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1. Resistance-temperature superconducting transition curves
The resistance-temperature (R — T) superconducting transition curves are characterized by
standard four-probe measurement. The R — T curves of several representative junctions are

shown in Fig. S1.1.
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Fig. S1.1 | The R — T curves of Devices A, C and E under discrete magnetic fields. a-d, Four-
probe measurement configurations for E, A02, AO1 and C, respectively. e-h, The R — T curves of

the corresponding junctions in a-d under discrete magnetic fields.

Based on the R — T curves, we thus summarize the relation between B, and T of the
four different junctions in Fig. S1.2. The magnetic doping concentration increases from
Device E to A to C (Extended Data 10), where a prominent trend of Pauli limit violation

can be seen.

® AD1
® AO2
osr 98 o e C
® L ® E
S, ®
E )
&5 061 [ 3 °
@
Q . & e, .
N °
o 04t ® e . %
® g' ®
L L 2 > @
0.2 . )&
0.0 ‘ 1 ! ®
0.6 07 08 0.9 1.0
Te/Teg

Fig. S1.2 | B¢y |/ Bpauii V8- Tc/Tco curves for the four junctions in Fig. S1.1.



2. Two-probe current-voltage measurement and differential conductance
First, we conduct two-probe measurement to characterize the current-voltage (I — V)
relation in Co/BN/NbSe2/BN/Au junction, where the Co contact is connected to a DC-bias
voltage source (generated by a Keithley-6300, Keithley Instruments) and the Au contact is
grounded. The current tunnelling through the junction is simultaneously record by the

Keithley-6300. The I — V curve taken at T = 2 K and B = 0 is shown in Fig. S2.1.

Ioc (HA)

Ve (MV)

Fig. S2.1 | Two-probe I — V curve for the tunnel junction.

Second, we conduct differential conductance (dI/dV) measurements to characterize the
tunnelling spectrum of the superconducting NbSe;. A small AC voltage (50 pV) is
generated by a Lock-in Amplifier (SR830) and a DC-bias voltage is generated through a
Keithley-6300. We sweep the DC-bias from -2 to +2 mV, and simultaneously record the
AC current through the Lock-in Amplifier. The dI/dV is then calculated by the measured
AC current divided by the constant AC voltage (50 uV). Figs. S2.2a and S2.2b show the

temperature and magnetic field dependences of the dI/dV in 2D maps, respectively.
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Fig. S2.2 | 2D maps of the dI/dV in the tunnel junction. a, Temperature dependence. b,
Magnetic field dependence.



3. Analysis of superconducting gap symmetries and YSR states
The tunnelling spectrums show a prominent zero-bias peak (ZBP) in differential
conductance (dI/dV') below a finite temperature and magnetic field. Our observation
suggests localized in-gap bound states or Yu-Shiba-Rusinov (YSR) states in NbSe,!!!
addition, the superconducting gap is V-shaped below the superconducting transition
temperature. To capture the symmetries of superconducting gap and the magnitude of YSR

states, we analyse the differential conductance with a modified Bardeen—Cooper—Schrieffer

(BCS) theory?"*! in the form of

dl oy [® df(e) ) 2 E—il
Loy=2( 4 b do R
dV( ) 2m .f_oo < le=p-ev .f ¢ J(E —ilN?% — Ay cos2(16) (1)

+ozpp exp (— %),

where the normal-state differential conductance gy is a constant from the measurement.
The quasiparticle broadening I' describe the broadening of the gap edge. The
superconducting gap size Aycos (16) is angular-dependent with the orbital angular
momentum quantum number [ (I = 0,1, 2,3 for s-, p-, d-, and f~wave superconducting
order parameters, respectively). For all nonzero angular momentum (I > 1), Equation (1)
can be simplified to be the case of [ = 1, thus we only consider [ = 0 and 1 for singlet and
triplet fittings. The second term describes the magnitude of YSR states.

