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Intense terahertz (THz) radiation in free space has immense potential for regulating material state, 
accelerating electrons, producing biological effects, and so on. However, the high cost and challenges 
involved in constructing strong-field THz sources have limited their developments, making it difficult for 
the potential applications of strong-field THz radiation to be widely adopted. Spintronic THz emitters 
(STEs) with numerous merits such as high efficiency, ultrabroadband, ease of integration, and low cost 
have become ubiquitous, but the majority of these emitters require stable operation in the presence of 
external magnets, limiting their applications, particularly in generating strong fields that necessitate 
large-sized samples. Here, we demonstrate the feasibility of generating strong-field THz radiation in 
4-inch antiferromagnetic material–ferromagnetic metal (IrMn3 [2 nm]/Co20Fe60B20 [2 nm]/W 
[2 nm]) without external magnetic field driving. Under the excitation of a Ti:sapphire femtosecond laser 
amplifier with a 35-fs pulse duration and a 1-kHz repetition rate, we obtain strong-field THz radiation 
from our STEs with a pulse duration of ~110 fs, and a spectrum covering up to ~10 THz. Further scaling 
up the pump laser energy up to 55 mJ with a pulse duration of ~20 fs and a repetition rate of 100 Hz 
provided by the Synergetic Extreme Condition User Facility, the radiated THz electric field strength 
from the external-magnetic-free 4-inch STEs can exceed 242 kV/cm with a pulse duration of ~230 fs, 
a spectrum covering up to ~14 THz, and a single pulse energy of 8.6 nJ measured by a calibrated 
pyroelectric detector. Our demonstrated external-magnetic-field-free high-field STEs have some unique 
applications such as producing sub-cycle ultrashort strong THz fields in huge size emitters under the 
excitation of high-energy light sources, accelerating the development of THz science and applications.

Introduction

The emergence of high-energy, strong-field terahertz (THz) 
light sources has enabled marked advancements in THz sci-
entific and technological frontiers in recent years. In particular, 
the studies on THz light–matter non-equilibrium interac-
tion [1–4] and THz electron acceleration [5–8] have paved the 
way for extending electromagnetic wave interaction to the last 

yet-to-be-explored electromagnetic frequency range. Intense 
electric fields at the THz frequency range can influence the 
electric orbitals of materials, while magnetic fields can induce 
spin processes and create non-equilibrium magnetic structures 
in quantum states. Furthermore, the different frequencies of 
THz radiation correlate to distinct lattice vibration modes of 
quantum materials, which may impact their intrinsic properties 
through resonant or non-resonant interactions with phonons 
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[9]. In addition to being useful for many applications requiring 
high electric and magnetic fields, intense THz is vital for com-
prehending low-energy elementary excitation around the Fermi 
energy level, as the energy of THz photons permits the inves-
tigation of nonthermal processes of matter. Strong-field THz 
has therefore been used to engineer the energy band structure 
in topological insulators [2], investigate the structural phase 
transition mechanism in quantum materials [10], stimulate 
the layer coupling modes in 2-dimensional materials [11], and 
observe the direct coupling of phonon and magnon in antifer-
romagnetic materials [12].

The robust utilization of strong-field THz spectroscopy for 
investigating materials is challenged by the requirement of 
high-stability, high-beam-quality, and high-efficiency THz 
radiation sources, which imposes limitations on the resonant 
energies and physical dimensions of materials that can be 
probed. Among the most promising systems are ultrashort 
THz pulses, which have exceptional sub-cycle temporal wave-
forms and exceedingly strong peak electric fields, leading to an 
unprecedented non-equilibrium state in the matter. However, 
generating stable and high-quality strong-field THz radiations 
of extremely short durations and ultrabroadband frequency 
ranges present considerable challenges, thereby making it dif-
ficult to realize practical applications.

Femtosecond laser-driven tabletop intense THz sources 
have demonstrated their capacity to meet the aforementioned 
requirements [13–18], particularly solid-state strong-field THz 
emitters based on lithium niobate materials and organic crys-
tals [19–22]. Organic material-based THz emitters suffer from 
a basic limitation, as they lack inherent high stability, render-
ing them prone to damage and deliquescence. Furthermore, to 
produce THz radiation efficiently from organic crystals, wave-
lengths longer than 1 μm need to be used. Nonetheless, much 
longer pump wavelengths have been explored less exten-
sively and efficiently than Ti:sapphire lasers. Over the years, 
strong-field THz generators that rely on lithium niobate crys-
tals have made substantial advancements by utilizing the tilted 
pulse front technique to tackle the issue of phase mismatching. 
Although these THz sources are widely used, they are still 
subject to certain shortcomings, such as having a complicated 
radiation process, needing a bulky tilted pulse front optical 
system, demanding cryogenic cooling of crystals in a vacuum 
space, and lacking polarization tunability. Thus, the develop-
ment of stable THz emitters with high peak fields, short pulse 
duration, and adaptable polarization control is still a crucial 
challenge.

