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Section 1: FeRh thickness dependence on phase transition
The degree of the phase transition depends on the FeRh thickness. With FeRh thickness of 10 nm, the initial phase is not a complete AFM phase, but it is partially a FM phase with a small magnetization of 100 emu/cc at 300 K. Then, the quasi-static measurement shows that the magnetization change by the phase transition is rather a small value of 400 emu/cc (Fig. S1a). Increasing the FeRh thickness of 20 nm and 40 nm, the initial phase becomes a complete AFM phase with a negligible magnetization at 300 K. Then the magnetization change by the phase transition increases to 900 emu/cc (Fig. S1b,c). For the time-resolved measurement of ultrafast magnetization of FeRh and spin accumulation on Cu in the FeRh/Cu heterostructure, we used the FeRh thickness of 20 nm to have a complete AFM phase at 300 K.

Section 2: Optical setup for time-resolved detection
We used different optical setups depending on the experiments. Whereas the pump beam was fixed on the FeRh side of the sample, the probe beam was either on the FeRh side or Cu side depending on the experiment: probe on the FeRh side to monitor the phase transition of FeRh; probe on the Cu side to monitor the spin accumulation on Cu (Fig. S2). The probe measured the magnetization (ΔMFeRh) of the magnon bath (d band) of FeRh or spin accumulation (ΔMCu) of the conduction electron bath (sp band) of Cu via magneto-optical Kerr effect (MOKE) using a balanced detector. The sign of MOKE is determined by the magnetization direction of the FM phase of FeRh, which is set by the external magnetic field. We applied a magnetic field of 0.15 T along the out-of-plane direction (z) using a ring magnet, whose shape allows passage of the pump and probe beams, to detect the z-components of ΔMFeRh and ΔMCu using polar MOKE. If a longitudinal MOKE is preferred, one can apply the external field along the in-plane direction. Owing to the imperfection of the balanced detector, the raw signal has a small non-magnetic signal. To collect a pure magnetic signal, we simultaneously measured the Kerr rotation with +0.15 T and −0.15 T and took the difference. The probe also measured the lattice expansion of FeRh via the reflectivity change using a normal photodetector. For details of the reflectivity measurements, see Supplementary Section 5.

Section 3: Timescale of temperature rising
The magnitude of the temperature rising of a single FeRh layer by the pump pulse can be expressed as , where aFeRh is the light absorption by FeRh, Fpump is the incident pump fluence, CFeRh is the heat capacity of FeRh, and dFeRh is the thickness of FeRh. With aFeRh of 0.4, Fpump of 7.1 J m-2, CFeRh of 3.2×106 J m-3 K-1, and dFeRh of 20 nm, ΔT is 44 K. (The heat capacities of electron, magnon, and phonon baths of FeRh are taken from Ref. [1]. The light absorption is calculated in SI Section 5.). To estimate the dynamics of ΔT in the FeRh (20 nm)/Cu (120 nm) structure, we performed a heat transport simulation with an initial electronic heating by pump pulse (Fig. S1). Owing to a strong electron-phonon coupling of FeRh, ΔT of the phonon bath of FeRh reaches to 40 K at 1 ps. Therefore, the heating alone cannot explain the phase transition timescale. In this simulation, we assume that the electron-phonon coupling of FeRh is 1018 J m-3 K-1, a value of Ni [2,3], and the electron-magnon coupling is 0.5×1018 J m-3 K-1, a value of Ni [3]. Material parameters for the thermal transport simulation are summarized in Table S1.

Section 4: Light absorption by FeRh
The light absorption by FeRh (aFeRh) is shown as an attenuation of the Poynting vector (S), which is calculated using a transfer-matrix method with the refractive indexes of 1.73, 3+i5, and 0.3+i5 for MgO, FeRh, and Cu, respectively. When the light is incident on the FeRh side of the FeRh (20 nm)/Cu (120 nm) structure, through the MgO substrate, 55% is reflected at the MgO/FeRh interface, 44% is absorbed by the FeRh 20 nm, and 1 % is absorbed by the Cu 120 nm. The light absorption per thickness along the FeRh layer is obtained as dS/dz, where z is the position along the FeRh thickness. The dS/dz is used for the distribution of the initial electronic heating in the thermal transport simulation and for the distribution of the spin generation in the spin diffusion simulation.

