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Terahertz Emission Modulation Caused by Ultrafast

Breaking and Recovery of Exchange Bias

Je-Ho Shim, Yunxiu Zhao, Qoimatul Mustaghfiroh, Nguyen Le Thi, Fathiya Rahmani,
Kyungwan Kim, Hee Jun Shin, Jaehun Park, Xiao You, Caihua Wan, Min-Seung Jung,
Jung-1l Hong, Hong-Guang Piao,* Xiufeng Han, and Dong-Hyun Kim*

Magpnetic interfacial exchange bias, as a key control method for spintronic

devices, remains unclear in terms of its ultrafast dynamic behavior and its role
in regulating spintronic terahertz emissions. In this work, femtosecond optical

pulses are used to excite ferromagnetic/antiferromagnetic bilayer films with
interfacial exchange bias, and a significant modulation phenomenon of
terahertz emission is observed by comparing samples with different
magnetization pinning states induced by exchange bias. Through the
measurement of dynamic hysteresis loops under femtosecond optical pulse
excitation, it is confirmed that the optical pulse can rapidly break and then
recover the exchange bias within the picosecond time scale. This transient
reconstruction process of exchange bias effectively enhances the ultrafast
spin precession signal at %2 THz, while suppressing the ultrafast
demagnetization-related signal at ~0.77 THz. By exploiting the difference in
flip symmetry of the samples, this is found that the photo-introduced
magnetization dynamics process dominated the modulation effect of the
exchange bias on the two frequency bands. These results reveal that
picosecond-scale transient exchange bias can regulate both the frequency
content and coherence of spintronic terahertz emission, offering a pathway
toward tunable terahertz spintronic sources.

1. Introduction

The terahertz (THz) band (0.1-10 THz),
situated between the infrared and mi-
crowave regions, represents a spectral
region of growing interest due to its unique
applications in ultrafast spintronics,!'-!
telecommunications,!”?#] medicine,*1
and fundamental nanosciences.*¢! The
so-called “THz gap”, historically limited by
the lack of efficient sources and detectors,
has prompted significant research efforts
into broadband THz emitters. Among
various platforms, magnetic materials
have emerged as promising candidates
due to their intrinsic spin and charge
dynamics.[*-611-28] Several key mechanisms
have been identified for THz generation
from magnetic materials. One major
contributor is ultrafast photoinduced
magnetization dynamics (PMD), wherein
femtosecond optical pulses induce rapid
changes in magnetization, resulting in
THz emission, particularly in relatively
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thick ferromagnetic metal films.[''"13] In parallel, spin-to-charge
conversion (SCC) phenomena such as the inverse spin Hall
effect (ISHE),[%*7] the inverse Rashba—Edelstein effect,!-2"]
and the inverse spin—orbit torquel?!?2l have been actively inves-
tigated, especially in ferromagnetic metal/non-magnetic metal
interfaces.[61420.23.24] Ty addition to these SCC mechanisms, the
anomalous Hall effect (AHE), resulting from the transverse mo-
tion of spin-polarized electrons within the ferromagnet, has been
shown to contribute to THz emission, even in single-layer ferro-
magnetic systems.[25-28]

Exchange bias, originating from ferromag-
netic/antiferromagnetic (FM/AFM) interfacial coupling,[2°-2
provides critical spin-direction control for spintronic memory
devices.[3>%"] Recent advances demonstrate the ultrafast optical
manipulation of this material through femtosecond optical
excitation, where transient electron heating induces picosecond-
scale exchange bias breaking and recovery in heterostructures.38!
This non-thermal approach not only surpasses field-annealing
limitations but also establishes exchange bias as a dynami-
cally tunable state bridging ultrafast photonics and spintronic
functionality.

The presence of exchange bias distinguishes FM/AFM het-
erostructures from conventional ferromagnetic-metal/heavy-
metal (FM/HM) systems. While exchange bias has been
proposed to enhance THz emission via increased magnetic
anisotropy,[*®l intense femtosecond excitation can significantly
modify or even break exchange bias coupling.[*! Notably, ultra-
fast exchange-coupling torques, faster than conventional ultra-
fast demagnetization (UDM), have been reported,’*! suggest-
ing the potential for active control over THz emission. Further-
more, nonequilibrium exchange interactions have emerged as
key mechanisms in optically triggered spin dynamics,[***!] rein-
forcing the role of FM/AFM interfaces as tunable THz sources.
Nevertheless, the behavior of exchange bias under ultrafast opti-
cal excitation remains incompletely understood.

