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We show that terahertz (THz) emission spectroscopy is a method to probe the in-plane magnetic state in
spintronic heterostructures with exchange bias between the constituent antiferromagnetic and ferromag-
netic layers. We demonstrate that the intense laser excitation can switch and reversibly reset the direction
of the pinning axis arising from the exchange bias in technologically relevant tunnel magnetoresistance
elements. By applying the double-pump THz emission spectroscopy, we reveal that this switching exhibits

a threshold character in the pump intensity.
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I. INTRODUCTION

Antiferromagnets, materials with antiparallel spin align-
ment, encompass the largest class of magnetic materials.
They have become relevant in spintronic applications since
the discovery of exchange bias [1]. When an antiferro-
magnet is adjacent to a ferromagnet, exchange coupling
between spins of both magnetic phases induces a pref-
erential direction of the ferromagnetic magnetization, or
unidirectional anisotropy, and an increase in coercivity
[2,3]. The lateral shift and widening of the hysteresis
loop of a ferromagnet are particularly useful in spin-valve
and tunneling magnetoresistance (TMR) heterostructures,
where the electrical resistance of the device can be con-
trolled via the relative orientation of two ferromagnetic
layers separated by a nonmagnetic metallic layer [4] or
an insulating layer [5,6]. Implementing the exchange bias
enables a range of applied magnetic fields, in which the
two ferromagnetic layers are antiparallel relative to each
other, as one interacting with the antiferromagnet requires
a stronger field to switch, which is advantageous for device
applications.

With interest in understanding the fundamental limit
of magnetization reversal, exchange-bias structures were

"y.saito@lancaster.ac.uk
r.mikhaylovskiy@lancaster.ac.uk

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license. Fur-
ther distribution of this work must maintain attribution to the
author(s) and the published article’s title, journal citation, and
DOL

2331-7019/23/19(6)/064040(9)

064040-1

also investigated using ultrafast pump-probe spectroscopy
by Ju et al. [7,8], in which an intense laser pulse cre-
ated a nonequilibrium state of electrons in the magnetic
metals and another weaker pulse interrogated the time evo-
lution of this state [9]. Laser-pulse perturbation is found
to modify the exchange bias, as evidenced by the distor-
tion of the hysteresis loop observed by the magneto-optic
Kerr effect (MOKE) with a fixed time delay after strong
laser-pulse excitation. Subsequent studies confirmed this
by observing ferromagnetic precession in the time domain
after laser-pump excitation [10—13]. The transient reduc-
tion of exchange bias alters the effective field applied to the
ferromagnet, and consequently, magnetization undergoes
precession along the new equilibrium axis.

However, the all-optical pump-probe method is not free
from nonmagnetic artifacts, such as the state-filling effect
[14] and the laser-induced reflectivity change [15], and
in the case of metallic heterostructures, the interpretation
of signals can be ambiguous [15]. Thus, an alternative
experimental technique, terahertz (THz) emission spec-
troscopy, emerged in the past decade as a prominent tool
for various ultrafast magnetism studies [16,17], opening
the subfield of THz spintronics [18,19]. This method can
replicate spin-transport effects using the exact same spin-
tronic heterostructures as in transport electrical methods,
while having a much shorter time resolution and, at the
same time, preventing magneto-optical artifacts.

Recently, Wu et al. reported terahertz emission from
exchange-biased samples to demonstrate field-free emit-
ters from a practical point of view [20], although they
did not discuss the dynamics of the exchange bias
itself. In this study, we investigate the laser-induced
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dynamics of exchange bias at an [rMn/CoFeB interface at
ultrafast timescales using terahertz emission spectroscopy
[Fig. 1(a)]. First, we confirm that under the low-fluence-
excitation regime the THz emission reveals the hysteresis
corresponding to the exchange bias. Then we observe
that increasing fluence leads to weakening and eventual
destruction of the exchange bias. Nonetheless, by applying
the bias magnetic field during and after laser illumination,
we can restore the exchange bias and reset its direc-
tion. To further investigate the laser-induced change of
the exchange bias, we employ double-pump spectroscopy,
which is recently used for the nonlinearity [21] and phase
transition in FeRh [22,23]. In this way, we observe that
the destruction of the exchange bias has an optical inten-
sity threshold. We also verify that the observed effects can
be achieved in an archetypical magnetic-tunnel-junction
heterostructure.