The emission of THz waves through spintronics, which is 
an alternate source of femtosecond laser-driven THz radiation, 
is a spin current conversion technique that can generate THz 
waves with high efficiency, great beam quality, and exceptional 
stability [23–25]. This method can be scaled up by several 
orders of magnitude to produce ultrashort THz transients 
[26–30]. Due to the capability of constructing vast nanofilms 
and heterostructures, it is possible to efficiently manufacture 
strong-field THz beams utilizing conventional coating technol-
ogy that is robust and magnetron sputtering production that is 
simple. From large-area Pt/Co20Fe60B20/W samples, Seifert et al. 
[31] generated a THz pulse with peak fields of 300 kV/cm, and 
Rouzegar et al. [32] enhanced the performance to 1.5 MV/cm 
by optimizing the structures via both photonic and thermal 
management. However, conventional spintronic THz emitters 
(STEs) require the use of external magnets, which hinders 

the development of STE samples with enormous dimensions to 
produce strong-field THz radiation.

Using a Ti:sapphire femtosecond laser amplifier, we have 
demonstrated that antiferromagnetic-ferromagnetic hetero-
structures, with an area of 4 inches, can produce high-performance, 
strong-field THz pulses without the aid of external magnetic 
fields (EMF). This THz generator has the potential for vast 
applications due to its extremely short pulse length of 110 fs 
and ultrabroadband radiation frequencies of more than 10 THz. 
Upon the excitation of a high-energy light source of 55-mJ 
pumping, a 242-kV/cm THz field strength with a single pulse 
energy of 8.6 nJ is achieved. This is the first STE that can create 
strong-field THz radiation without EMF. With its remarkable 
radiation performance, stability, and affordability, it will be 
widely used in the THz field.

Materials and Methods

IrMn3 (2 nm)/Co20Fe60B20 (2 nm)/W (2 nm) heterostructures 
for strong-field THz emission were manufactured at room tem-
perature by magnetron sputtering on 1-mm-thick, 4-inch-
diameter, double-polished fused quartz plates, as shown in the 
inset of Fig. 1A. The base pressure of the chamber was less than 
2×10−8 Torr when a 180-Oe in-plane EMF was used to induce 
the exchange bias or coupling.

Figure 1A depicts the experimental diagram. To generate 
strong-field THz pulses, a Ti:sapphire laser amplifier produces 
femtosecond laser pulses with a pulse duration of 35 fs, a repeti-
tion rate of 1 kHz, a maximum pump energy of 4 mJ, and a central 
wavelength of 800 nm is used. Before beaming onto the 4-inch 
heterostructures, a 10-mm-diameter femtosecond pump beam 
is directed onto a 10× telescope with a concave mirror (f = −50 mm) 
and a convex mirror (f = 500 mm). In a 0.1-mm-thick ZnTe 
detection crystal, the electric field temporal waveform of the 
transmitted THz is captured using a standard electro-optic (EO) 
sampling method. The Supplementary Materials contain addi-
tional information regarding the experimental apparatus.

To effectively radiate strong-field THz radiation from the 
STE without EMF, as depicted in Fig. 1B, the Co20Fe60B20 layer 
(ferromagnetic metal [FM]) between IrMn3 (antiferromagnetic 
metal [AFM]) and W (heavy metal [HM]) is initially “magne-
tized” in-plane via the exchange coupling effect between AFM 
and FM layers. Then, when femtosecond laser pulses are 
absorbed by the magnetized Co20Fe60B20 FM layer, spin-up and 
spin-down electrons will be excited above the Fermi energy 
level. Because they have different densities and mobilities, a 
longitudinal spin-polarized current J⃗s is produced. It includes 
both forward- and backward-flowing spin current (J⃗s−W and 
J⃗s−IrMn3

