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Abstract 16 

The antiferromagnetic order can mediate a transmission of the spin angular momentum 17 

flow, or the spin current, in the form of propagating magnons. In this work, we perform 18 

laser stimulated THz emission measurements on Pt/CoO/FeCoB multilayers to 19 

investigate the spin current transmission through CoO, an antiferromagnetic insulator, on 20 

a picosecond time scale. The results reveal a spin current transmission through CoO with 21 

the diffusion length of 3.0 nm. In addition, rotation of the polarization of the emitted THz 22 

radiation was observed, suggesting an interaction between the propagating THz magnons 23 

and the Néel vector in CoO. Our results not only demonstrate the picosecond magnon 24 

spin current transmission, but also the picosecond interaction of the THz magnons with 25 

the Néel vector in the antiferromagnet. 26 
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Antiferromagnetic spintronics, where antiferromagnetic materials take on the 1 

role of the central active components, is one of the most interesting emerging topics in 2 

the field of spintronics today [ 1 , 2  . With applications such as THz devices and 3 

antiferromagnetic memory devices, many vigorous investigations have been carried out 4 

on antiferromagnets including THz spin dynamics [3 ,4 ,5 ,6 ,7  , magnetoresistance 5 

[ 8 , 9 , 10 , 11 , 12  , spin torque effect [ 13 , 14  , and spin current transmission 6 

[15,16,17,18,19,20,21,22 .  7 

Among them, spin current transmission in antiferromagnets is quite intriguing. 8 

The antiferromagnetic order can mediate the transmission of the spin current in the form 9 

of propagating magnons. Several groups have reported this phenomenon in varieties of 10 

antiferromagnetic materials, such as NiO [15,16,22 , CoO [19 , Fe2O3 [21 , FeMn [20 , 11 

and IrMn [17 . Most of the investigations have so far been conducted at frequencies much 12 

lower than the resonant frequency of the antiferromagnetic materials. In order to explore 13 

the physics of the phenomenon, it is crucial to extend the investigation to the THz range , 14 

at which antiferromagnets typically have a good susceptibility to electromagnetic field, 15 

because this frequency domain  embraces the antiferromagnetic resonant frequencies. 16 

A suitable method for investigating antiferromagnetic dynamics is a relatively 17 

recently developed technique, where THz radiation is generated with an ultrashort laser 18 

pulse in a heavy metal (HM) / ferromagnetic metal (FM) bilayer structure [23,24,25,26 . 19 

A femtosecond laser pulse excites an instantaneous non-equilibrium spin current in the 20 

FM layer on a sub-picosecond time scale [27,28 . The spin current then flows into the 21 

adjacent HM layer. This instantaneous spin current creates an instantaneous charge 22 

current by the inverse spin Hall effect in the HM layer, resulting in emission of an 23 

electromagnetic wave with the electric field defined by the charge current in the HM layer.   24 
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 Several groups have investigated the laser stimulated THz emission by inserting 1 

a non-magnetic layer (NM) between the FM and the HM, namely HM/NM/FM 2 

multilayers [25,29 . It has been found that the efficiency of the THz emission depends on 3 

the spin dissipation properties in NM and it decays exponentially with increasing the 4 

thickness of the non-magnetic layer. The investigation suggests that the NM layer simply 5 

impedes the spin current of sub-picosecond duration with a length scale of the spin 6 

diffusion. The same scheme can be applied to explore the transmission of sub-picosecond 7 

pulsed spin current in antiferromagnets (AFMs) by investigating HM/AFM/FM 8 

multilayers. 9 

In this work, we investigated laser stimulated THz emission from 10 

Pt/CoO/FeCoB and explored the sub-picosecond pulsed spin current transmission 11 

through the CoO interlayer. We also particularly look into the polarization of the THz 12 

electromagnetic wave and reveal that the latter is influenced by the Néel vector in the 13 

antiferromagnets.  14 

Multilayers of Pt 5nm/ CoO dCoO nm/Fe40Co40B20 2 nm/SiO2 5 nm (dCoO = 0 15 

~ 10 nm) were grown by magnetron sputtering on a single crystal MgO(001) substrate. 16 

The Pt and CoO layers were deposited at temperature of 673 K. CoO is a collinear 17 

antiferromagnet with a rock-salt crystal structure. It has approximately cubic magnetic 18 

anisotropy with the axes along the [100  directions [30  and its Néel temperature is 291 19 

K. Reflective high-energy electron diffraction (RHEED) images after the deposition of 20 

the layers Pt and the subsequent CoO layers (see Figs. 1 (a-c)) indicate that the Pt and 21 