An example of fitting the dI /dV by the s-wave and p-wave models is shown in Fig. S3a.
We find that though both s-wave and p-wave models could fit the profile of dI/dV, the p-
wave model implies a temperature or magnetic field threshold for the ZBPs closer to the
Tk (~ 5 K) or Bk (3.5 T) for the resistance anomaly reflected by the four-probe R — T
measurement; while the s-wave model fails in fitting the shape of the tunnelling spectrum
in many cases. This supports our claim that the resistance anomaly occurs due to a magnetic
state induced by spin-triplet carriers inside the gap. Figs. S3b and S3c show the fitting
results of the ZBP magnitude using the p-wave model, where the ZBP vanishes at the
temperature or field close to Tk or Bk. In addition, our model predicts nearly the same
superconducting gap size Ay = 2.9 meV at Tk and By points, suggesting that a sizeable
superconducting gap plays a crucial role to harbour the localized magnetic states that trigger

the resistive state below Tk or By.
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Fig. S3 | Analysis of ZBP by s-wave and p-wave models. a, Example of fitting the gap at T =
1.5 K and B = 0 with s-wave and p-wave models. b, Magnitude of ZBP (ozgp) estimated by p-
wave model as a function of temperature. ¢, Magnitude of ZBP (o7pp) estimated by p-wave model

as a function of magnetic field.



4. Switching mechanism in TMR
The negative switching in TMR can be understood by the two-current model* for parallel
and anti-parallel alignment of Co contact and Co-NbSe, (Fig. S4). Under an external
magnetic field that is along the easy axis of Co (B)), both the spins of Co contact and Co
impurities tend to align in the opposite direction to B;. Importantly, the resistive state
below T¢ requires an anti-ferromagnetic (AFM) exchange coupling between Co impurities
and itinerant spins from the Co-NbSe>. This anti-ferromagnetic coupling would then
encourage itinerant spins of Co-NbSe; to be parallel to B)|. Therefore, at low B);, the AFM
exchange is dominant and thus the itinerant spins in Co contact and Co-NbSe; are in anti-
parallel configuration, thus leading to a high TMR. When the field is in-between the
coercive fields of Co contact and Co-NbSe, a parallel configuration occurs, which gives
rise to a low TMR. This is consistent with our observation that the TMR switches in the

downward direction.

Co contact BN Co-NbSe,

+100 mT ~=-30mT -100 mT B”

Fig. S4 | Schematics for the spin alignment between Co contact and itinerant spins of Co-
NbSe;.



S.

Simulation of superconducting gap as a function of temperature and field

For simplicity, we calculate the superconducting gap using the s-wave Bardeen—Cooper—
Schrieffer (BCS) theory. The superconducting gap Agc(T, B) is a function of temperature
and magnetic field. The zero-temperature gap is estimated by the BCS relation Ag¢(0, B) =
1.76kg T, where the field dependent critical temperature T is taken from the measurement.

Thus, temperature and field dependences of the gap are!®!

1 1
X

Asc (T, B)) exp\/xz n (Asc(T,B)>2 N 1- (2)

0 [ASC(T B)] f dx
Asc(0,B)

(G
The simulation of superconducting gap is shown in Fig. S5. We find that the
superconducting gaps show very close values at Ty and Bg. In addition, the relation
between the Ginzburg-Landau coherence length at zero temperature and zero field (§2;, =
¢6.(0,0)) and the superconducting gap can be written by &;1.(0,0) = Avg/m Agc(0,0),
where f is the reduced Planck constant and vy is the Fermi velocity. As the temperature or

field increases, Agc (T, B) is reduced while &g, becomes larger.
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Fig. S5 | Simulation of the normalized superconducting gap size as a function of temperature
and magnetic field (Agc (T, B) /Agc(0, 0)). a, Under in-plane magnetic field. b, Under out-of-plane
magnetic field.