In FM/AFM systems, it has been known that the SCC con-
tribution by AFM layer depends on its crystal quality. When the
AFM forms a well-crystallized and chemically ordered phase,
such as the L1,-type IrMn, structure,[®#? the injected spin cur-
rent from the FM can propagate through the AFM, being con-
verted into a measurable SCC signal via the inverse spin Hall ef-
fect. In contrast, when the AFM layer is a disordered alloy phase
with poor crystallization, as is typically the case for sputtered
films,[*3*] the AFM behaves mainly as a spin sink or produces
strong spin reflection at the FM/AFM interface. It is considered
that the SCC contribution is negligible for the samples fabricated
Dby sputtering in the present study.

In this work, we directly observe the ultrafast breaking and re-
covery of exchange bias in Py/IrMn bilayers and establish a di-
rect correlation with the THz emission dynamics. Time-resolved
THz emission spectroscopy reveals that the transient disruption
and restoration of interfacial exchange bias govern the interplay
between ultrafast demagnetization and spin precession in the
Py layer. Our findings demonstrate three key mechanisms of
THz emission modulation through ultrafast exchange bias dy-
namics: (1) photoinduced breaking and recovery of interfacial
exchange bias enabling mode-selective control of spin excita-
tions on picosecond timescales; (2) tunability of THz emission
through AFM thickness engineering mediated by AHE and ex-
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change bias dynamics; and (3) revelation of interface-originated
coherent spin-wave excitations that provide a unified framework
beyond conventional FM-based THz generation mechanisms.

2. THz Emission

The multilayer samples in the present study are
Py(10)/ItMn(t,,) on MgO(001) substrate. The 3-nm MgO
capping layer is deposited for all samples for film protection.
Since both the MgO substrate and the capping layer are insu-
lators, there is no need to consider the pumping of the charge
current into the substrate or the capping layer. The t,,, rep-
resents the nanoscale thickness of the AFM layer, with a value
range of 0 to 5 nm. As for the sample preparation conditions,
please refer to the Experimental Section. The THz emission
spectroscopy experiment was designed to investigate various
THz emission mechanisms of Py/IrMn samples, as illustrated
in Figure la. The specific details about the THz emission
spectroscopy setup are described in the Experimental Section.
To ensure that the Py/IrMn samples were in a saturated mag-
netization state, a 280 Oe magnetic field H,,, was applied along
the — x axis within the plane during the experiment, as the satu-
ration magnetic fields of all samples ranged from 35 to 180 Oe.
We measured the THz emission from the front and back surfaces
of the sample by flipping its orientation: for the front-side mea-
surement, the pump beam was incident on the Py layer or the
capping layer (see the top of Figure 1b); for the back-side mea-
surement, the pump beam was incident on the IrMn layer or the
substrate (see the top of Figure 1c). We define the resulting THz
emission signals in the front and back cases as Egmt and Es’”k
respectively. The specific contribution of the polarization mode
dispersion mechanism to the actual THz emission can be distin-
guished by comparing ECmm and E** signals.l””?*] Because the
applied external field (280 Oe) exceeds the saturation field of the
exchange-biased Py layer for all samples, so that the magnetiza-
tion remains parallel with H,,, in both geometries. Therefore,
flipping the sample does not reverse the magnetization direction
but only changes the order of the Py/IrMn and Py/MgO inter-
faces with respect to the pump incidence and THz propagation.
The bottoms of Figures 1b,c show the variation trend of THz
emission signals related to the t,,,,. For the pure Py(10) sam-
ple without an IrMn layer, it can be observed that the sign of the
THz emission signal flips depending on whether the pump laser
is incident from the front or the back. This indicates that since
the PMD signal is not affected by the sample flip, the AHE mech-
anism contributes to the THz signal. Interestingly, it can be ob-
served that depositing only a 1-nm IrMn layer beneath the Py
layer is sufficient to completely reverse the THz emission signal
of E’; °" and the same is true for E}**, as shown by the compari-

son of the black and colored lines at the bottom of Figures 1b,c.