II. SAMPLES

To investigate THz emission from spintronic struc-
tures with exchange bias, we prepare two different types
of samples (we used CogoFeq9ByoandIrgMngy for all
samples): Ta(10)/IrMn(10)/CoFeB(4)/Ta(5), with one
ferromagnetic layer, and Ta(10)/IrMn(10)/CoFeB(4)/
MgO(1.5)/CoFeB(4)/NM(x), with two ferromagnetic
layers, i.e., a magnetic tunnel junction (MTJ), as shown
in Fig. 1(b) (thicknesses are given in nm). In this paper, we
call them type 1 and type 2, respectively. For a nonmag-
netic (NM) layer, we select Ta and Pt, which are broadly
used in spintronics. IrMn is also a widely used antiferro-
magnet because of the advantages of a high Néel temper-
ature (Ty) and blocking temperature (7). Typical values
are Ty = 721 K for the bulk y phase [24] and T3 = 500 K
for the IrlgMI‘lgl(10)/C090F610(20) bilayer [25] The Ta
layer under IrMn is inserted mainly for better adhesion.

(a) Y

800-nm pulse

—\ry

FIG. 1.

THz pulse

Both structures are grown on quartz substrates by mag-
netron sputtering. The base pressure in the chamber does
not exceed 3 x 1077 Torr. The working argon pressure
during growth of Ta, CoFeB, and Pt is 2 mTorr and dur-
ing growth of IrMn is 4 mTorr. The MgO layer is formed
by rf magnetron sputtering of the dielectric stoichiometric
MgO target at 1.5 mTorr. Structure growth is carried out
under an external magnetic field of 170 Oe applied in the
in-plane direction of the wafer.

The hysteresis loops of each sample along their pinning
axes are measured magneto-optically [they are shown as
blue broken lines in Figs. 3(b) and 6]. One can see that a
single CoFeB layer grown on an IrMn antiferromagnet has
well-induced exchange bias. In contrast, we can evidently
switch this system between the parallel and antiparallel
states by applying a small magnetic field along the pinning
axis.

II1. SINGLE-PUMP THz EMISSION
A. Method

We employ a femtosecond Ti:sapphire laser with a
regenerative optical amplifier with a pulse width and cen-
tral wavelength of 40 fs and 800 nm, respectively. A
linearly polarized pump beam is directed onto the sub-
strate side of the sample, generating the radiation of the
THz pulse. The pump spot is loosely focused with a lens
onto the sample position. We confirm that the waveforms
of THz emission are independent of the pump polarization,
both different angles and circular ones.

As shown in Fig. 1(a), the laser pulse hitting the sample
excites a spin-polarized current, j;, in the FM layer aris-
ing from hot electrons in the different densities of states
between up and down spins. The spin current propagates
from the FM layer to an NM layer, which is converted into

(b)

Type 1 Type 2 (MTJ)

NM (x)

Ta (5 nm)

MgO
(1.5 nm)

Ta (10 nm)

Ta (10 nm)

Quartz Quartz

(a) Mechanism of terahertz emission from the spintronic emitter with exchange bias. Photoexcited spin current, illustrated

by black arrows, propagates from the ferromagnet (FM) layer into both NM and antiferromagnet (AFM) layers and is converted into
charge current via the inverse spin Hall effect. (b) Sample structures fabricated by sputtering. Type 1 has only one FM layer, CoFeB,
with an AFM layer, IrMn, for the exchange bias, while type 2 has two FM layers insulated by MgO, a so-called MTJ. Only the bottom
CoFeB (pinned layer) is exchange biased by adjacent IrMn, while the upper layer is a free layer.
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FIG. 2. Schematic of the single-pump measurement setup. Set
of gold-coated parabolic mirrors guide the terahertz pulse to the
ZnTe crystal. Electromagnet provides a magnetic field in the
plane of the sample. Quarter-wave plate (QWP) balances the
static signal and a Wollaston prism (WP) splits the gate into s and
p polarization, which are detected with a balanced photodetector.
We define At as the delay time between pump and gate.