6. RKKY interaction for the superconductivity-induced ferromagnetism
The Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction refers to the indirect coupling
between magnetic impurities through the conduction electrons®/ 1. In normal metal, the
RKKY interaction decays with separation distance and oscillates with a period (2kz)™1,
where kj is the Fermi momentum. In s-wave superconductors, RKKY is predicted to be
dominant when the separation distance is smaller than the superconducting coherence
length (7; < &1 )P). An enhanced antiferromagnetic exchange between impurities is
predicted when the YSR states hybridize for distance r; < &g However, in our Co-NbSe»,
the triplet-pairing state in NbSe> may create a ferromagnetic RKKY interaction!!%, Also,
the recent study of RKKY interaction between the magnetic impurities in a spin-split
superconductor!!l suggests the possibility of ferromagnetic exchange coupling. The

Hamiltonian can be written as

ik
H = HBCS - Z O'hexC,-L-,GCk'a + 2 Eﬁel(k k ) Tj (S] : Uaa’)clt,ack’,a"

k,o kK" j
o0’

€)

where Hgcs = Yipo ekc,:r’ock,a + Dk Vc,t,chkllc_k,,lck,,T is the BCS Hamiltonian. In the
second term, h,, is the spin-split field induced by the external ferromagnet and is set to z-
direction with ¢ = +1. The third term is the s-d exchange Hamiltonian. J is the interaction
between the impurity spins and itinerant spins and o is the Pauli matrix. By considering the
s-d exchange a perturbation term and compute the expectation value of the effective
Hamiltonian numerically, the RKKY strength Jrkxky can be obtained. This formula
concludes that below T¢, Jrkky becomes ferromagnetic if the separation distance between
the magnetic impurities is larger than the coherence length of the superconductor. In the
case of a triplet superconductor, it is predicted that the induced ferromagnetism spreads

over the scale of £, 1'1,

Supported by our experimental observation that both the ZBP and TMR switching
disappears with temperature above Tk, we suggest that the ferromagnetic RKKY
interaction between Co impurities requires a sizeable superconducting gap (equally, a short
superconducting coherence length). In the following, we provide an intuitive calculation
about how the relation between the superconducting coherence length and the magnetic

impurity separation length determines the transition of RKKY below T¢.



We first estimate the average separation distance between the Co impurities. By the EELS
characterization, in the topmost few layers of NbSe», the average Co concentration (through

the penetration) is around 3%, and this can be rewritten in the form of

Nco
Nco+Nnpt+Nse

= 3%, (4)
which gives xﬁ = 0.09. The lattice constant of NbSe; is a = b = 3.489 A. Assuming the

Nb

Co atoms are intercalated in the van der Waals gap of NbSe; evenly, the impurity separation

distance within one unit cell can be estimated by

2
Téo _ Np
az NCO

)

Thus, we obtain ¢, around 1.2 nm.
We then estimate the superconducting coherence lengths. &2, is extracted by fitting the

experimental B¢y — T¢ curve using the pair-breaking equation shown in Methods, where

we find £, ~ 5.7 £ 1.2 nm in Device A. Below 4 K (T, = 6.60 K), we observe a
resistive phase and ferromagnetism in this device. The exchange interaction between
magnetic impurities in the superconducting host can be dominated by RKKY interaction if
Y " Tco > gL, Where ¥ is a constant. In the heavily doped devices, we do not observe clear
signatures of spin flips below T¢. Possibly, r¢, becomes far smaller than &;;, thus the
RKKY interaction falls into a regime where the ferromagnetic order and anti-ferromagnetic
order alternate, and a net ferromagnetism is not observable. We thus summarize the
phenomenological picture in Fig. S6 to demonstrate the origin of the superconductivity-

mediated ferromagnetism.
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Fig. S6 | Schematics of RKKY interaction in a superconducting host with different magnetic
doping levels. In the heavy doping case, the ferromagnetic order (FM) and anti-ferromagnetic order
(AFM) alternate and the RKKY coupling strength (Jrxky) peaks with an AFM order. In the dilute
doping case, a net FM RKKY could occur with a sufficiently large spin-split field. The shadowed
region refers to a transition regime.