3. The AHE Signal Inversion

To understand the reasons for the above-mentioned THz emis-
sion trends, it is necessary to quantitatively separate the poten-
tial THz emission mechanisms, as shown in Figures 1b,c. For
a pure Py sample, the THz emission data can be analyzed di-
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Figure 1. a) The THz emission spectroscopy setup schematic diagram. THz emission waveform when the pump laser is toward the b) front and c) back
surfaces of Py(10)/IrMn (1) With 24, =0, 1,2, 3, and 5 nm.
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rectly. However, when IrMn is introduced, it is necessary to con-
sider the absorption of the IrMn layer for THz waves (for the
front case) and the pump laser (for the back case), and the signal
must be corrected accordingly. In Figure 2, the corrected THz sig-
nals (Exp.) used for the AHE/PMD decomposition correspond to

(ﬂ;;f[t])_l ymm[t] and (ﬁ;;ﬂl;e[t])flEf’“k[t]. Here, “front” and “back”

denote whether the optical pump pulse is incident on the front
side or the back side of the sample, respectively. ﬂ; (1] com-
pensates the attenuation of the emitted THz wave as it propa-
gates through the IrMn layer in the front-incident configuration,
whereas ﬂ%}ie[t] compensates the absorption of the optical pump
pulse by the IrMn layer in the back-incident configuration.

Using these correction factors, the PMD (symmetric) and AHE
(asymmetric) components of the THz emission are obtained
through the following relations:

267 1 = (ps) " B+ (L) B (1)
2B 1= () BT - () B @

Equation (1) yields the PMD contribution, which maintains
the same phase under front and back pumping, while Equa-
tion (2) isolates the AHE contribution, which undergoes a 180°
phase reversal upon flipping the pump incidence direction. The
detailed derivation and the IrMn-thickness—dependent coeffi-
cients are provided in Section S1 (Supporting Information).

Figure 2 compares the THz emission characteristics and their
physical mechanisms of pure Py(10) and Py(10)/IrMn(1) sam-
ples. In the left columns of Figure 2, the variations of Ef " and
E;’“k overtime for both samples are presented. Here, the black
dashed lines represent the corrected experimental signals of THz
emission, which are composed of contributions from PMD (red
lines) and AHE (blue lines). Due to the dependence of PMD and
AHE signals on the symmetry of the sample structure, that is,
when the laser is incident on the sample from the front and back,
they exhibit symmetrical and asymmetrical characteristics, re-
spectively. Therefore, these two signals can not only be separated
by flipping the samples, but also, as shown by the blue and red
lines in this Figure, it can be observed that AHE is the main con-
tributing factor to the reversal of THz emission signals. We em-
phasize that the external magnetic field remains applied during
all measurements. The separation between AHE and PMD re-
lies solely on their opposite flipping symmetries (AHE: antisym-
metric, PMD: symmetric), and therefore does not require switch-
ing the external field. It is well known that THz signals gener-
ated by spin-orbit coupling mechanisms, such as the inverse spin
Hall effect, can occur at the interfaces of ferromagnetic materi-
als. However, in our case, the MgO layer being an insulator at
the Py/MgO interface effectively suppresses this effect. Addition-
ally, at the Py/IrMn interface, the IrMn layer acts as an effective
spin sink layer,[****] making its contribution negligible. Since the
THz emission polarization is along the y direction, the contribu-
tion of the inverse spin—orbit torque can be excluded.['’] In our
measurements, it was observed that the measured E, -component
was negligible within the noise level when the pump beam helic-
ity changed, indicating that the inverse spin-orbit torque also did
not make a significant contribution.
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The experimental results in Figure 2 show that the THz emis-
sion signal can be reversed by flipping the sample. The introduc-
tion of only a 1-nm IrMn layer is sufficient to reverse the sign of
the THz emission. By analyzing the separated signals, it is con-
firmed that the contribution of the AHE (blue line) is the lead-
ing cause of this signal reversal. Note that all the PMD signs
remain the same regardless of sample flipping and addition of
IrMn layer, which can be explained by the THz waves caused by
Ef MD that depends only on magnetization dynamics, that is, ac-

cording to the relationship E™" [t] = pm %.[“’12] In addition,
although the PMD signal extracted from Py(10)/IrMn(1) is signif-
icantly weaker than that of pure Py, it contains a waveform with
a higher THz frequency. We will further discuss this in detail in
Figure 4.

The generation mechanism of the THz emission signals for
pure Py(10) and Py(10)/IrMn(1) samples induced by AHE is il-
lustrated in the right column of Figure 2. For pure FM samples,
previous studies have shown that the AHE direction in insula-
tor/FM/insulator structures is determined by the difference in
the photoinduced current reflected at both FM/insulator inter-
faces with different roughness.”) In Figures 2a,b, our case re-

sembles the above phenomenon, the effective current density

j2% at the substrate interface is larger than /" at the capping

interface. This is attributed to the lower roughness of the back
interface compared to the front interface, as the interface gener-
ally deposited by magnetron sputtering is not as smooth as the
substrate. Therefore, due to the difference in interface roughness
between the capping layer and the substrate, a photoinduced cur-
rent difference is inevitably generated at the interfaces on both
sides of Py, induced by the AHE. Thus, in our samples, the photo-
excited current j*** produced at the substrate interface becomes
dominant. All arrows shown in Figures 2 and 3 represent the
charge-current direction, which is opposite to the actual electron
propagation direction.