an electric field (a charge current) if the neighboring NM
layer has a spin Hall angle, 8sy. The THz inverse spin Hall
effect (ISHE) can be expressed as [26]

Ety,  Osh j, X 0, (1)

which is simplified with the exact tensor formula. The
spin polarization, o, is dependent on the magnetization of
the FM layer, the magnitude and polarity of which corre-
spond to the amplitude and polarization of the THz electric
field, Ety,. Notably, the samples we measure contain a
metallic AFM layer, IrMn, which also has a nonzero gy.
Thus, for the type 1 sample, the spin current, j,, flows and
is injected into both IrMn and Ta layers in the opposite
direction. However, the IrMn and Ta layers have positive
and negative fgsy, that is, opposite signs as well. Conse-
quently, the THz emission from the two layers is enhanced
in phase [20]. According to a previous report, the decay
length of the spin current in IrMn is approximately 0.5 nm
in the terahertz-frequency range [27]. This shorter length,
compared to our IrMn thickness, indicates that the base
Ta(10) layer is negligible for THz emission via the ISHE.
Moreover, the polarity is flipped when we measure the
waveform, where the pump pulse is directed from the
opposite side. It means the other emission mechanism of
a magnetic dipole can be neglected in this sample, which
is consistent with previous reports [20,21].

To measure emitted THz waveforms by electro-optic
(EO) sampling, a sufficiently weak pulse (approximately
less than 0.1% of the pump-pulse power) split from the
pump line propagates in a 1-mm-thick (110) ZnTe crystal
together with the detected THz pulse. A time delay, Az, is

controlled by a motorized stage placed on the gate beam-
line (Fig. 2). A quarter waveplate, a Wollaston prism, and
a balanced photodetector are used to convert the optical
signal into an electrical signal, which is generally called a
balanced photodetection to measure the polarization ellip-
ticity, proportional to the THz electric field. An optical
chopper reduces the repetition rate of the pump from 1 kHz
to 500 Hz for a lock-in-amplifier measurement.

In addition, we apply an external dc magnetic field to
samples with an electromagnet, aligning the magnetization
unidirectionally in plane and sweeping the field to obtain
a hysteresis loop. A set of neutral density filters allows
the pump power to be varied for the fluence-dependence
measurement.

B. Results of type 1 (IrMn/CoFeB/Ta)

First, typical terahertz waveforms measured by EO sam-
pling are shown in Fig. 3(a), the spectrum of which
stretches up to 3 THz (limited by ZnTe detection). For
all the signals, reported herein, we find no striking differ-
ence between waveforms. When fixing the delay time at
the terahertz peak position and sweeping the external mag-
netic field, we obtain the loop depicted in Fig. 3(b). The
spin current injected into the NM layer is proportional to
demagnetization, and hence, initial magnetization, which
is the source of the charge current emitting the terahertz
pulse. In fact, the method of terahertz hysteresis reproduces
the loop measured by a conventional method, magneto-
optical (MO) measurement, including the shift derived
from the exchange bias. We calculate the magnitude of
the exchange bias (Hgg) and coercivity (H.) according
to the standard definition: Hgg = (H. + H.»)/2 and H, =
(H.1 — H»)/2, where H., and H., are two zero-crossing
points of the hysteresis. We retrieve Hgg = 200 Oe and
H,. = 260 Oe for the MO signal, while Hgg = 190 Oe and
H,. = 220 Oe for the terahertz hysteresis. The slight dis-
crepancy, like in a previous study [20], in these two loops
probably originates from incomplete spin alignments due
to the nonuniformity of the sample. Also, the penetra-
tion depth and decay depth of the spin current are critical
for the detectable region in the MO signal and THz hys-
teresis, respectively. If the two depths are different and
the sample thickness is thinner than the depths, the two
loops measured with the MO signal and THz can be totally
different.

