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Terahertz Generation via Picosecond Spin-To-Charge Conversion in IrMn3/NiFe
Heterojunction
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Experimental investigations of ultrafast electro-optical properties in magnetic materials manifest their
great potential for emerging spintronic optoelectronic devices. Here, using time-resolved terahertz emis-
sion spectroscopy, we construct a spintronic terahertz emitter consisting of an IrMn3/NiFe heterojunction.
A femtosecond spin current pulse is generated in the thin film of the NiFe layer when it absorbs a femtosec-
ond laser pulse, and then the spin current is converted into a transient charge current by the metallic IrMn3

layer on picosecond timescales. We timely record the terahertz emission associated with this ultrafast con-
version process by means of electro-optic sampling. Besides, the spin-to-charge conversion efficiency of
the IrMn3/NiFe heterojunction is determined via quantitative analysis of the spin torque ferromagnetic res-
onance results. We have both optically verified and electrically studied the spin-to-charge conversion of the
IrMn3/NiFe heterojunction. Our results enlarge the material choice range of spintronic terahertz emitters,
which may promote further investigations of ultrafast spin-to-charge conversion in different heterojunction
materials. Q2
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I. INTRODUCTION28
Q3

The central principle of spintronics is the manipulation29

of spin currents and spin orders in various categories of30

materials [1,2]. One significant and key step is efficient31

spin current generation and measurement, over a very long32

period of time. The platforms to realize spin-electricity33

conversion are limited to nonmagnetic materials or inter-34

faces, including heavy metal [3,4], topological insulator35

[5–7], Rashba interface [8,9], and two-dimensional elec-36

tron gas [10–12]. Recently, some groundbreaking works37

have demonstrated that antiferromagnetic materials can38

also act as efficient generators, detectors, and transmitters39

of spin current [13–17], which makes these antiferromag-40

netic materials good candidates for spin current gener-41

ators and detectors in spintronic applications. However,42

the timescales in these pioneering studies are limited to43

*tjiang@nudt.edu.cn
†Cheng Li, Bin Fang and Like Zhang contributed equally to

this work.

nanoseconds, which cannot support applications in the ter- 44

ahertz field. To tackle this issue, the approach of applying 45

a femtosecond laser pulse in a specifically designed mag- 46

netic heterostructure [18] is proposed, which reduces the 47

timescale of spin-electricity conversion to the subpicosec- 48

ond range, enabling the engineering of terahertz spintronic 49

devices. Therefore, this holds out the promise of spin- 50

tronic terahertz emitters. In this respect, emerging terahertz 51

devices comprised of a variety of nonmagnetic materials 52

or interfaces, such as heavy metal [19–24], topological 53

insulator [25–28], and Ag/Bi Rashba interface [29,30], 54

have been validated. Apart from that, by using the afore- 55

mentioned spin-to-charge conversion of antiferromagnetic 56

materials, Chen et al. proposed a compensated magnetic 57

heterostructure consisting of ferrimagnet and antiferro- 58

magnet to operate as a terahertz emitter [31]. Mean- 59

while, Zhou et al. observed terahertz emission in a non- 60

collinear antiferromagnetic Mn3Sn heterostructure [32], 61

which extends the material selection for spintronic tera- 62

hertz emitters. Nevertheless, neither detailed experimental 63

analysis nor quantitative calculation is explicitly presented 64
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in those studies, let alone a detailed investigation of tera-65

hertz properties. Therefore, a combination of optical veri-66

fication and electrical calculation of a spintronic terahertz67

emitter comprised of an antiferromagnet/ferromagnet het-Q4 68

erojunction may provide a more complete understanding.69

The terahertz measurements on an ultrafast timescale and70

the calculation of quasistatic regime enable an in-depth71

insight to clarify the inside properties.72

II. EXPERIMENTAL DETAILS73

A. Device structure74

In this work, we construct a spintronic terahertz75

emitter based on picosecond spin-to-charge conver-76

sion in an IrMn3/NiFe heterojunction. The detailed77

device configuration of our scheme is depicted in78

Fig. 1(a), the complete material stack of which is79

Ta(1)/MgO(2)/NiFe(5)/IrMn3(6)/Ta(4), with the values80

in parentheses being nominal thickness in nanometers.81

The MgO and top Ta serve as the capping layer to pre-82

vent oxidation, and the bottom Ta is the adhesion layer,83

(a)

(b)

FIG. 1. (a) Schematic illustration of ultrafast spin injection and
conversion in IrMn3/NiFe heterojunction. θ is the polarization
angle of the external magnetic field with respect to the y axis. (b)
The magnetization moment M of IrMn3/NiFe heterojunction as
a function of magnetic field Hx, where θ is set as 0◦.Q6