However, it is interesting that the insertion of a mere 1 nm-
IrMn layer causes the AHE signal to reverse, as compared be-
tween pure Py(10) and Py(10)/IrMn(1) samples, as shown in
Figures 2a,c, as well as Figures 2b,d. Clearly, this indicates that
even without considering the interface roughness, due to the
difference in electrical conductivity between the insulator MgO
and the alloy IrMn, there must be a difference in the reflectiv-
ity of photoinduced electrons at the interfaces on both sides of
Py. Therefore, the reflectivity of photoinduced electrons at the
Py/IrMn interface must be lower than that at the Py/MgO in-
terface. As a result, the effective AHE current direction is de-
termined by the photoinduced current ]{T " at the front inter-
face MgO/Py, as illustrated in the right columns of Figures 2c,d.
Therefore, in our samples the AHE-induced THz emission
can be described by the following relationship: E;‘” B @, pm X

front backy [25-28
(,i + jock) 125-28)

4. IrMn Thickness-Dependent AHE

Figure 3 analyzes the AHE characteristics and their physical
mechanisms of Py(10)/IrMn(t,,,,,) samples with different [rMn
thicknesses. As shown in Figure 3a, by comparing the THz emis-
sion induced by AHE in various samples, it is found that although
the THz emission intensity suddenly increases when a 1 nm-
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Figure 2. In the left column, corrected THz emission waveforms (black dashed line) after absorption compensation, which decomposed into AHE

(blue) and PMD (red). The corrected experimental signals (Exp.) correspond to ( ft;’]i[t] _1l_j£r°m[t] and (ﬂf:p’f[t])_1E$“‘k[t], representing the absorption-

compensated front-side and back-side THz emission traces used in the AHE/PMD decomposition. The derivation of the correction factors is given in
Section ST of the Supporting Information. In case of a) front and b) back side pumping for pure Py(10). In case of c) front and d) back side pumping
for Py(10)/IrMn(1). The mechanism is schematically illustrated for (a—d) cases in the right column. The H,,, is applied along the -x axis within the

jbek (red arrows) represents the reflected current from the

:PMD
(

plane. _rfon blue arrows) represents the reflected current from the MgO(front) /Py interface; j

Py/MgO(back) or Py/IrMn interface; JAHE(whlte hollow arrows) represents the charge current generated by AHE in the Py layer; j_ yellow hollow
arrows) represents the charge current induced by PMD. All arrows indicate the charge-current direction (opposite to the actual electron propagation
direction).
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Figure 3. For Py(10)/IrMn () With tin =0, 1,2, 3, and 5 nm: a) EC‘HE versus time, b) FFT for E;\HE, and c) FFT peak | (red line) and peak Il (blue
dashed line) of E;'\HE. d) Schematic diagram of the dependence of the photoinduced current in samples with different t,,\,,, on the electron reflectivity

(back arrows) at the Py/IrMn interface.j{'om,jg"‘k,j’:HE, andj':MD refer to Figure 2. All arrows represent the charge-current direction, which is opposite

to the electron motion.

IrMn layer is inserted, it shows a decreasing trend as the thick-
ness of t,,, continues to increase. Since we have already per-
formed absorption compensation for the E;*”E data (Section S1,
Supporting Information), the signal weakening with the increase
in the thickness of the IrMn layer is not caused by the absorption
of the IrMn layer.