We further conduct the hysteresis measurement with
various pump fluences. Figure 4 shows the results for three
different fluences. Although the graphs are normalized by
each saturated magnetization to emphasize the difference
in shape, the intensity dependence of the terahertz peak at
the saturation field, Heyy = 1500 Oe, is approximately pro-
portional to the fluence, as shown in the inset of Fig. 3(a).
This latter result is rather trivial and agrees with a pre-
vious report [18]. Here, we focus on the change of the
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(a) Typical terahertz waveforms from the type-1 sample under Hey; = 1500 Oe. Oscillation after the main peak may originate

from water absorption in the atmosphere. Inset clearly shows the proportionality between the laser power (or fluence) and the terahertz
peak in the region that we measure. (b) Terahertz hysteresis measured at the waveform peak (red solid line) and hysteresis measured
by the magneto-optical method (blue broken line). We use 0.5 - mJ/cm? laser fluence for the terahertz measurement. Both data sets are

normalized for easy comparison.

hysteresis loops. Measuring only with low fluence, such as
0.1 mJ/cm? (Fig. 4) and 0.5 mJ/cm? [Fig. 3(b)], we obtain
the same shape as expected for the exchange bias. As the
fluence increases, the hysteresis loop is distorted gradually,
and finally, the coercivity and bias field almost disappear
at a high fluence (4.5 mJ/cm?). At the intermediate flu-
ence, 2.2 mJ/cm?, the hysteresis loop is a combined shape
of the low and high fluence. It seems that this coexistence
state originates from the inhomogeneous distribution of the
laser fluence or nonuniformity of the sample itself, such as
the magnetic domains and polycrystalline structure. The
FM and AFM are completely decoupled in certain regions,
while the interface exchange coupling is still in place in
remaining regions.

To further elucidate the effect of high fluence, we inves-
tigate the reversibility between low and high fluences.
We compare the THz hysteresis under 0.5 mJ/cm? illu-
mination before and after stimulation by strong pulses of
4.5 mJ/cm?. The exposure time under high fluence is fixed
at approximately 10 s (10000 pulses). When the exter-
nal magnetic field is applied along the same direction
as the exchange-bias field during exposure, the exchange
bias returns to the same state as the preceding one. In
contrast, the opposing polarity of the external field flips
the direction of the exchange bias by the intense laser
beam exposure (Fig. 5). The pinning direction can be reset
with a sufficiently intense laser beam, even under a weak
field of Hey = 10 Oe. This switching shows that at high
fluence the transient effective temperature at the inter-
face exceeds the blocking temperature [28,29], and hence,
CoFeB and IrMn spins are completely decoupled, and then
they align with a new orientation determined by the cool-
ing field. This result is in good agreement with a previous
study on helicity-dependent optical switching of exchange
[30]. Interestingly, the external field required to reset the

exchange bias under laser illumination can be as small as
10 Oe, i.e., an order of magnitude smaller than that used
for sample preparation. This value is consistent with the
coercivity under high fluence (see inset in Fig. 4).

C. Results for sample 2
(IrMn/CoFeB/MgO/CoFeB/NM)

We repeat the measurements of the terahertz hysteresis
for type 2 samples (MTJ) with two different NM lay-
ers: Pt(10) and Ta(10). To avoid heating the sample, a
moderate pump fluence 0.5 mJ/cm? is selected. For the
Pt-capped sample, as shown in Fig. 6(a), the THz hys-
teresis shape is totally different from that obtained from
magneto-optical data and is dominated by the upper free
layer, CoFeB/Pt. This agrees with the fact that Pt has a
larger absolute value of spin Hall angle than IrMn. Also,
the minimum signal is observed around H. = 0, not at
a strong magnetic field of around 1500 Oe, which means
the emitted THz signals from IrMn and Pt partly cancelled
each other out when two layers are completely parallel.
This corresponds to the same positive sign of the spin
Hall angle for Pt and IrMn. For the Ta-capped sample, the
hysteresis from the exchange-biased layer clearly remains
in contrast to the Pt-capped one, although the polarity is
inverted. This is also in agreement with comparable abso-
lute values and the opposite sign of the spin Hall angle for
IrMn and Ta (and Pt and Ta). However, in the antiparal-
lel state around H,; = 0, the signal is nonzero because the
absolute value is greater for Ta than IrMn. Finally, we mea-
sure another sample with Ta(3)/Pt(10) for the NM layer
to demonstrate the improved suppression of Ety, at zero
magnetic field (not shown).
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FIG. 4. Fluence dependence of the terahertz hysteresis. High-
fluence (4.5 mJ/cm?) pump eliminates coercivity and exchange,
while the intermediate state is observed for 2.2 mJ/cm?. All
loops are normalized to the saturated region. Inset in the bot-
tom graph clarifies the zero-crossing region. In addition to a low
fluence of 0.1 mJ/cm?, Fig. 2(b) also shows a similar case of low
fluence, 0.5 mJ/cm?.

