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Antiferromagnets offer great potential for high-speed data processing applications, as they can expend spintronic
devices from a static storage and gigahertz frequency range to the terahertz range. However, their zero net magnetization
makes them difficult to manipulate and detect. In recent years, there has been a lot of attention given to the ultrafast
manipulation of magnetic order using ultra-short single laser pulses, but it remains unknown whether a similar scenario
can be observed in antiferromagnets. In this work, we demonstrate the manipulation of antiferromagnets with a single
femtosecond laser pulse in perpendicular exchange-biased Co/IrMn/CoGd trilayers. We study the dual exchange bias
interlayer interaction in quasi-static conditions and competition in ultrafast antiferromagnet rearrangement. Our results
show that, compared to conventional ferromagnetic/antiferromagnetic systems, the IrMn antiferromagnet can be ultrafast
and efficiently manipulated by the coupled CoGd ferrimagnetic layer, which paves the way for potential energy-efficient
spintronic devices.

Keywords: antiferromagnet, ferrimagnet, exchange bias, all-optical switching
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1. Introduction
Antiferromagnets with anti-aligned spin sublattices,

which have zero dipolar fields, possess advantageous prop-
erties such as insensitivity to interfering magnetic fields, en-
hanced stability, and ultrafast spin dynamics that may find ap-
plications in a broad range from data processing to magnetic
memory.[1,2] However, the lack of a net magnetic moment
poses a challenge for manipulation and detection.[2] This is
usually achieved using the exchange bias effect (shift of the
hysteresis loop along the magnetic field direction), where the
antiferromagnet (AFM) controls the orientation of a coupled
ferromagnet (FM), which can then be controlled and detected
using conventional method.[3,4] The exchange bias field (He)
depends strongly on the layers thicknesses, texture, and the
magnetic configuration in both FM and AFM layers.[5,8] The
exchange bias phenomenon is usually considered as an inter-
facial effect, but recent studies also indicated that the AFM
volume also plays a role in defining the exchange bias.[9–12]

The wide applications of spintronic sensors[13] and mag-
netic random-access memories (MRAM)[14] have extended
the capabilities of exchange bias systems. However, the con-
ventional method of setting the exchange bias field typically
takes several hours and involves annealing with or without
a field.[4,15] Recently, femtosecond-laser-induced all-optical
switching has been attracting much attention.[16–18] The field-
free switching of [Co/Pt] multilayers can be realized by us-
ing all-optical helicity-dependent switching (AO-HDS) with

multi-pulses, which allows for the reversal of the perpendicu-
lar exchange bias in [Co/Pt]n/IrMn multilayers.[19] Addition-
ally, Gd-based ferrimagnets (FiM) alloys have been found
to show all-optical helicity-independent switching (AO-HIS)
with a single femtosecond laser excitation,[20] allowing for
exchange bias switching to be compressed within a hundred
picoseconds.[21] The exchange bias reversal in such a short
time scale also indicates the ultrafast rearrangement of the
AFM order. Due to the difficulties in the direct characteri-
zation of interfacial and volume AFM spin structures in the
thin film structure, most of the studies rely on the dual ex-
change bias trilayer structures consisting of an FM/AFM/FM
stack,[9–11] where the dual exchange bias behavior is used to
explore the AFM volume order configuration. These studies
are all based on long timescale field-cooling configurations,[9]

but the ultrafast rearrangement of AFM orders and exchange
bias have not yet been systematically investigated experimen-
tally.

In this paper, we demonstrate the manipulation of ex-
change bias in Co/IrMn/CoGd (FM/AFM/FiM) trilayers with
dual perpendicular exchange bias using a single femtosec-
ond laser pulse. In quasi-static characteristics, we show the
IrMn thickness-dependent interlayer interaction of the dual
exchange bias interface. With the single femtosecond laser
excitation, we find that the exchange bias switching is gen-
erated from the ultrafast rearrangement of the AFM spins at
the IrMn/CoGd interface and further demonstrate the compe-
tition across the AFM volume orders. In addition, the high
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repeatable exchange bias switching of IrMn/CoGd presents an
ultrafast and efficient method for manipulation, offering novel
insights into the potential applications of spintronic devices in
the future.