To further investigate this trend, fast Fourier transforms (FFT5)
were applied to the THz emission signals in Figure 3a. As shown
in Figure 3D, two peaks of THz emission induced by the AHE
can be clearly observed in the FFT curves of all samples. Here,
the peak I, as the dominant frequency, is located in the region
near 0.77 THz. Its amplitude significantly decreases with the in-
crease of t,,,, which is attributed to the photoinduced AHE.
Additionally, it is found that in the pure Py sample, this peak
slightly shifts to a lower frequency (~0.46 THz), which can be at-
tributed to the absence of the Py/IrMn interface effect. Among
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all the samples, the FFT peak II was observed in the region
near 2 THz. Under the optical pulse width conditions used in
our experiments, the photoinduced THz signals generally ap-
pear ~0.77 THz. In contrast, the ~2 THz component is ob-
served at later delay times than the ~0.77 THz mode (Section S3,
Supporting Information), indicating that it becomes active dur-
ing the post-demagnetization stage. Such behavior is consistent
with a remagnetization-driven recovery of the exchange stiffness,
where the transient restoring torque produces THz-frequency
spin-precessional motion. The ~2 THz frequency reflects the
characteristic exchange-interaction timescale, rather than con-
ventional spin-wave propagation. Although the intensity of peak
II showed the same variation trend as that of peak I with the in-
crease of IrMn thickness, its frequency value remained relatively
unchanged. This behavior confirms that the THz amplitude is
governed by the imbalance between the two counter-directed
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Figure 4. For Py(10)/IrMn (tn) With 4, =0, 1, 2, 3, and 5 nm: a) E}'f"”D versus time, b) FFT for EfMD, and c) FFT peak | (red line) and peak Il (blue
dashed line) of EfMD. Inset of (a) is the EC’MD comparison between Py(10) (black) and Py(10)/IrMn(1) (red) over time. The black and red stars marked

the THz signal peaks for Py(10) and Py/IrMn(1) samples.

interface-reflected currents, ]f' °" from the MgO/Py interface and
JjP** from the Py/IrMn interface. Because the pump direction only
inverts the polarity of the emitted field, the magnitude of the THz

emission is determined by the difference [f" - j***| , indepen-
dent of the pumping geometry.[2>-2]

In Figure 3c, the variation trends of the two FFT peaks un-
der different t;,,,, conditions are presented. It is found that both
peaks exhibit a similar trend, increasing first and then decreasing
with the increase in t;,,,,. Notably, when ¢, = 1 nm, the peaks
reach their maximum values and then exhibit a monotonically
decreasing trend as t,,, increases further. According to relevant
studies,!*’] the THz emission based on SCC should enhance with
the increase of t;,,;,,. However, no such increase is observed in the
asymmetric THz component. Instead, its amplitude decreases
monotonically with t,.,, matching the IrMn-thickness depen-
dence expected for an AHE-driven interfacial-reflection mecha-
nism rather than the increasing trend predicted for SCC-driven
THz emission.*’] Thus, the asymmetric contribution isolated by
Equation (2) can be attributed to the AHE mechanism. Consid-
ering the dependence of AHE on the interfaces on both sides of
Py, 2528 since the dominant current /" at the Py/MgO (capping)
interface remains unchanged, the variation of E;“‘H E must be mod-
ulated by t;,,,-dependent j*** at the Py/IrMn/MgO (substrate)
interface.

Figure 3d illustrates how the photoinduced current is modified
by the IrMn thickness through the reflectivity of charge current
generated in the Py layer at the Py/IrMn interface. Previous stud-
ies on FM/AFM heterostructures have shown that this interfacial
reflectivity increases as the AFM layer becomes thicker.[“~*8] This
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trend explains the behavior in Figure 3c: as t,,, increases, the
enhanced reflection of these FM-originated photo-induced elec-
trons increases the back-flow current j**, which reduces the net
AHE-related current in the Py layer and leads to the monotonic
decrease of the FFT peak amplitudes. Since the Py/MgO inter-
face is an insulating boundary with intrinsically much higher
reflectivity than the metallic Py/IrMn interface, the reflected-
current polarity is determined primarily by the Py/MgO side.
Even though the reflectivity at the Py/IrMn interface increases
with IrMn thickness, it never exceeds that of the Py/MgO inter-
face. As a result, only a single polarity reversal occurs, and no
secondary reversal appears as t;,,,,, increases. That s, as the thick-
ness of the AFM layer increases, the reflectivity of electrons at
the FM/AFM interface will increase, thereby effectively reducing
the spin Hall resistance value. In our Py(10)/IrMn(t,,,) sam-
ples, as the t,,, increases, the reflection of the photoinduced
electrons from the Py layer at the Py/IrMn interface will also in-
crease. Therefore, as the t,,, increases, j*** dependent on the
reflection at the Py/IrMn interface will also increase, which is
precisely the fact shown by the monotonically decreasing trend of
the two peaks in the FFT in Figure 3c. Similarly, when the [rMn
layer as a metallic alloy is inserted between Py and the MgO sub-
strate, the reflectivity of the photoinduced electrons will sharply
decrease, causing FAHF to reverse immediately (see Figure 2). Be-
cause the reflectivity of the MgO substrate as an insulator for the
photoinduced electrons is greater than that at the Py(10)/IrMn(1)
interface, as shown in the upper part of Figure 3d. Therefore,
as shown in the lower part of Figure 3d, as the t,,, increases,

the photoinduced current j*** on the Py/IrMn side will increase,
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thereby causing the
ing. Since the reflectivity at the Py/IrMn interface will never ex-
ceed that at the Py/MgO interface, the reversed E;‘HE signal will

not reverse again with the change in the thickness of IrMn.

