fe(6)/Nb(32)
Nb(31)/Cr(1)/Fe(6)/

Cr(1)/Nb(31)

6030 141

5153 £ 748

1480 £38

0.95+0.04

3600 £77

1348 £ 200
4087 +713

0.79+0.03 1250 £37

0.97£0.04

9.0
3.6

9.4
6.7

31INCr
30Cr

Nb(31)/Fe(6)/Nb(31)
Nb(30)/Cr(1)/Fe(6)/

Cr(1)/Nb(30)

547074

1500 £37

0.53+0.02

0.91+£0.03

4320+71

0.40+0.01 1410 £35 2175 £ 430

0.88+0.03

2.2

5.2

25Cr

Nb(25)/Cr(1)/Fe(6)/

Cr(1)/Nb(25)

Kysm and Kemg are the anisotropy constant values obtained from the vibrating sample magnetometer and the ferromagnetic resonance measurements respectively. poH., M,, and Ms are the coercive magnetic field, the remanent magnetisation and the saturation magnetisation
respectively. The error in poH. is £0.1mT from measurement precision. The error in M is from propagating errors in measuring the Fe volume and saturation moment. The error in Kgyr is from the error in the Kittel fits to the frequency dependent resonance magnetic field

HoHres.

interpretation of the chosen parameters set cannot be easily
mapped to the experiment. Nevertheless, we include the
theoretical model in Supplementary Notes 9 and 10 for
completeness.

Discussion

Let us consider the various temperature regimes that delineate the
key experimental observations. Firstly, above T, we find that Cr
containing samples have larger AH, and larger Gilbert damping
than the samples without Cr implying that the presence of the Cr
always adds an additional spin relaxation channel. Although
rather temperature insensitive above T, this channel presents a
more efficient loss mechanism when the magnetic field is in the
hard axis. Together this suggests that Cr creates a strong spin
relaxation channel most likely related to a spin misorientation
angle between an interfacial disordered Cr/Fe diffused magnetic
layer and the spin current polarisation!343,

At T,, the onset of superconductivity, in both the non-Cr con-
taining samples and the Cr containing samples with the field along
the easy axis, a peak is observed in a. This is associated with the
formation of the quasiparticle coherence peak!827:46, The injected
spin current (and therefore the damping) first increases due to the
enhanced availability of quasiparticle states just below T, and then
decreases upon further cooling as the quasiparticle states freeze out
and the superconducting gap begins to fully open!”.

Below T, a(T) behaves in two different ways depending on the
presence of Cr and the field orientation. Regardless of field
orientation, samples without Cr show a decrease in . Similarly,
regardless of the Cr layer, measurements with the field applied
along the easy axis show a decrease in a. Both scenarios indicate
partial spin blocking below T. due to the onset of
superconductivity.

In samples containing Cr when the field is along the hard axis,
« increases steadily as the temperature is reduced well below T..
The ac susceptibility curve marks where the transition to the
superconducting state completes. This is a striking difference to
the above coherence peak scenario and the observation cannot be
attributed to the quasiparticle population!®1°. The clear
enhancement of « in the Cr samples well below T is indicative of
higher rates of spin relaxation when the Nb layers are
superconducting!314,

It has been previously reported that trapped flux vortices in a
superconducting layer due to an external field can lead to FMR
linewidth broadening®®. This aspect has been acknowledged in
our Kittel fit in Eq. 1 by including the HS; term. However,
trapped flux vortices cannot be the source of our observed Gilbert
damping enhancement. It is expected that trapped flux would
occur independent of field orientation. Therefore, if the rise in
Gilbert damping is due to trapped flux, we would expect to
observe a rise regardless of field orientation. This is not the case in
all four samples that exhibit damping enhancement; only when
the field is applied in the samples’ hard axis orientation do we
observe damping enhancement below T..