Section 5: Timescale of lattice expansion
We compare timescales of the thermalization and lattice expansion from the reflectivity change (ΔR) measurement. ΔR of metal films consists of temperature-induced one (ΔRT) and strain-induced one (ΔRS) [4]. A signature of the structural transition exists in ΔRS as some of the strain change is caused by the lattice expansion during the phase transition. Let us call the lattice-expansion-driven ΔRS as ΔRL, in distinction from the normal ΔRS, which is independent on the phase transition. A separation of ΔRL from the others can be achieved from the magnetic-field dependence on ΔR. An external magnetic field changes the degree of phase transition [5], and resulting ΔRL, of FeRh, without affecting ΔRT and ΔRS. We collect the magnetic-field dependent part of ΔR and assign it to ΔRL. Whereas the magnetic-field independent part of ΔR shows a rapid increase at near the time zero by ultrafast heating, ΔRL rise only after 2.5 ps. The same time delay in ΔM and ΔRL suggests that the timescale of the magnetic ordering is limited by the timescale of the lattice expansion. We note that 2.5 ps is about half of the temporal position of 5 ps of the acoustic echo that appears in the magnetic-field independent part of ΔR. The position of the acoustic echo is approximately determined as , where dFeRh is the thickness of FeRh, dsurf is the surface depth of initial heating, and vs is the sound velocity of ~5 km s-1 of FeRh [1]. Due to a partial reflection at the FeRh/Cu interface, the acoustic wave makes a round trip through the FeRh layer, which takes about 5 ps. Then, the 2.5 ps delay in the lattice expansion corresponds to the time for the acoustic wave to travel through the FeRh layer.

Section 6: Materials parameters for spin diffusion simulation
For the spin generation rate (), we used , where M is obtained from the experimentally measured ultrafast magnetization of FeRh (Fig. 2a of the main text). Since the FeRh thickness is thicker than the light penetration depth, we assume a non-uniform  along the FeRh thickness, and distribution of is determined from the distribution of the light absorption (Fig. S4). The bulk diffusivities (D) of FeRh and Cu are obtained from the electrical conductivities () using the relation of . The  values of 1.3×106, 0.8×106, and 50×106 Ω-1 m-2 of FM FeRh, AFM FeRh, and Cu, respectively, are measured using a four-point probe method. The interfacial spin conductance (Gs) of the FeRh/Cu interface is obtained from the interfacial electrical conductance (Ge) using the relation of . Since we do not know Ge value of the FeRh/Cu interface, we used Ge of 2×1015 Ω-1 m-2 of the permalloy/Cu and Co/Cu interfaces [6]. The diffusive spin current was estimated using  at the bulk and  at the interface, where  is the difference in  at the interface. With the thicknesses of 20 nm for FeRh and 120 nm for Cu, we found that the effect of D is dominant over the effect of Gs. The spin relaxation time () of FeRh was determined from the fitting between the experiment and the simulation. The  of Cu was determined from the reported spin diffusion length () of 400 nm of Cu [7]. The parameters for the spin diffusion simulation are summarized in Table S2.
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Figure S1. Magnetization (M) versus temperature of FeRh films. With the FeRh thickness of 10 nm (a), M of AFM phase at 300 K is ~100 emu/cc, and M of FM phase at 400 K is ~500 emu/cc. The non-zero M value of the AFM phase and rather small change of M between the AFM and FM phase suggest that the initial AFM ordering is not perfect. With the FeRh thickness of 20 nm (b) and 40 nm (c), M of AFM phase at 300 K is close to zero, and M of FM phase at 400 K is ~900 emu/cc. The negligible M value of the AFM phase and large change of M between the AFM and FM phases suggest that the initial AFM ordering is perfect. In addition, the critical temperature (red arrows) increases with the FeRh thickness: 375 K with 10 nm (a); 385 K with 20 nm (b); 405 K with 45 nm (c). 
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Figure S2. Schematics of optical setup. Ti-sapphire laser produces a pulsed laser with a wavelength of 785 nm. Polarizing beam splitter (PBS) split the laser beam into the pump (dotted line) and probe (solid line) beams. The pump and probe beams are modulated by electron-optic modulator (EOM) and chopper, respectively, at 1 MHz and 200 Hz. A delay stage controls a time delay between the pump and probe beams. Both pump and probe beams are focused on the sample surface using a 20X objective lens. The reflected probe beam passes a beam splitter (BS), halfwave plate (λ/2), and Wollaston prism (WP), then it is collected by a balanced detector (BD). To measure magnetization dynamics of FeRh, both pump and probe beams are on the FeRh side. To measure the spin accumulation on Cu, the probe is on the Cu side, and the pump is on the FeRh side. A ring magnet (M) is inserted between the sample and objective lens to align the magnetization of FeRh to the out-of-plane direction. Then, the magnetization dynamics and spin accumulation can be measured by polar MOKE. 