F1:1
F1:2
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F1:4
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which can improve greatly the growth quality of materi- 84

als. The IrMn3/NiFe heterojunction for terahertz emission 85

and spin-torque ferromagnetic resonance (STFMR) mea- 86

surements is grown using a multisource high-vacuum mag- 87

netron sputtering system with a base pressure of 1 × 10−6 88

Pa. Therefore, the lattice structure of the heterojunction is 89

polycrystalline. The substrates are selected to be glass. For 90

comparison, materials of pure NiFe on a glass substrate 91

with the same capping layer are also prepared. During the 92

electrical measurement of device fabrication, photolithog- 93

raphy and Ar-ion milling are employed to pattern the 94

multilayers into micrometer-scale Hall bars with a size of 95

65 × 20 μm2. Next, Ti(20)/Au(100) electrical contact pads 96

are fabricated by photolithography, electron beam evapo- 97

ration, and a lift-off process. Figure 1(b) shows the MH Q598

loops of the IrMn3/NiFe sample measured by a supercon- 99

ducting quantum interference device magnetometer. The 100

direction of the magnetic field is set as the long axis of the 101

material stack, which shows that the saturated magnetic 102

field of NiFe is about 150 Oe. In order to fully saturate 103

the magnetization of the ferromagnetic layer, we apply a 104

bias magnetic field with constant magnitude (1000 Oe) 105

in the sample plane (xy direction). Here, θ represents the 106

azimuthal angle of the bias magnetic field with respect 107

to the y axis, which enables us to manipulate the spin 108

polarization of injected electrons. 109

B. Terahertz measurement setup 110

For terahertz emission measurements, the detailed 111

experimental setup is shown in Fig. 2. The incident fem- 112

tosecond laser pulse is derived from a 1-kHz Ti:sapphire 113

regenerative amplifier, where the central wavelength of the 114

laser beam is 800 nm, the pulse width of the femtosecond 115

FIG. 2. Sketch of terahertz emission experimental measure-
ment setup.

F2:1
F2:2
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laser is 150 fs, and the pump power is 0–150 mW. The laser116

beam is split into two for the pump and probe, the pump117

laser beam being used to excite the sample for terahertz118

generation. The generated terahertz radiation is collected119

by a parabolic mirror and then focused onto a 1-mm-thick120

ZnTe crystal. The Pockel effect induces a birefringence121

generation when the terahertz radiation is incident on the122

crystal. Therefore, a polarization rotation of the subse-123

quent probe laser beam can be analyzed by a balanced124

photodetector system. The diameter of the incident laser125

beam is about 4.5 mm. In order to minimize the terahertz126

wave absorption by water molecules in the atmosphere,127

all terahertz generation and detection measurements are128

performed in a dry environment with a humidity level of129

1.5%.130

III. RESULTS AND DISCUSSION131

When electrons absorb energy of the femtosecond laser132

pulse, they are excited from the bands below the Fermi133

energy to the bands above, resulting in a nonequilibrium134

electron distribution and diffusion. Therefore, injection135

of spin-polarized current into the IrMn3 layer (in the z 136

direction) occurs. Then, the spin current is converted into 137

a charge current in the IrMn3 layer. According to previous 138

experimental results, the spin diffusion length of IrMn is 139

usually smaller than 1 nm [14], so the injected spin cur- 140

rent will not diffuse into the bottom Ta layer and there is 141

no subsequent spin-to-charge conversion. The generated 142

charge current in the IrMn3 layer can be described by the 143

following equation: 144

�J C = θSH(2e/�) �J S × �σ , (1) 145

where �J C and �J S are the charge current and spin current, 146

respectively, θSH represents the spin-to-charge conversion 147

efficiency of the IrMn3 layer, e and � are the charge of 148

electron and reduced Planck constant, respectively, and �σ 149

is the spin polarization. Terahertz electromagnetic radia- 150

tion is observed in the transient process of spin current 151

conversion. However, it should be clearly noted that the 152

antiferromagnetic IrMn3 layer appears to be polycrys- 153

talline, so the spin-to-charge conversion in IrMn3 cannot 154

(a) (b)