Since a spin current carries spin-angular momentum, this
damping enhancement suggests an increasingly strong spin-
current transmission and dissipation as the superconducting gap
opens, indicative of a spin triplet channel in the Nb. This is
consistent with, although significantly larger than, previous
observations?0-23,

It is already established from Josephson junction measure-
ments (where there is an absence of applied field) that below T,
the spin misorientation between Fe and the inter-diffused
Fe/Cr layer magnetisation produces long-range triplet
correlations!247-49. Here, in the case where an applied field is
necessary, we suppose that the misorientation survives most
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Fig. 2 Magnetisation data for the samples 31Cr and 31NCr. a Magnetic field dependent magnetisation curves M(H) for film 31Cr in four orientations with
respect to the applied in-plane field measured at 300 K. b Ferromagnetic resonance (FMR) absorption power derivative (dP/dH) for sample 31Cr measured
at 16 K. ¢ Resonance magnetic field poH,es as a function of temperature for film 31Cr and 3INCr extracted from FMR measurements. d The temperature
dependence of the difference in poH,es between the hard and easy orientations (uyAH,) for films 31Cr and 31NCr. Errors for the poH,es data are from the

Lorentzian derivative fitting.

robustly when the field is aligned along the magnetically hard
axis29:37°0-52_ Of course, we only observe the component of the
triplet channel that survives in the dc fields required under the
resonance condition. Although the volume magnetisation sug-
gests macroscopic saturation at fields in the tens of mT (Sup-
plementary Fig. 1), evidence from magnetotransport of Cr/Fe
multilayers suggests canting of spins at this interface survive to
high magnetic fields?840, The presence of equal-spin Cooper pairs
provides a new channel to carry spin within the superconducting
Nb where it dissipates due to the inherent spin-orbit coupling in
that material. Sample series 31Cr, 30Cr and 25Cr, where the
uniaxial magnetic anisotropy is measurably reduced when com-
pared with 32Cr (refer to Table 1 and Supplementary Fig. 1b
and c), show a reduced upturn of a(T) along the hard axis (shown
in Supplementary Fig. 6). This supports the statement that the
introduction of Cr at the interface does not in itself provide a
sufficient condition for the spin triplet channel unless the spin
misalignment angle between Fe and the interfacial layer can be
maintained at the FMR resonance field condition.

To discuss the effect of the uniaxial magnetic anisotropy more
quantitatively, we quantify the damping enhancement by intro-
ducing parameter S, given by

_a(0.2t) — a(21)
S= @) 3)

Where ¢ is the reduced temperature (¢ = T/T.), such that «(0.2T,)
and «(2T.) are the Gilbert damping values at 0.2f and 2t
respectively. When the dc magnetic field is applied along the hard
axis of our Nb/Cr/Fe/Cr/Nb multilayer stack the spin channel
strength created below the superconducting critical temperature
is §=0.36+0.05 for sample 32Cr, S=0.18+0.04 for sample

31Cr, $=0.13+0.01 for sample 30Cr, and S=0.05+0.05 for
sample 25Cr (in the SI). To find a possible explanation for the
varying S parameters, the anisotropy constant can be plotted as a
function of S, shown in Fig. 4a. A clear positive correlation is
observed between K and S, indicating that higher magnetic ani-
sotropy is crucial in generating a spin-triplet channel by FMR
spin pumping, as the spin misalignment is more readily sustained
at the fields required to achieve resonance. K also appears to be
dependent on the Nb thickness, as shown in Fig. 4b. However, the
reason for this relationship is unclear. An analysis of the S
parameter measured in the magnetic easy axis is given in Sup-
plementary Note 6.

The S parameters from our FMR experiment on a S/F/F/F’/S
structure can be compared to the previous example of Pt/Nb/Py/
Nb/Pt?0, where the spin-orbit coupling and ferromagnetic
exchange were spatially separated, giving S = 0.066. The possible
higher S values produced by spin pumping into Nb/Cr/Fe/Cr/Nb
multilayer stacks suggest that the spin flip and spin scattering
processes provided by the single inhomogeneous interface allows
for a more efficient means of producing spin-triplet super-
currents in the superconductor—but only when the magnetic
anisotropy is high enough. This leads to a possible tunability in
spin-triplet channel efficiency by means of manipulating the
anisotropy.