CoO on MgO(001) were epitaxially grown. The crystallographic orientation of the 22 

substrate and the layers in the fabricated structure is 23 

MgO(001)[100]//Pt(001)[100]//CoO(001)[100]. The epitaxy maintains up to 24 
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dCoO = 10nm (Fig. 1(c)). The films have undergone a field cooling process with an 1 

annealing temperature of 473 K and a field of 200 mT applied along the <100> direction. 2 

The exchange bias field Heb and coercive field Hc for dCoO = 2 and 5 nm were 3 

characterized by magnetization measurements in elevating temperatures as shown in Figs. 4 

1(d,e). The blocking temperature TB, i.e. the temperature at which the exchange bias 5 

vanishes, is found to be TB = 220 K and 280 K for dCoO = 2 and 5 nm, respectively. Hc has 6 

a similar trend to Heb. As TB is generally lower than the Néel temperature, we can assume 7 

that these CoO layers maintain the antiferromagnetic order up to TB. As a reference a 8 

sample with SiO2 interlayer, Pt 5nm/ SiO2 2 nm/Fe40Co40B20 2 nm/SiO2 5 nm, was also 9 

made by a similar process. All the measurements presented here were performed with 10 

blanket films of those multilayers. 11 

Figure 2 shows schematic illustrations of our experimental setup for the laser 12 

stimulated THz emission and the polarization measurement. If the spin current raised in 13 

FeCoB flows through the CoO layer, the HM layer emits the THz electromagnetic wave 14 

(Fig. 2 (a)). We analyzed the electric field component of the emitted THz electromagnetic 15 

wave by the electro-optic (EO) sampling technique with 1-mm-thick ZnTe (110)-faced 16 

single crystal [31  and two wire grid polarizers [32 . Figure 2 (b) illustrates the geometry 17 

of the measurement. The laser incidence is perpendicular to the sample plane. We define 18 

the x-y plane parallel to the sample plane and, therefore, perpendicular to the laser 19 

incidence plane. The sample is placed so that the CoO <110> is parallel to the positive x 20 

axis. The external magnetic field was applied in the positive x direction denoted as +H 21 

while the field components of the THz wave parallel to the x and y axis, denoted as Ex 22 

and Ey respectively, are recorded. We then define the rotation of the polarization of the 23 

electric field as 𝜑 = tan−1(|𝐸x| |𝐸y|⁄ ), as indicated in Fig. 2(b).  24 
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The polarization of the emitted THz wave is parallel to the electric field induced 1 𝑬c in the Pt layer. It therefore essentially tells us the polarization direction of the spin 2 

current injected into the HM layer through the AFM layer. According to the inverse spin 3 

Hall effect, the spin current in the Pt-layer results in the electric field 𝑬c [33  (see Fig. 2 4 

(a)), 5 𝑬c = 𝑍 (𝜃sh ∫ 𝑑𝑧 𝒋s × 𝝈𝑑tot0 ) (1) 

where 𝑍, 𝜃sh, and 𝑑tot are the electro-magnetic impedance of the sample, the spin Hall 6 

angle of Pt, and the total thickness of the metallic layer, respectively. 𝝈  is the spin 7 

polarization vector and 𝒋s is the spin current density in the Pt-layer. 8 

 Figures 3(a-c) show the wave forms of Ey at room temperature for dCoO = 0, 2, 9 

and 5 nm with external magnetic field of H = + 100 mT. Ex is found to be negligibly small. 10 

We set Δ𝑡  = 0 where Ey peaks. While the shape of the waveform is quite similar 11 

regardless of dCoO, the peak field at Δ𝑡 = 0, Eypeak, remarkably depends on dCoO. It should 12 

be noted that the small oscillations in the range Δ𝑡  > 1 ps are found to be due to 13 

absorption lines in the spectrum of the remnant moisture (resonant frequencies at around 14 

0.557, 1.168 and 1.80 THz [34  )  affecting the experiment. Assuming that 100 mT 15 

magnetic field is enough to saturate the magnetization of the FeCoB-layer in the field 16 

direction, this result indicates that the direction of the spin density reaching the Pt layer 17 

is parallel to the FeCoB magnetization. It implies that the spin current from the FeCoB-18 

layer is transferred to the Pt layer through the CoO interlayer. By performing a similar 19 

experiment on the reference sample, we confirmed that the THz wave signal is suppressed 20 

when CoO is replaced by SiO2, which is a non-magnetic insulator (see the dotted line in 21 

Fig. 3 (d)). From Eypeak as a function of dCoO shown in Fig. 3(d) the spin-diffusion length 22 𝜆 defined by 𝐴0𝑒−𝑑CoO 𝜆⁄  is estimated to be 3.0 nm, where 𝐴0 is a constant. This non-23 
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zero spin diffusion length are in a good agreement with previous reports of the spin 1 

current transmission in antiferromagnets investigated by other measurement techniques 2 