7. The interaction between ferromagnetism and triplet pairing
Here, we interpret that in our Co-NbSe>, how the RKKY-mediated ferromagnetism co-
exists with the Cooper pairs and the possible origin of the resistive state below Tk.
The coexistence of ferromagnetism and superconductivity have been suggested in several

(121

heavy fermions!'?'%], and all of these materials favour a spin-triplet superconducting order

parameter.

In general, the SC gap function can be written as A¥ = ig), (dgoloxs + dy - d), where ¢ is

the Pauli matrix!'7"'8). The singlet and triplet order parameters, dyo and dj, are governed

by the symmetry properties of the fermion pair interaction with respect to their momentum

k. An inversion symmetric interaction V;; = V3, results in dy = 0; while an inversion
antisymmetric interaction Vi = —V4 results in dyo = 0. A pairing mixing of spin singlet
and triplet occurs at Vj, = Vks + V. In our case, the RKKY-mediated ferromagnetism
breaks the reversal symmetry, and further supports spin-triplet componentst!7-!8] This
means that the ferromagnetic Co-NbSe; could generate excess triplets and gives rise to a
high spin injection efficiency to the superconducting NbSe> channel.

Then we interpret the possible origin of the resistance anomaly. As the temperature
decreases below Tk , the emergence of ferromagnetic order does not destroy the
superconductivity given the evidence of the re-entrant superconductivity in our experiment,
which is also consistent with the RKKY-triggered resistive state below T¢ in
Eu(Fe0.89C00.11)2As,1"). In our case, the resistance anomaly could result from the spin-
flipping scattering between the magnetization in Co atoms and the spin-triplet Cooper
pairs??M211 As the magnetic field increases, the RKKY interaction is weakened due to the
increased superconducting coherence length and finally disappears at Bx. The high field

suppresses the ferromagnetism and leads to a re-entrant superconducting phase.
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8. NLSV signals at different temperatures

To address the role of superconductivity on the spin-flip signals in NLSV measurement,

we show non-local resistance (Ry) as a function of in-plane magnetic field (B)) for two

different Co/BN/NbSe; spin valves measured above and below T¢y.

Device No. Tco Temperature condition for the switch in NLSV
) Presence of switch in NLSV measurement at 1.5 K
Device A01 6.60 K . .
Absence of switch in NLSV measurement at 7.0 K
) Presence of switch in NLSV measurement at 53 mK
Device B 3.50K . .
Absence of switch in NLSV measurement at 4.0 K

The R — T curves of the two devices are shown in Figs. S8a and S8b and the Ry, — B

curves of the two devices are shown in Figs. S8c and S8d.

In Device A and Device B, we observe spin-flip signals in NLSV at 1.5 K and 50 mK,

respectively; however, we do not observe any switch in NLSV measurement above T¢, in

either Device A or Device B.
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Fig. S8 | NLSYV signals at different temperatures. a, Zero-field R — T curve of Device A. b, Zero-
field R — T curve of Device B. ¢, Ry, vs. BjjatT > Tcoand T < Tgq for Device A. d, Ry, vs. By at

T > Tepand T < T¢q for Device B.
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9. TMR and NLSYV signals with different BN thicknesses

The residual resistance ratio (RRR) is an indicator of the Co doping level in NbSe> and is
defined by RRR = R273K/ RTC+, where RTC+ refers to the resistance just above T;. To

address the role of Co doping for the observed ferromagnetism and spin injection in NbSe;,

we compare two devices with different BN thicknesses.

Device No. | Layers of BN Tco RRR Spin signal from TMR and NLSV
Device AO1 3 6.60 K 7.6 Yes
Device D 5 6.80 K 9.0 No

The R — T curves of the two devices are shown in Figs. S9a and S9b and the TMR — B

curves of the two devices are shown in Figs. S9c and S9d.
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Fig. S9 | TMR signals in Device A and Device D. a, Zero-field R — T curve of Device A. b, Zero-
field R — T curve of Device D. ¢, MR vs. BjatT =3K for Device A. d, MR vs. BjatT =100 mK

for Device D.
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10. Analysis of Hanle precession in superconducting channels

To show that the non-local signal does not result from any local tunnelling effect, we
simultaneously record the local resistance (Ry,) and non-local resistance (Ry;,), as shown in the
top and bottom panels in Fig. S10, respectively. None of the local signals shows convergence
or oscillation as a function of magnetic field, while the non-local signals clearly show a
convergence at large field or even a second peak at intermediate field, in agreement with the

picture of the precession of diffused spins.