IV. DOUBLE-PUMP METHOD
A. Method

The fact that the hysteresis loops in our samples are
modified by the laser pulse at high fluences poses a ques-
tion regarding the origin of the bias modulation and its
timescale. To explore this phenomenon of exchange-bias
elimination more deeply, we carry out double-pump THz
emission spectroscopy for the type 1 sample.

We depict the optical system of the double-pump ter-
ahertz emission spectroscopy in Fig. 7. The pump beam
shown in Fig. 2 is split into two pump beams, named pump
1 and pump 2. Only pump 2 is modulated by the optical
chopper for lock-in detection with 500 Hz. An additional
delay line produces the relative time delay, At, of pump
2 with respect to pump 1. When the optical path length of
pump 1 is shorter than that of pump 2, pump 1 hits the
sample first and emits signal THz 1. After that, the THz 2
signal is also generated by pump 2. For the gate pulse, we
fix the delay timing, A¢, at the peak of the THz 2 signal,

4.5 mJ/cm?

B m He.. = —10 Oe

:a /’\
I . .
= 10 ‘ 1.0 -
E o5 05
[]
£ oo 0.0
£-05 -05
E -1.0 : -1.0 ;
§ ~1000-500 0 500 1000 —1000-500 O 500 1000
H (Oe) H (Oe)
4.5 mJ/cm?
m E Hey = +10 Oe
FIG. 5. Exchange-bias control in the high-fluence regime. As a

result of high-fluence exposure, the exchange bias and coercivity
are first totally quenched (Fig. 4), and then recover to the cooling-
field-dependent direction. This reversible switching process also
means we can control the orientation of exchange bias with an
external magnetic field as weak as 10 Oe.

while scanning At. As a result, we can monitor the tran-
sient phenomena on the peak amplitude of THz 2 induced
by pump 1. In other words, THz 2 plays the role of a probe
for optical excitation by pump 1. In the EO sampling, the
contribution from THz 1 can be neglected because the rep-
etition rate (1 kHz) is different from the lock-in reference
frequency (500 Hz).

B. Results and discussion

With the double-pump setup, we trace the terahertz peak
signal of pump 2 (fluence of 50 J/cm?) along the time
delay, At, and obtain the fingerprint of a typical ultrafast
demagnetization in the FM layer [upper curve of Fig. 8(a)],
which has been widely reported [31]. The higher flu-
ence of pump 1 heats up the spin temperature more, and
therefore, the demagnetization signal is remarkable in the
strong pulse. The magnetization reaches almost zero with
the 5 mJ/cm? fluence of pump 1. We increase the inten-
sity of pump 2 to improve the signal-to-noise ratio (SNR)
(0.5 mJ/cm?) and reduce that of pump 1 (0.2 mJ/cm?) to
avoid damaging the sample [lower curve of Fig. 8(a)]. In
this case, demagnetization is still seen. We select this flu-
ence combination for the hysteresis measurement to retain
a better SNR.

Next, we accumulate the terahertz hysteresis while
shifting the optical delay, At [Fig. 8(b)], and extract
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(red solid line), different magnitudes of contribution from the top and bottom FM layers is observed, especially in the Ta-capped MT]J,
which has a significantly distinct loop from the magneto-optical signal (blue dashed line).

the exchange bias and coercivity from these hysteresis
loop; the transient magnitude of the fields is illustrated in
Fig. 8(c). As a result, we find a Gaussian-like modulation
in both coercivity and bias field. At first glance, it indicates
the ultrafast modulation of the exchange bias. However,
Dalla Longa et al. pointed out [10] that the shift from
one equilibrium state to another in a short time seemed
unrealistic. The only way to analyze a realistic transient