Figure S3. Timescale of temperature rising in FeRh. The simulation of the temperature rising (ΔT) in the FeRh (20 nm)/Cu (120 nm) heterostructure with an incident pump fluence of 7.1 J m-2. The back, red, and blue colors are for the electron (Te), phonon (Tp), and magnon (Tm) temperatures, respectively. After the electronic heating by the pump pulse, there is rapid rising of Tp and Tm owing to the strong electron-phonon and electron-magnon couplings. The solid and dashed lines are for FeRh and Cu, respectively. A small-but-fast increase of Te of Cu is due to the fast electronic transport from FeRh to Cu during the high Te of FeRh. There is no rapid heating of Cu phonon because of the small electron-phonon coupling of Cu.









Figure S4. Light absorption in FeRh. (a) The attenuation of the light intensity in the MgO substrate/FeRh (20 nm)/Cu (120 nm) structure. We calculate the time-averaged Poynting vector, <S>, using a transfer-matrix method with the refractive indexes of 1.73, 3+i5, and 0.3+i5 for MgO, FeRh, and Cu, respectively. Most of the light absorption occurs in the FeRh layer (black line), and the Cu layer’s contribution to the light absorption is negligible (red line). (b) The light absorption per thickness is calculated as the spatial derivative of <S> along the FeRh thickness (z). We assume that the initial electronic heating in the thermal transport simulation and the spin generation rate () in the spin diffusion simulation has the same distribution of (b) along the FeRh thickness.












Figure S5. Timescale of lattice expansion in FeRh. a,b,The reflectivity change (ΔR) during the phase transition of FeRh in the FeRh [20 nm]/Cu [120 nm] sample. Comparing ΔR with and without an external magnetic field of 0.15 T, we separate the magnetic-field independent and dependent parts of ΔR. (a) The magnetic-field independent ΔR consists of the temperature-induced (ΔRT) and strain-induced (ΔRS) ones, and (b) the magnetic-field dependent ΔR comes from the lattice expansion (ΔRL) during the phase transition. The color indicates the pump fluence in a unit of J m-2: 0.9 (black square), 2.2 (red circles), 3.5 (blue up-triangles), 5.3 (green down-triangles), and 7.1 (magna diamonds). c, ΔR during ultrafast demagnetization of Co in the Co [20 nm]/Cu [100 nm] sample. There is strong signal of the magnetic-field independent ΔR, which comes from the temperature-driven one (ΔRT). However, there is no magnetic-field dependent ΔR, indicating that the conventional ferromagnets does not show any structural transition during the ultrafast demagnetization.










	
	AFM FeRh
	Cu

	Ctot (106 J m-3 K-1)
	3.2
	3.4

	 (J m-3 K-2)
	215a
	97b

	Cm (106 J m-3 K-1)
	0.3a
	0

	Cp (106 J m-3 K-1)
	2.8a
	3.4b

	Λe (W m-1 K-1)
	5.9c
	300b

	Λp (W m-1 K-1)
	5d
	5d

	[bookmark: _Hlk110002812]ge-p (1017 J m-3 K-2)
	10e
	0.75f

	ge-m (1017 J m-3 K-2)
	5e
	



Table S1. Material properties for heat transport simulation. Ctot is the total heat capacity, γ is the electronic heat capacity coefficient, Cm is the magnon heat capacity, Cp is the phonon heat capacity, Λe is the electronic thermal conductivity, Λp is the phonon thermal conductivity, ge-p is the electron-phonon coupling, and ge-m is the magnon-phonon coupling.
a. from Reference1.
b. from Reference8.
c. obtained from Wiedemann-Frantz law with measured electrical conductivities.
d. typical value of metals from Reference9.
e. a value of Ni2,3.
f. from Reference10









	
	FM FeRh
	AFM FeRh
	Cu

	NF (1047 J m-3)
	8.25
	3.43
	1.6

	 (106 -1 m-1)
	1.3
	0.8
	50

	D (nm2 ps-1)
	62
	91
	12200

	s (ps)
	0.14
	0.05
	13

	ls (nm)
	2.9
	2.1
	400



Table S2. Material properties for spin diffusion simulation. NF is the electronic density of state at the Fermi level, σ is the electrical conductivity, D is the electrical diffusivity, τs is the spin relaxation time, and ls is the spin relaxation length. NF values are determined as , where γ is the coefficient of the electronic heat capacitance from Ref. 11, kB is the Boltzmann constant. We assume that the spin density states (Ns) for the spin diffusion simulation can be approximated to be a half of NF. σ values are measured using a four-point probe method. D values are obtained from σ values using the relation of , where e is the elementary charge. τs values of FeRh are determined by comparing the spin accumulation experiment and spin diffusion simulation (see Methods). τs values of Cu are obtained from ls of 400 nm [7] using the relation of . 
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