(c) (d)
Pump power (mW):

q = 0°

q = 0°q = 0°

FIG. 3. Ultrafast spin-current-induced terahertz emission from IrMn3/NiFe heterojunction. (a) Typical terahertz emission in the
time domain emitted from IrMn3/NiFe heterojunction and pure NiFe film. The azimuthal angle of the external magnetic field is 0◦
and the pump power of the incident laser is 100 mW. Inset: the corresponding Fourier transformation spectra. (b) The corresponding
Fourier transforms for the terahertz emission in the time domain. (c) The terahertz emission in the time domain with various pump
powers. (d) The peak-to-peak magnitude of terahertz radiation with respect to the pump power. The solid line is a fit to the data. Q7
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be linked to the antiferromagnetic order directly, which155

may also account for the disordered Ir in IrMn3.156

A. Terahertz emission in heterojunction157

The experimental results of terahertz emission induced158

by ultrafast spin current injection and conversion in the159

IrMn3/NiFe heterojunction are shown in Fig. 3. Here,160

the azimuthal angle of the external magnetic field and161

the pump power of the incident laser are set as 0◦ and162

100 mW, respectively, for all measurements unless oth-163

erwise specified. Previous investigations show that the164

ultrafast demagnetization of NiFe and IrMn3 also causes165

terahertz emission [33]. Therefore, in order to differen-166

tiate the underlying mechanism of terahertz emission in167

our sample, a material-dependence study is performed on168

IrMn3/NiFe heterojunction and pure NiFe. As illustrated169

in Fig. 3(a), the IrMn3/NiFe heterojunction exhibits a con-170

siderable terahertz emission on a picosecond timescale,171

while no terahertz emission is observed from the pure NiFe 172

layer. It can be seen that the femtosecond laser-induced 173

demagnetization of pure NiFe contributes negligibly to 174

the terahertz emission, while the heterojunction and inside 175

spin-to-charge conversion is the prerequisite for effective 176

terahertz generation. Figure 3(b) presents the correspond- 177

ing Fourier transformation spectra of the IrMn3/NiFe 178

heterojunction, in which the bandwidth of the measured 179

signal is 3 THz, which is consistent with the previous 180

investigation of a heavy metal/ferromagnet heterojunction. 181

However, the measured bandwidth of emission is restricted 182

to the thickness of the ZnTe crystal; a much wider band- 183

width fully covering the 1–30-THz range without a gap 184

can be achieved in the spintronic terahertz emitter [23]. 185

More importantly, the magnitude of the terahertz signal is 186

directly related to the intensity of conversion of electron 187

charge, so more powerful femtosecond lasers will result 188

in a stronger terahertz emission. The pump power depen- 189

dence of the emitted terahertz emission at an azimuthal 190

(a) (b)

(c) (d)

q = 0°
q = 180°

q = 0°
q = 180°

FIG. 4. (a) Terahertz emission in the time domain from IrMn3/NiFe heterojunction for two typical azimuthal angles of external
magnetic field θ . (b) The corresponding Fourier transforms for the terahertz emission in the time domain. (c) The dependence of peak-
to-peak magnitude of terahertz radiation on the azimuthal angle of external magnetic field θ from 0◦ to 360◦. The solid curve is a fit
to the data of the complete period. (d) The peak-to-peak magnitude of terahertz radiation measured in IrMn3/NiFe heterojunction as a
function of azimuthal angle of external magnetic field θ and time delay.
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angle of 0◦ is shown in Figs. 3(c) and 3(d), where the191

intensity of emission of terahertz pulses increasing with192

the incident laser power is clearly observed. Figure 3(d)193

shows a good linear relationship between the pump power194

and the peak-to-peak amplitude, which reveals that a more195

powerful incident laser would result in a larger spin cur-196

rent injection. Therefore, we can effectively set the specific197

intensity of the terahertz signal by adjusting the power of198

the incident laser.199

Next, in order to confirm the central role of magnetiza-200

tion in terahertz emission, we reorient the magnetization201

of the NiFe layer using an applied in-plane magnetic202

field. The magnetization variation allows for the tuning203

of the spin polarization of injected electrons. As shown204

in Fig. 4(a), the polarity of the emitted terahertz pulses205

is reversed when the direction of the magnetic field is206

flipped, which indicates that the terahertz emissions are207

directly related to the magnetization of the ferromagnet208

film, while the corresponding Fourier transformation spec-209

tra are almost identical. Figure 4(c) plots the azimuthal-210

angle-dependent peak-to-peak amplitude of the generated211

terahertz electric field, which can be fitted well by a sine212

function. This phenomenon shows good consistency with213

the relationship between the spin polarization of the spin214

current and the magnetization of the ferromagnet layer. 215

Moreover, the saturation magnetization of the heterojunc- 216

tion induces the largest terahertz emission; the terahertz 217

emission is minimized when the magnetization of the fer- 218

romagnet layer parallel to the y axis. The modulation depth 219

can reach as high as 100% when the angles of applied mag- 220

netic field are 0◦ and 90◦. Figure 4(d) shows a detailed 221

terahertz emission phase diagram for the azimuthal angle 222

and time delay, which shows a typically periodic evolu- 223

tion trend. Therefore, the application of external magnetic 224

field may enable us to manipulate the terahertz emission 225

effectively, which shows promise for terahertz modulation. 226

B. The quantitative determination of charge-spin 227

conversion efficiency 228

The ultrafast spin current injection and conversion in the 229

IrMn3/NiFe heterojunction are the primary mechanisms of 230

terahertz emission. The spin Hall angle is the key parame- 231

ter for the efficiency evaluation of charge-spin conversion. 232

Therefore, to measure the current-induced spin orbit torque 233

and quantitatively determine the spin Hall angle of the 234

IrMn3 layer, we employ the widely used STFMR tech- 235

nique [34]. The detailed measurement setup is shown in 236

(a) (b)