EM E signal to gradually weaken after revers-

5. IrMn Thickness-Dependent PMD

To comprehensively understand the THz emission dynamics at
the FM/AFM interface, in addition to the contribution of the
AHE to THz emission discussed in the previous section, the con-
tribution of the PMD will be further analyzed here. Figure 4a
shows the variation of the THz emission signals E'MP over time
caused by PMD at different t,,, conditions. It is observed that
the t,,,,, variation affects the waveform profile of E YP MD_As shown
in the inset of Figure 4a, inserting a 1-nm IrMn layer clearly
modifies the PMD waveform. In pure Py(10), the early-time peak
(peak I; ~0.77 THz) is strong and dominant. In Py(10)/IrMn(1),
this initial peak is strongly suppressed, and the subsequent peak
(peak II; ~2 THz) becomes the main feature. Because peak II
intrinsically appears after peak I (Section S3, Supporting Infor-
mation), the dominant maximum is shifted to a later delay time,
resulting in an effective delay of several hundred femtoseconds.
Thus, the IrMn insertion leads to a redistribution of PMD ampli-
tudes and a corresponding temporal shift of the dominant PMD
peak.

To further analyze the effect of IrMn on PMD dynamics, we
performed fast Fourier transforms (FFT) of E*”, as shown in
Figure 4b. It is clearly visible in the FFT spectra that all samples
exhibit two frequency peaks near 0.77 THz and 2 THz, which are
respectively associated with the UDM (ultrafast demagnetization;
peak I) and USP (ultrafast spin precession; peak II) components
of the THz emission. Here, USP denotes a transient terahertz-
frequency precessional response that appears as the exchange in-
teraction begins to recover during the ultrafast remagnetization
stage. These peak positions are basically consistent with those
observed in the AHE case, which might be attributed to the com-
mon temporal excitation of the femtosecond pump pulses on
them. However, unlike in the AHE, with the t,,, increase, the
relative intensity evolution of the two peaks shows a significantly
different trend.

As can be observed from Figure 4c, when the thickness of the
IrMn layer increases from 0 to 1 nm (green-shaded area), the in-
tensity of peak I near 0.77 THz is significantly suppressed, while
peak II near 2 THz is greatly enhanced. For thicker IrMn lay-
ers, as by, increases, peak I shows a gradually recovering trend,
while peak II continues to decrease. This opposite behavior of
the two peaks indicates a substantial reorganization of the PMD
modes at the FM/AFM interface. This results that the insertion
of IrMn layer leads to an alteration of the PMD dynamics in Py
layer. The overall FFT trend in Figure 4c, especially the decou-
pling of the intensity evolution of peak I and peak II, contrasts
sharply with the behavior observed in the AHE-induced signal.