) components concerning the interfaces of Co20Fe60B20/W 
and IrMn3/Co20Fe60B20, respectively. At the interface, spin-orbit 
field causes spin-up and spin-down electrons to deflect in oppo-
site directions and subsequently convert spin currents into a 
transverse in-plane charge current (J⃗c−IrMn3

 and J⃗c−W) via the 
inverse spin Hall effect (ISHE), where γIrMn3 and γW are the spin 
Hall angles for IrMn3 and W, respectively [23,33]. When IrMn3 
and W have opposite spin Hall angles, the charge currents, 
which are converted from the backward and forward spin cur-
rents, have the same direction. In addition, the STE has a total 
thickness of only 6 nm, which is insufficient for separating 
the 2-THz electric fields in time domain. Consequently, the 
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radiated THz transients can be amplified and effectively aug-
mented via coherent superposition, as shown in Eq. 1. Here, ��⃗m 
denotes the magnetization direction of the Co20Fe60B20 layer.

This equation depicts the relationship between the ampli-
tude of THz radiation emitted and its polarization state, which 
is determined by the spin-polarized current. The radiated THz 
pulses should be linearly polarized and perpendicular to the 
converted charge current.

Results and Discussion

Ultrabroadband strong-field THz radiation
According to the design strategy outlined in Fig. 1C, our 4-inch 
STE sample emits powerful THz radiation without EMF. Under 
the 4-mJ pump energy, the sub-cycle THz electro-optic signals 
of the heterostructures measured in both nitrogen and ambient 
conditions have pulse widths of approximately ~110 fs (full 

width at half maximum [FWHM]). In comparison and to assess 
the STE performance, a THz electric signal is generated from 
a lithium niobate crystal via the tilted pulse front technique 
with the same detecting conditions and 2.5-mJ pump energy. 
The THz electric peak amplitude from the STE is approximately 
one-fifth that from the lithium niobate crystal. However, the 
Fourier transform spectrum of the STE has a much wider band-
width, extending up to 10 THz with a peak frequency of 2 THz, 
especially when there is no water vapor interference, as shown in 
Fig. 1D. Since the strong-field THz emitter based on spintronics 
lacks phonon absorption, the generated THz pulse duration 
depends primarily on the pump laser pulse width, making it 
ideal for studies requiring low photon energies and ultrafast 
time resolution for THz field-controlled light–matter interac-
tion studies.

Magnetic-field-free THz radiation mechanism
In Fig. 2, we give a more comprehensive experimental investiga-
tion. It is important to note that the femtosecond laser-induced 
THz radiation with a strong field is polarized perpendicularly 
to the direction of spin pinning (Y-axis). This indicates that the 
exchange bias direction (Y-axis) is vertical to the polarization 

(1)
�⃗ETHz ∝ J⃗c = J⃗c−IrMn3

+ J⃗c−W

= 𝛾 IrMn3
.
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)
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Fig. 1. Ultrabroadband strong-field THz radiation from 4-inch IrMn3 (2 nm)/Co20Fe60B20 (2 nm)/W (2 nm) without EMF. (A) Illustration of the ultrabroadband strong-field THz 
emission principle. The inserted photograph is the 4-inch strong-field STE. (B) Principle of operation. (C) Recorded typical THz transients radiated from the AFM/FM/HM 
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Fourier transform spectra of the STE THz transients detected in nitrogen and the THz transients from the lithium niobate crystal in (C); the gray line represents noise level.
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direction (X-axis) of the THz waves when no magnetic fields 
are present. Thus, flipping the pinning axis allows us to reverse 
the THz polarity with ease. In Fig. 2A, the THz waveforms are 
presented for horizontal and vertical rotations relative to the 
normal incidence scenario, suggesting that the exchange cou-
pling effect results in symmetry-breaking properties of THz 
radiation. This characteristic is qualitatively consistent with 
Eq. 1, as the linearly polarized THz waves originate from 
spin-to-charge converted currents produced by IrMn3 pinned 
Co20Fe60B20 in the absence of EMF.

In addition to the ability to reverse THz polarity, there is a 
high demand for THz pulses with high intensity and beam 
quality for practical applications. To determine the quality of 
the STE, a 20-mT magnetic field was administered externally. 
If the spin pinning effect at the interface of AFM and FM layers 
was not uniform or strong enough to saturate the magnetiza-
tion, an increase in THz emission would be observed when the 
external magnetization direction was parallel to the spin pin-
ning direction, according to our hypothesis. As depicted in Fig. 
2B, the intensity of THz radiation was nearly identical in the 

presence and absence of EMF. Our experimental findings 
corroborate that the exchange coupling effect between the AFM 
and FM layers is sufficiently strong and that this magnetic-field-
free AFM/FM/HM heterostructure is ideal for emitting high-
field THz pulses.