To summarise our work, we have systematically investigated
spin pumping in Nb/Cr/Fe/Cr/Nb and Nb/Fe/Nb multilayers,
with the specific goal to establish the impact of superconducting
spin triplets on the spin pumping behaviour. We confirm that
under optimum conditions for the existence of proximity-
induced superconducting spin triplets, the signature for pure
spin pumping into the superconducting Nb, namely a sustained o
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enhancement below the superconducting critical temperature, is
manifest. These results conclusively show that superconducting
pure spin currents can be created within a superconductor under
a specific and well-defined set of interfacial conditions. The
positive relationship between the anisotropy constant K and the
damping enhancement parameter S demonstrate the need for
spin misalignment between F/F/F’ to create a spin-triplet chan-
nel. We also highlight that the FMR measurement method itself is
a sensitive measure of magnetic relaxation, specifically in relation
to spin current emission and dissipation. The damping
enhancement parameter S can be used as a relative measure of the
strength of spin triplet FMR pumping efficiency between different

types of S/F/F/F’/S stacks. Overall, the work accelerates the
possibility of utilising spin dependent supercurrents in low loss
spintronic applications.

Methods

Sample preparation. The structures were grown on 5mm x5
mm SiO,/Si(001) substrates by d.c. magnetron sputtering in
an ultrahigh-vacuum chamber (base pressure of around
10~8 Pa) with a growth pressure of 1.5 Pa of Ar. Multiple
substrates were placed on a rotating circular table that passed
in series under stationary magnetrons, so that eight samples
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with different layer thicknesses could be grown in the same
deposition run. This ensures that the interface properties of
the samples presented closely match. The thickness of each
layer was controlled by adjusting the angular speed of the
rotating table at which the substrates moved under the
respective magnetron target and the sputtering power. The
thicknesses of Fe and Cr layers were kept constant at 6 nm and
1 nm respectively, while the thickness of the Nb layer varied at
25, 30, 31 and 32 nm.

Superconducting transition measurement. a.c. electrical trans-
port measurements were conducted with a four-point
current-voltage method. The resistance R (of a sample) vs tem-
perature T curves were obtained while decreasing T (see sup-
plementary information). From the T derivative of R, dR/dT, the
superconducting transition temperature T, was denoted as the T
value that exhibits the maximum of dR/dT.

In-phase a.c. susceptibility measurements were also performed
to further confirm T. when externally dc fields are applied at
typical FMR field strengths. Samples are placed within pick up
coils with an in-plane drive and external dc fields can be applied
in-plane. See SI2 for further information.

Vibrating sample magnetometry. Magnetic field dependent
magnetisation curves were taken by a vibrating sample magnet-
ometer (VSM) for the Quantum Design Physical Property Mea-
surement System, with a magnetic resolution of 107¢ emu.
External dc magnetic fields were applied in-plane to the sample
surface. To measure the in-plane anisotropy, samples were rota-
ted by 90° between measurements, and this is done three times for
a total of four measurements.

Ferromagnetic resonance. Ferromagnetic resonance (FMR) was
performed using a broadband coplanar waveguide (CPW) and ac-
field modulation technique. The samples were placed face down
on top of the CPWs where an insulator tape is used for electrical
insulation. The external dc magnetic field was applied along in-
plane direction of the samples, with the rf field also in-plane and
fixed perpendicular to the external dc field. The FMR absorption
was measured for different frequencies typically ranging from 12
to 20 GHz from room temperature to low temperature at 2K. For
each scan, the resonance field (H,.,) and the half width at half
maximum linewidth (AH) of the FMR signal were determined by
a fit using the field derivative of Lorentzian function (see Sup-
plementary Note 2). To measure the effect of the applied field in-
plane direction, samples were rotated by 90° between measure-
ments, and this is done three times for a total of four
measurements.

Data availability
The source data that support the findings of this study are available from Prof. H.
Kurebayashi (h.kurebayashi@ucl.ac.uk) upon reasonable request.
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