[16,17,18,19,22 . Since magnetic coupling between the CoO and FeCoB layers could be 3 

the key for spin current transmission through CoO [18 , we further explore the THz 4 

emission at lower temperatures where the exchange bias emerges.  5 

Figures 4 (a, b) show the wave forms of Ex and Ey for dCoO = 2.0 nm in the 6 

magnetic field of two polarities with the strength of 100 mT. In this series of 7 

measurements, we first cooled down the sample to 80 K with the magnetic field of 100 8 

mT applied in the same direction as that during the measurements shown in Figs. 2 and 9 

3. The additional measurements were then performed at elevating temperatures while the 10 

magnetic field remains on. By using this field application sequence, we make sure to 11 

saturate the magnetization in the field direction. The sample thus retains the exchange 12 

bias until the blocking temperature TB. Although Ex is always much smaller than Ey, the 13 

former clearly emerges and becomes more pronounced at lower temperature. The wave 14 

forms of both Ex and Ey are inverted by flipping the magnetic field direction, indicating 15 

that the spin density direction 𝝈 of the spin current injected into the Pt layer correlates 16 

with the orientation of the magnetization of the FeCoB-layer. While Ey can be explained 17 

by the spin current transmission with 𝝈 parallel to the FeCoB magnetization (see Eq. (1)), 18 

emergence of Ex suggests that 𝝈 indeed acquires an orthogonal component to the FeCoB 19 

magnetization. Figures 4(c, d) summarize Eypeak, and φ as a function of temperature for 20 

dCoO = 0, 2.0, and 5.0 nm. Due to a slight misalignment of the optics, signal fluctuation 21 

and other factors, we found there is always a small residual peak in the Ex wave form as 22 

one can see the data above 200 K for dCoO = 2.0 shown in Fig. 4(b). The samples with 23 

dCoO = 0 also show the similar residual peak in the Ex wave form. These residual peaks 24 
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result in the offset of φ below which the value is insignificant as indicated by the hatched 1 

area in Fig. 4 (d). We also complementally performed a laser-helicity dependent 2 

measurement of the THz emission to rule out the Ex component possibly induced by the 3 

inverse spin orbit torque (ISOT) [25,35 . We then found that Ex is nearly independent of 4 

the helicity, suggesting that the ISOT contribution to our observed Ex is negligible. 5 

As a general trend, Eypeak decreases with decreasing the temperature regardless 6 

of dCoO, which is associated with the temperature dependence of the impedance Z of the 7 

sample and spin Hall resistivity of the Pt layer [36 . It is noticeable that the variation of 8 

φ with respect to temperature is more pronounced with thicker CoO. By referencing the 9 

little variation of φ for dCoO = 0, one can notice that φ apparently increases at lower 10 

temperature and has an onset at around 200 K and 300 K for dCoO = 2.0 and 5.0 nm, 11 

respectively, which coincide with TB for these samples (see Fig. 2 (d)). These results 12 

suggest that the emergence of Ex is associated with the emergence of the exchange bias 13 

in the antiferromagnetic CoO.  14 

We now come to the detail discussions of the experimental results. Considering 15 

that CoO is a good insulator with a bandgap of ~2.6 eV [37  and comparing with the data 16 

of the SiO2 interlayer, we assume that charge transfer through the CoO interlayer is also 17 

insignificant. The estimated spin diffusion length of 𝜆 = 3.0 nm can only be explained 18 

by the spin angular momentum carried by magnons in the CoO interlayer as explained in 19 

Ref. 19. Therefore, it can be seen here that femtosecond laser excitation launches the spin 20 

current from FeCoB to CoO. With the help of magnons in CoO the spin current 21 

propagates through the interlayer and reaches the interface CoO/Pt. In the Pt-layer the 22 

spin current is converted into the electric field due to the inverse spin Hall effect. We 23 

should emphasize that sub-picosecond duration of the spin-current pulse implies the spin 24 
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transfer through antiferromagnetic CoO is mediated by THz magnons with about 100 1 

times higher frequency than that of magnons employed for spin transport in Ref. 19. 2 

Dominant Ey essentially indicates that the spin current transmitted through the 3 

CoO maintains its polarity of the spin density 𝝈 in the same direction as the FeCoB 4 

magnetization. Based on the conservation of spin angular momentum in the diffusive 5 

system, it is natural that the polarity of the spin density 𝝈  from the FeCoB-layer is 6 

conserved. The most interesting observation is the non-zero Ex below TB. If the CoO-layer 7 

simply exercised a random scattering of the spin angular momentum, a component of 𝝈 8 

orthogonal to the FeCoB magnetization would not survive and Ey would only be observed. 9 