6. Comparison of Hysteresis Loops of Static and
Ultrafast Dynamic States

To explore the correlation between the exchange bias!*! at the
Py(10)/IrtMn(t;,,,,) interface and the ultrafast PMD, we extracted
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the THz peak amplitude at a fixed delay time in the front-
incidence geometry while sweeping the external magnetic field,
and constructed the hysteresis loops for the ultrafast dynamic
state. The static hysteresis loops were measured using a vibrat-
ing sample magnetometer, and both sets of loops were normal-
ized for direct comparison. As shown in Figure 5a, the static
and ultrafast hysteresis loops are almost identical for the pure
Py sample, indicating that the optical excitation does not alter
the magnetic structure in the absence of an AFM layer. When
IrMn is introduced, however, the ultrafast loops deviate from
the static ones, demonstrating that the Py/IrMn interface mod-
ifies the magnetic configuration during ultrafast excitation. For
b = 1 nm (Figure 5b), the ultrafast loop shows only a small
reduction in slope near 0 Oe, implying a weak modification of
the interfacial spin configuration. In contrast, for t,,,, = 3 and
5 nm (Figures 5c,d), the static loops clearly exhibit exchange bias,
whereas the ultrafast loops show no shift (t,,,, = 3 nm) or a sub-
stantially reduced shift (t,,,, = 5 nm). This behavior confirms
that ultrafast optical excitation transiently suppresses the inter-
facial exchange bias, i.e., exchange-bias breaking (EBB). In the
v = 5 nm sample, a small remanent bias (%—20 Oe) remains,
indicating that the EBB is not fully complete. Comparing t;,,,, =
3 and 5 nm shows that a thicker IrMn layer is less favorable for
achieving complete EBB. We note that the static and dynamic hys-
teresis loops of the Py/IrMn samples display a slight asymmetry
(Figures 5c,d). Such non-ideal loop shapes may arise from sev-
eral sample-dependent factors, including minor-loop or partial-
training behavior of the interfacial AFM moments, the multi-
phase nature of IrMn, or microstructural asymmetry introduced
during magnetron sputtering. These effects can influence the de-
tailed loop profile, but they do not obscure the shift of the loop
center, which is the quantity used in this work to identify ultrafast
exchange-bias breaking (EBB) under optical excitation.

7. Tunable THz Emission Caused by Ultrafast
Exchange Bias Dynamics

Based on the above discussion and analysis, it can be determined
that AHE and PMD play the leading roles in our THz emission
system. Among them, the low-frequency THz signal (peak I) is
contributed by UDM and AHE, while USP contributes the high-
frequency THz signal (peak II). The 2 THz component (peak II)
that appears in the AHE-isolated THz signal does not originate
from AHE-related dynamics. It reflects the USP mode driven by
the exchange-restoring torque acting on the entire excited region.
Because this ultrafast precessional response is embedded in the
total THz waveform, it is inherited by both the PMD- and AHE-
separated signals. Therefore, it is essential to further analyze in
detail the contribution of PMD caused by ultrafast exchange bias
dynamics to the THz emission mechanism. Consistent with the
inset of Figure 4a and with the mode-resolved analysis in Sec-
tion 3 of the Supporting Information, the component associated
with peak I (0.77 THz) reaches its maximum earlier, whereas
the component associated with peak II (~2 THz) becomes dom-
inant at a later delay time. This description follows the envelope-
based interpretation of the PMD dynamics and preserves the
intrinsic temporal ordering of the two modes. This means that
when the femtosecond pulsed laser excites our sample, the PMD
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Py(10)/IrMn(1), c) Py(10)/IrMn(3), and d) Py(10)/IrMn(5), respectively.

process of the magnetic system can be further divided along the
time axis into the appearance of UDM first, followed by USP.

To more intuitively reveal the influence mechanism of ultrafast
exchange bias dynamics on PMD in the Py/IrMn heterostructure
system, we depict the time evolution of the spin configurations
on a picosecond timescale and schematically compare the phys-
ical mechanisms of pure Py and Py/IrMn systems in Figure 6.
The left side of Figure 6 illustrates the PMD evolution process
of the spin configurations at the laser spot of a pure Py sam-
ple over time when it is excited by femtosecond optical pulses.
When a ~1 ps optical pulse irradiates the sample, the spin order
within the excited region becomes instantaneously disordered
due to the ultrafast electron excitation and the resulting non-
thermal electron induced spin scattering,*°! thereby inducing the
UDM mode (x0.77 THz). After the optical pulse irradiation, the
exchange interaction recovers on a picosecond timescale. Dur-
ing this recovery process, a short-lived high-frequency preces-
sional response is generated, giving rise to the ~2 THz USP
component.