We rotate the azimuthal angle of the STE by 360° and mea-
sure the peak-to-peak (P-P) values of the THz electric field to 
expand the range of the linearly polarized THz pulses. As dem-
onstrated in Fig. 2C, the radiation pattern corresponds to Eq. 1. 
In addition, as shown in Fig. 2D, the pump polarization inde-
pendence behavior demonstrates that neither the absorption 
of pump light by Co20Fe60B20 nor the exchange coupling effect 
is chirality-dependent. The radiation pattern from the 4-inch 
sample was preferable to that of the 1-mm sample, according 
to our previous investigation [23].

STE damage threshold characterization via laser THz 
emission spectroscopy
So far, our research has demonstrated the generation of strong-
field THz radiation with ultrabroadband using AFM/FM/HM 
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heterostructures, which have the potential to control the radia-
tion polarization states in various ways. There is a high demand 
for ultrashort THz pulses with strengths exceeding 200 kV/cm, 
specifically for achieving non-equilibrium THz electromag-
netic field-driven quantum phase manipulation [1,3,4,10,11,34]. 
Figure 3A depicts data revealing a positive relationship between 
the P-P value of strong-field THz radiation and the pump flu-
ence, suggesting that boosting the pump laser energy is an 
easy and efficient method to enhance the THz field strength. 
Although highly efficient THz waves are generated due to 
strong absorption leading to high current density, the nano-
meter-thick AFM/FM/HM heterostructures comprising the 
device make them highly susceptible to heat damage. Therefore, 
it is crucial to determine the damage threshold of surface-
terminated semiconductor electrodes subjected to ultra-intense 
and ultrashort femtosecond laser pulses to address this issue. 
The sensitivity of laser THz emission spectroscopy enables uti-
lizing THz emission spectroscopy data directly to derive the 
sample damage threshold [35–37].

As shown in Fig. 3A, since the highest pump fluence of 
0.05 mJ/cm2 does not produce radiation saturation or a decrease, 
there is no need to increase the size of the pump beam for this 
experiment. To boost the pump fluence, the 7-mm (full width) 
spot of the femtosecond laser amplifier is used, and then the 
THz electric field signal is analyzed through EO sampling. The 
material surface morphology is also analyzed using a camera. 
Figure 3B displays the THz radiation transients for various 
pump fluences. The graph demonstrates that the THz radiation 
signal initially increases, followed by a gradual decrease as the 
pump fluence continues to rise. To gain a clearer idea of the 
damage threshold, the P-P values of the emitted THz electric 
field are extracted at various pump fluences, and their correla-
tion is shown in Fig. 3C. For the smallest pump spot, the 
experimental threshold measurement indicates that the stron-
gest THz radiation is detected at a pump fluence of 1.2 mJ/cm2. 
Clearly, the sample was on the brink of damage, as shown in 
the photographs of the sample surface topography included 
here. An increase in the pump fluence leads to a marked drop 
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in THz intensity, and the sample surface topography reveals 
distinct areas of ablation. The photographs of the sample mor-
phology indicate an increase in white areas, signifying the 
gradual dissolution of the heterostructure nanofilms on the 
fused quartz substrate within the pump light spot area, result-
ing in an increasing amount of white substrate. In this study, 
laser THz emission technology is used in combination with a 
cost-effective camera to monitor experiments and determine 
the damage threshold of IrMn3/Co20Fe60B20/W for femtosec-
ond pulses with a central wavelength of 800 nm, a pulse width 
of 35 fs, and a repetition rate of 1 kHz. The results show that 
the damage threshold is 1.2 mJ/cm2. The sample damage thresh-
olds could differ at different wavelengths, pulse widths, and 
repetition rates. However, the proposed methodology can be 
a workable means of measurement. Based on the determined 
damage threshold of 1.2 mJ/cm2, the maximum THz radiation 
electric field from the 4-inch strong-field STE without external 
magnets would exceed 200 kV/cm when computed based on 
the trend shown in Fig. 3A. However, STE operating prin-
ciples are more transparent, and it is less expensive, producing 
shorter THz pulses with a broader spectrum, competing with 
the strong-field THz radiation of lithium niobates in various 
ways. The STEs are applicable to any wavelength and has more 
stable benefits than organic crystals and plasma THz strong 
sources. Increasing the field strength of STE is also possible by 
preparing larger samples and loading more laser pump energy. 
Due to widespread availability of femtosecond laser amplifiers 
with higher pump energy, preparing 6- or even 8-inch samples 
is entirely feasible. Consequently, the proposed strong-field 
THz emission technique without an EMF and the derived 
laser THz emission threshold measurement approach lay the 
foundation for creating powerful THz sources using ultrafast 
spintronics.