Delay line
AT
Pump 1 P2 P1 —
3 BS 1 1 = ﬂ
Pump 2 At i
Electromagnet
Delay line &
ETHz (A1)
At (fixed)
Gate
Gate
FIG. 7. Schematic of the double-pump method. Pump 1 and

pump 2 excite signals THz 1 and THz 2, respectively, with a
relative time delay, At, produced by an additional delay line on
pump 1. Two pump beams are reunited with a 50:50 beam splitter
(BS). Other delay line on the gate pulse is fixed to overlap the
gate pulse with the peak of THz 2 independently of the At scan.
In terms of the EO-sampling detection, the setup is identical to
that shown in Fig. 5.

change of the exchange-bias magnitude is to extract the
bias field from the precession signal using the phenomeno-
logical formula, as demonstrated by Dalla Longa et al.
However, we do not find a significant oscillation in our
demagnetization signal [Fig. 8(a)] because of the noise
floor or different character of magnetic anisotropy in our
samples, even with longer scans. Although we cannot esti-
mate the exchange-bias modulation in the real timescale,
the Gaussian-like change of the exchange bias should be
still meaningful as a clue to understand the physics.

The disappearance of exchange coupling occurs only
when the two pulses overlap in time. If this effect is due
to the accumulated thermal effect with multiple pulses up
to the blocking temperature, the bias reduction is indepen-
dent of the overlapping state (At) because the averaged
power of the input laser is constant [32]. Thus, the only
plausible explanation for the “ultrafast” signal on a sub-ps
scale is that there exists a threshold (or strongly non-
linear behavior) in pulse intensity to alter the exchange
bias and coercivity [Fig. 8(d)]. If the two pulses partially
overlap or are perfectly separated, the summed inten-
sity is not sufficient to trigger bias modulation. On the
other hand, once the pulses almost overlap and the total
intensity surpasses the threshold, the exchange bias and
coercivity immediately get to zero. The time width of this
drastic change, less than 100 fs, is in good agreement
with our pulse duration, which supports our threshold sce-
nario. In our case, the threshold fluence is in the order of
0.7 mJ/cm?. We speculate that this intensity-origin non-
linearity originates from thermalization of the spin tem-
perature in the AFM and FM layers. Judging from the
10% demagnetization in Fig. 8(a), we can deduce that the
spin temperature in the FM layer is already increased. The
blocking temperature of [rMn is lower than the Curie tem-
perature of CoFeB, which implies that decoupling at the
boundary AFM-FM interaction is possible, especially from
the AFM contribution. Recently, the numerical modeling
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(a) Tracking of the pump-2 peak in the double-pump method with different fluence combinations. Vertical scale is converted

from the terahertz electric field to magnetization. (b) THz hysteresis at different At timings. Signal magnitude is normalized for each
timing. (c) Extracted exchange bias and coercivity from the series of hysteresis shown in (b). Exchange bias and coercivity show the
Gaussian-like envelope at a short timescale. (d) [llustration of the threshold effect. Only when the pump pulses are close to each other
is the peak intensity enhanced over the threshold. We consider that this intensity threshold triggers elimination of the exchange bias.

of demagnetization in the AFM layer manages to explain
the ultrafast exchange-bias annihilation [33]. Although we
cannot determine the real timescale of modulation, includ-
ing the recovery time from our experimental data, their
theory suggests that this phenomenon is ultrafast dynamics
in an antiferromagnet.

V. CONCLUSION

We demonstrate that terahertz emission spectroscopy
with a single pump is a way to measure the hysteresis
loop with a remarkably high signal-to-noise ratio. The
THz hysteresis exhibits a clear exchange-biased shift,
even for TMR samples, in which the THz signal suffers
from interference from two ferromagnetic layers, espe-
cially when their adjacent layers for the ISHE have dif-
ferent magnitudes of spin Hall angle. We find that the
intense laser pump quenches the exchange bias, but it
is restored to uniaxial bias, the orientation of which can

be controlled by a weak external field. As a result of
the double-pump method, we conclude that this switch-
ing effect originates from nonthermal decoupling at the
antiferromagnet-ferromagnet interface. Also, the double-
pump results reveal that this exchange-bias elimination has
threshold behavior with respect to intensity. Our discovery
may enable laser-driven magnetization switching assisted
by an antiferromagnet via exchange coupling.
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