The time evolution of PMD observed in pure Py, that is, the
appearance of UDM (peak I) followed by USP (peak II) on the pi-
cosecond timescale, was consistently reproduced in the Py/IrMn
sample series, as shown in the right side of Figure 6. How-
ever, unlike in pure Py, the PMD in the Py/IrMn system is in-
evitably affected by the exchange bias dynamics occurring at the
Py/IrMn interface, as shown in Figures 4 and 5. When the opti-
cal pulse irradiates for ~1 ps, the EBB at the Py/IrMn interface
suppresses the UDM mode in the Py layer. As t,,, increases,
the static exchange bias at the Py/IrMn interface strengthens
(Figure 5), which makes the interfacial AFM configuration more
difficult to fully disorder under the same pump fluence. As a
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result, the UDM suppression and the associated enhancement
of the USP mode decrease for thicker IrMn layers (Figure 4c).
This evolution reflects a reduction in the efficiency of ultrafast
exchange-bias breaking (EBB), whereas the central frequencies
of the UDM and USP components remain unchanged, as indi-
cated by the FFT spectra in Figure 4. These exchange bias dy-
namics also affect the USP mode, which is intrinsically related
to the reordering of spins. After EBB occurs at the Py/IrMn in-
terface, the AFM spins in the IrMn layer will subsequently be
reordered under the assistance of an external magnetic field, a
process we refer to as exchange-bias recovery (EBR). The EBR
process will lead to a more ordered reconstruction of spins in
the Py layer, thereby enhancing the USP mode on a timescale
of several picoseconds. It should be emphasized that the USP
mode cannot be observed in the pure [rMn system under op-
tical pulse excitation (see Section S2, Supporting Information),
while in the Py/IrMn structure, due to the presence of EBB and
EBR processes, not only can the USP mode be observed, but
also enhanced. As shown in Figures 4b,c, the degree of EBR
(see peak II) is directly affected by the degree of the previously
occurring EBB (see peak I). An enhanced EBB will necessarily
strengthen the EBR, leading to an enhanced USP mode. There-
fore, when EBB strongly suppresses the UDM mode, the sub-
sequent EBR will enhance the USP mode. This negative corre-
lation between the suppression of UDM (see peak I) and the
enhancement of USP (see peak II) with the variation of IrMn
layer thickness does not exist in the pure Py system, as can be
seen by comparing Figures 3b and 4b. Therefore, in the Py/IrMn
system, the balance between these two ultrafast spin modes can
be effectively tuned by controlling the thickness of the IrMn
layer.
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Figure 6. Schematic representation of the ultrafast THz-emission mechanisms mediated by PMD in pure Py (left) and Py/IrMn (right). The snapshots
schematically indicate how UDM (x0.77 THz) and USP (~2 THz) modes affect the spin configuration at the laser-irradiated spot during different post-
pulse time regimes. The middle panels correspond to the early (0-1 ps) exchange-bias-breaking (EBB) stage, while the bottom panels depict the later
(1-10 ps) exchange-bias-recovery (EBR) stage, where USP is enhanced in Py/IrMn. The color bar schematically indicates variations of the spin direction

along the x-axis.

8. Conclusion

In conclusion, we have demonstrated that THz emission in
Py/IrMn systems originates from two fundamentally distinct
mechanisms, namely AHE and PMD. In our system, the AHE is
mainly attributed to the reflectivity of photoinduced electrons at
the Py/IrMn interface, which depends on the IrMn thickness. It
is worth emphasizing that PMD exhibits a dependence on ultra-
fast exchange bias dynamics. The experimental results show that,
as the two basic modes of PMD, the contributions of UDM and
USP in the process of generating THz signals have a sequential
relationship, and both are affected by the dynamics of EBB and
EBR, which depend on the IrMn thickness at the Py/IrMn inter-
face. The ultrafast control effect of EBB and EBR on the spin or-
der at the Py/IrMn interface can be utilized to tune the intensity
distribution of the two frequency modes in the THz signal. Our
research provides a useful platform for exploring tunable THz
spintronic phenomena in FM/AFM heterostructures.

9. Experimental section

THz Emission Experiment: The THz emission measurements were
conducted at the Pohang Accelerator Laboratory in South Korea. A fem-
tosecond optical pulse was generated by an amplified Ti:sapphire laser
with a central wavelength of 800 nm, a bandwidth of 20 nm, a pulse dura-

tion of 120 fs, and a repetition rate of 1kHz. The pump laser spot size was
~5 mm, with a fluence of 1.6 m) cm=2. A 1-mm-thick ZnTe crystal was used
to detect the THz signal via electro-optic sampling. The time-domain THz
emission experiment was performed using a femtosecond laser pump un-
der an in-plane external magnetic field of 280 Oe. The schematic diagram
of the experimental setup is shown in Figure 1a.

Sample Fabrication: The following samples by magnetron sputter-
ing were fabricated: substrate MgO (001)/IrMn (;,y, nm)/NigoFey
(Py,70 nm)/MgO (3 nm), substrate MgO (001)/IrMn (10 nm)/MgO
(3 nm), and substrate MgO (001) /NigyFe,q (Py, 10 nm)/MgO (3 nm). MgO
serves as a capping layer to prevent oxidation. The field cooling method
was used to establish the exchange bias by applying an in-plane magnetic
field of 1 kOe while cooling the sample from 750 K (above the Néel tem-
perature of [rMn) to ~300 K.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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