(c) (d)

6 GHz 15 dBm at 45°

15 dBm at 45° 15 dBm at 45°

6 GHz at 45°

FIG. 5. STFMR measurements. (a) A typical STFMR signal (symbols) of an IrMn3/NiFe device at 6 GHz with fits (lines), where
the violet and red lines represent the symmetric and antisymmetric Lorentzian components, respectively. (b) The STFMR signal of the
IrMn3/NiFe device at 6 GHz with different input powers. (c) Resonance frequency f as a function of the resonant field H0. The solid
curve represents a fit to the Kittel formula. (d) Resonance linewidth �H as a function of the resonant frequency f .

F5:1
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the Supplemental Material [35], in which the multilayer237

is patterned into a microstrip with length of 65 μm and238

width of 20 μm. In the STFMR experiments, the rectified239

dc voltage Vdc shown in Fig. 5(a) can be decomposed as240

follows: Vdc = VSFS + VAFA, where FS and FA represent241

the symmetric and antisymmetric Lorentzian functions,242

respectively, and VS and VA are the amplitudes of symmet-243

ric and antisymmetric components. The external magnetic244

field Hext is applied in the film plane. In order to maxi-245

mize the rectified voltage, the angle θ is set as 45◦, and the246

input power of microwave current is fixed at 15 dBm. By247

employing the established analysis method, the efficiency248

of spin current generation can be mathematically expressed249

as follows:250

θSH = VS

VA

eμ0MStd
�

[1 + (4πMeff/H0)]1/2 . (2)251

Here, e and μ0 are the electron charge and vacuum252

permeability, respectively, MS and � are the saturated253

magnetization and reduced Planck constant, respectively,254

and t and d are the thickness of the ferromagnetic255

layer and IrMn3 layer, respectively. By fitting the typical256

STFMR signal, the symmetric and antisymmetric compo-257

nent amplitudes can be quantitatively determined. Thus,258

the spin Hall angle is extracted to be θSH = 0.024 for the259

IrMn3/NiFe heterojunction, which is consistent with pre-260

vious results [14,16]. In Fig. 5(b), we compare the FMR261

signals under different microwave powers, which reveals262

that rectified voltage signal increases with microwave263

power, and the maximum rectified dc voltage corresponds264

to the maximum microwave power of 15 dBm. Figure 5(c)265

shows the resonant frequency as a function of resonant266

field, which is well fitted by the Kittel formula: f =267

(γ /2π) [H0 (H0 + 4πMeff)]1/2. This enables the extraction268

of the saturation magnetization (MS = 7.27 × 105 A/m) in269

the microstrip. Figure 5(d) summarizes the FMR linewidth270

�H as a function of resonant frequency, which can be271

fitted by the equation of linewidth: �H = �H0 + αω/γ ,272

where the damping coefficient α is calculated to be 0.016.273

The detailed experimental measurements are provided in274

the Supplemental Material [35].275

IV. CONCLUSION276

In conclusion, we construct a spintronic terahertz emit-277

ter based on ultrafast spin-to-charge conversion in an278

IrMn3/NiFe heterojunction. The ultrafast spin current279

injection and spin-to-charge conversion are comprehen-280

sively investigated using terahertz emission spectroscopy.281

Particularly, the charge-to-spin conversion efficiency of the282

IrMn3/NiFe heterojunction is quantitatively determined283

using the STFMR technique. By rotating the applied mag-284

netic field, the modulation depth of terahertz emission285

can reach as high as 100%, which points to excellent286

potential for constructing terahertz sources. The findings287

reported here not only lay the groundwork for further 288

research into ultrafast spin Hall effect of IrMn3 material, 289

but also pave a promising pathway for the design and 290

construction of optospintronic devices and antiferromagnet 291

devices. However, due to the fact that the antiferromag- 292

netic IrMn3 layer is polycrystalline, the spin-to-charge 293

conversion in IrMn3 cannot be linked to the antiferromag- 294

netic order directly. Our observation of terahertz emission 295

may originate from disordered Ir in the polycrystalline 296

IrMn3 layer. Further exploration of epitaxial samples is 297

needed to thoroughly understand the mechanism of the 298

conversion process, which will benefit the development of 299

spintronic optoelectronic devices. 300
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