The emergence of Ex below TB strongly indicates that the spin scattering is slanted by the 10 

antiferromagnetic order in the CoO-layer. This could be a consequence of a twisting of 11 

the Néel vector induced in the CoO-layer due to the exchange coupling with the FeCoB-12 

layer. Such a twisting has been previously reported for antiferromagnets and explained in 13 

terms of the restorative force of the exchange bias [38 . When the magnetic field ±H is 14 

applied in the direction of <±1±10>, the CoO Néel vector initially stays in one of the 15 

[100  directions, which is an easy axis of CoO [30 , the field cooling process would then 16 

generate a twisting to accommodate the rotation of the FeCoB magnetization into the 17 

direction of the field (see Fig. 2(b)). The spin current carried by the THz magnon will 18 

then experience a non-uniform scattering background which preferentially scatters the 19 

spin orthogonal to the Néel vector gradually rotating away from the axis of the FeCoB 20 

magnetization [39 . This essentially rotates the polarity of the spin density 𝝈 away from 21 

the FeCoB magnetization as it reaches the Pt-layer. Therefore, according to Eq. 1, Ec 22 

rotates over φ and Ex emerges. Ex disappears as the Néel vector twisting vanishes above 23 

TB associating with the degradation of the exchange bias. The temperature dependence of 24 
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φ thus reflects the Néel vector inhomogeneity in the CoO-layer. 1 

This observation is basically consistent with previous reports on the spin 2 

pumping experiments in exchange biased systems [20  and the spin-flopped systems [40  3 

where the spin current impedance was modified by the accommodation of Néel vector 4 

twisting. The present experiment detects, instead of the dissipated part of the spin current, 5 

the surviving part of the spin current which is collinear to the Néel vectors [41 .    6 

 In summary, we performed laser stimulated THz emission measurements on 7 

Pt/CoO/FeCoB mutilayers. Sub-picosecond pulsed spin current induced by the 8 

femtosecond laser pulse is found to transmit through the CoO-layer, an antiferromagnetic 9 

insulator, with a spin diffusion length scale of 3.0 nm. Our results are consistent with the 10 

explanation that spin angular momentum is carried by magnons in the antiferromagnetic 11 

CoO [15,16,17,18,19,20,21,22,40,41 . Above TB, the polarization of the emitted THz 12 

electric field essentially reflects the polarization of the spin current stimulated in the 13 

FeCoB-layer. On the other hand, below TB, the polarization of the emitted THz electric 14 

field rotates reflecting the Néel order inhomogeneity in CoO. We presume that the Néel 15 

vector twisting below TB, which gives rise to a slanted spin scattering of the transmitted 16 

THz magnon, could be responsible for the rotation of the THz polarization. Therefore, 17 

our results not only demonstrate the sub-picosecond spin current transmission in the 18 

antiferromagnet, but also the sub-picosecond interaction of the spin current with the Néel 19 

order.  20 

  21 
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Figure captions: 1 

Fig. 1 RHEED images after the deposition of the CoO for dCoO=(a) 0, (b)2.0, and (c) 10.0 2 

nm, respectively. (d) Exchange bias field Heb and (e) coercive field Hc as a function of 3 

temperature. Red and blue solid circle show the data for dCoO=2.0 and 5.0 nm, respectively.  4 

 5 

Fig. 2 Schematic image of (a) the laser stimulated spin current flow in the heavy metal 6 

(HM) / antiferromagnetic (AFM) insulator / ferromagnetic metal(FM) structure, and (b) 7 

the configuration of the experiment. 𝝈, 𝒋s, and 𝑬𝑐 are the spin moment, spin current, 8 

and electric field vector, respectively. Magnetic field was applied along x direction and 9 

the (110) direction. 𝑚FCB, �̅�CoO, and φ are the magnetic moment in FeCoB, Néel vector 10 

in CoO, and the polarization angle of the THz electromagnetic wave, respectively.  11 

 12 

Fig. 3 THz wave forms measured at room temperature with an applied magnetic field 13 

parallel to <100> orientation for the films with dCoO=(a) 0, (b)2.0, and (c) 5.0 nm., 14 

respectively. (d) dCoO dependence of the peak intensity of THz wave signal Ey
peak. Solid 15 

curve shows fitting result. Dashed line shows the data for the film with SiO2 layer.  16 

  17 

Fig. 4 (a) The y component Ey and (b) x component Ex of THz wave at various 18 

temperatures for the dCoO=2.0 nm film. The positive (+H) and negative (-H) magnetic 19 

field was applied along x direction which are shown in red and blue, respectively.  (c)The 20 

peak value of y component Eypeak and (d) polarization angle of THz electromagnetic wave 21 

φ as a function of temperature. Open circle, triangle, and square are the data for dCoO = 0, 22 

2.0, and 5.0 nm, respectively. The hatched area in (d) indicates the offset of φ due to the 23 

measurement limit, below which the values are insignificant.   24 
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