Then we present our analysis of the Hanle precession. The phenomenological model has been
established by Jedema, F. J., et al'*?! to understand the non-local resistance in the metallic state,

which consists of a diffusion distribution function, a spin relaxation and a spin precession term,

t

0 1) _Len” _t
RN = R [, dt apt e 7 cos(wyt), (6)

—c
with a scale factor R, for the resistance, the spin diffusion constant D, the spin transport
channel length Ly, the spin relaxation time 7, and the Larmor frequency w; = gugB, /h. The
calculated R, can well fit the Hanle precession data for Lcy = 0.6 and 0.8 um, where we
extract spin relaxation lengths A3 = VDt ~ 0.62 and 1.06 um, respectively (Fig. 4d in the main
text). However, this model is unable to describe the second peak in Ry;, (without a sign change)
for Ly = 3.0 um (see Fig. S10c). Notably, NbSe: is a Type-II superconductor with B¢, = 20
mT?%, thus the field screening effect by the vortices should play a role for the spin precession.
In fact, we observed a zero-field dip in Ry, occurring at the field range of 10~20 mT in all the
three channels, consistent with the B¢, of NbSe>, which indicates that Meissner effect indeed

occurs in the superconducting channel.

We thus modify the standard Hanle model by introducing the vortices as an additional

dephasing factor in the superconducting channel,

L? t

L_ e ate 7[1 — a, + a, cos(w,t)], (7)

V4nDt

RnL = Ry fooo dt

where a, = 1 —exp (—B/B,) is used to count the proportion of the vortex area and B,
represents the magnetic field that is responsible for the vortices. By making this modification,
the spin transport in the superconducting channel is separated into a precession regime with

proportion a,, and a non-vortex regime with proportion (1 — a,,).

Our modified Hanle model could well fit Ly = 0.8 pm, providing D ~ 0.004 m?s! and 7 ~
235 ps that are close to the values extracted by the standard Hanle model. For Lcy = 3.0 pum,

13



the modified Hanle model could capture the second peak in Ry without a sign change.

However, we notice that the extracted A = VD7 ~ 0.22 um is not comparable to that for Lcy =
0.6 and 0.8 pum (Ag > 0.6 pm). We provide two possible reasons. First, our modified Hanle
model could not fit the curvature of Ry, in the small field range, which underestimates the
relaxation. Further investigation is needed for a more plausible Hanle model in a
superconducting channel. Second, it is noted that though our channel mainly consists of the
undoped NbSe», the Co-NbSe> may play a role on spin scattering. Therefore, the average spin
relaxation time (7) of the whole channel should be estimated by t™1(L; + L,) = 77 1L; +
75 1L,, where L; and L, are the lengths of NbSe; and Co-NbSe;, respectively. The overall spin
relaxation can be limited by the scattering from Co-NbSe2. However, both the standard and our
modified Hanle models suggest rather long triplet diffusion (up to micrometre) in the
superconducting NbSe>, which provides strong evidence for the presence of an intrinsic spin-

triplet pairing state in NbSe;.
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Fig. S10 | Analyses of Hanle precession curves in the superconducting regime. Top figures and
bottom figures in a—c represent the local and non-local signals, respectively. Ley = 0.6, 0.8, and 3.0 um,
respectively, in a—c. The red curves present the fitting of the Hanle precession curves, where the
standard Hanle model is applied in a and b; and the modified Hanle model is applied in b and ¢. Ag_,y,
and As_, refer to spin diffusion lengths extracted by the modified and standard Hanle models,

respectively. Insets: Optical micrographs of the measured superconducting spin valve junctions.
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