Two-dimensional imaging of THz beams by a  
CCD camera
Besides the field strength where the strong-field THz applica-
tions matter, the quality of a THz beam is also an important 
factor for practical purposes in addition to its magnitude. To 
evaluate the profile of the focused THz beam, an experimental 
apparatus comprising a digital charge coupled device (CCD) 

camera and a polarization beam splitter was utilized, as illus-
trated in Fig. 4A. A 4-inch STE generated a strong-field THz 
that caused birefringence in the 1-mm-thick ZnTe detection 
crystal, resulting in the probing beam becoming elliptical. The 
captured optical image shown in Fig. 4B was analyzed to deter-
mine the peak field distribution of the THz beam at the focal 
point. The concentrated THz beam exhibited a comparatively 
smaller diameter than that achieved through the tilted pulse 
front technique in lithium niobate crystals. The superior focus-
ing ability of STEs stems from their higher peak frequency in 
the strong-field THz they generate.

Obtaining strong-field THz radiation
To generate high-field THz radiation exceeding 200 kV/cm, we 
employed a laser facility of the Synergetic Extreme Condition 
User Facility (SECUF), which delivers a maximum pulse energy 
of 55 mJ at the sample position with a central wavelength of 
800 nm, a pulse duration of 20 fs, and a repetition rate of 
100 Hz. As depicted in Fig. 5A, the femtosecond laser pump 
beam is first expanded to 4 inches in the beam diameter through 
a telescope constructed by 2 off-axis parabolic mirrors (OAPs) 
in a vacuum chamber. The expanded collimated beam is then 
reflected by a reflection mirror and then illuminates onto the 
STE sample for the generation of high-field THz pulses. The 
radiated THz wave is collected by the OAP 3 with a 4-inch focal 
length and focused onto a GaP detection crystal with a thick-
ness of 50 μm. For the EO sampling measurement, the prob-
ing beam is split from the pump beam with a small (1/2 inch) 
elliptical mirror. After going through a reflection mirror and 
a translation stage, the probing beam and the THz pulses illu-
minate onto the detection crystal simultaneously in space and 
time.

Figure 5B depicts the typical THz temporal waveforms gen-
erated from IrMn3/Co20Fe60B20/W and its corresponding spec-
trum is plotted in Fig. 5C. It is found that the radiated THz 
electric field has a pulse duration of ~230 fs (FWHM) with a 
peak frequency at ~1 THz and a spectrum exceeding 14 THz 
under the excitation of 20-fs pulses. We employed a pyroelectric 
detector (Gentec SDX-1152) to measure the THz single-pulse 
energy. As summarized in Fig. 5D, the detected THz energy 
reflects a linear dependence on the pump fluence. Under a 
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photo-excitation of 0.7 mJ/cm2 (much lower than the damage 
threshold of 1.2 mJ/cm2 obtained before), the detected THz 
single pulse energy is 8.6 nJ with a focused THz electric field 
of ~242 kV/cm (see more details of the field strength calculation 
in the Supplementary Materials). At present, the electric field 
is constrained by the diffraction limitation, but this can be 
enhanced by employing a parabolic mirror with a shorter focal 
length or a larger aperture. Moreover, the radiation is not satu-
rated, while the sample is far from damage, implying that it can 
generate higher field THz waves with higher pump energy.

Conclusion
In conclusion, the study culminates in the successful fabrication 
of a 4-inch STE comprising IrMn3 (2 nm)/Co20Fe60B20 (2 nm)/ W 
(2 nm) without the use of an EMF. The results demonstrate the 
ability of STE to generate a THz field with a peak intensity 
of up to 242 kV/cm. The THz radiation is emitted due to the 
exchange coupling effect and the inverse spin Hall effect. The 
STE with a diameter of 4 inches exhibits a high sensitivity to 
femtosecond laser pulses. Moreover, the polarization of THz 
radiation can be manipulated by varying the azimuthal angle 

of the STE. It is expected that the absence of a magnetic field 
in the ultrashort strong-field STE would stimulate the imple-
mentation of more pragmatic applications in the fields of non-
linear THz optics, THz biological effects, and strong-filed THz 
science and applications.
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