2. Stacks structure and interplay of the dual ex-
change bias interfaces
All the samples were deposited onto glass substrates by

magnetron sputtering. The trilayer systems of the glass/Ta
(5)/Pt (5)/Co (1)/Ir20Mn80(tIrMn)/Co77Gd23 (4)/Pt (5) (thick-
nesses in nm) with tIrMn = 2–8 nm are shown in Fig. 1(a).
In the CoGd amorphous layer, the magnetization of the Gd
sublattice is antiferromagnetically exchanged coupled to the
magnetization of the Co sublattice. The net magnetization of
the alloy is given by the contribution of both sublattices and
reaches zero (the compensation concentration) at room tem-
perature for a composition between 30% and 32%. Here, we
focus on Co-rich alloy with a 23% Gd concentration. After
deposition, the samples were annealed for 1 h at 200 ◦C in
an out-of-plane magnetic field of −60 mT. The perpendicular
magnetic anisotropy and exchange bias of the trilayers were
confirmed by the polar magneto-optic Kerr effect (MOKE). A

series of stepped hysteresis loops are obtained in Fig. 1(b).
The exchange bias field µ0He and coercivity µ0Hc of both
interfaces as a function of the IrMn thickness are presented
in Fig. 1(c). A noticeable exchange bias field of both in-
terfaces can be observed over the 2 nm IrMn, reaching the
maximum at tIrMn = 5 nm and decreasing when tIrMn is fur-
ther increased. The coercivity µ0Hc decreases with increas-
ing tIrMn. According to Meiklejohn’s macrospin model,[3] the
effective exchange coupling constant in an FM/AFM bilayer
is evaluated using Jex = µ0HeMst, where Ms is the saturation
magnetization of the CoGd (or Co) layer, which is obtained
by SQUID-VSM, and t is the CoGd (or Co) layer thickness.
We observe that the nearly compensated CoGd layer exhibits
a larger exchange bias field than the Co/IrMn interface at tIrMn

between 3 nm and 8 nm, as illustrated in Fig. 1(c). The ob-
served distinction can be ascribed to the different magnetic
disorder conditions present at the top and bottom interfaces
during deposition.[20] These conditions induce stronger ex-
change interactions at the IrMn/CoGd interface when tIrMn is
between 3 nm and 6.5 nm, as shown in Fig. 1(d). Additionally,
the near compensated CoGd alloy, characterized by a low Ms,
also demonstrates a greater exchange bias field for a compara-
ble Jex at tIrMn = 8 nm.
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Fig. 1. The Co/IrMn/CoGd trilayers magnetic properties characterization. (a) Film stacks structure of Co/IrMn/CoGd perpendicular exchange bias
trilayers system. (b) The hysteresis loops at various IrMn thicknesses (tIrMn from 2 nm to 8 nm). Clear stepped hysteresis loops can be obtained at
tIrMn from 2 nm to 8 nm. (c) The exchange bias field µ0He and coercivity µ0Hc (inset) of CoGd and Co interface as a function of IrMn thickness.
(d) The effective exchange coupling constant Jex of both interfaces given by Jex = µ0HeMst as a function of the IrMn thickness (tIrMn).

The effect of the IrMn layer thickness on the exchange

bias field in bilayer systems has been extensively studied.[5]

Generally, in an IrMn exchange-biased bilayer system, the ex-

change bias field rapidly increases above the critical thickness

(tc), reaches a maximum (tmax), then saturates. This behav-

ior is attributed to the interplay between the interfacial ex-
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change bias and the AFM anisotropy of the IrMn layer. As the
thickness of the IrMn layer increases, the interfacial exchange
bias becomes less dominant, and the AFM anisotropy of the
IrMn layer becomes the primary contributor to the exchange
bias field.[5] Consequently, no additional AFM anisotropy is
available to support the interfacial exchange bias, leading to
the saturation of the exchange bias field beyond a certain
thickness.[5] However, in the FM/IrMn/FM trilayers, the ad-
ditional interlayer effect of the two FM layers must be con-
sidered. When IrMn layer thickness tIrMn < tc, the short-range
interaction of the two interfaces is usually induced by RKKY
interlayer coupling[23] or orange peel effect[24] and the long-
range interaction (tIrMn > tmax) shows the exchange spring
behavior.[25] When tc < tIrMn < tmax, there will be an interplay
between the interlayer coupling and the AFM anisotropy of the
IrMn layer, which usually induces exchange bias enhancement
and propagation phenomenon of the two interfaces.[10–12] In
polycrystalline IrMn structures, the size of the grains must
be taken into account as a crucial factor in the propagation
of exchange bias.[23,24] The hysteresis loops of Co (1)/IrMn
(tIrMn)/Co77Gd23 (4) trilayers with tIrMn = 3–8 nm are shown
in Figs. 2(a)–2(d). The major loops (black) reflect the full
switching of the entire structure. The minor loops (red) only

reflect the reversal of the CoGd layer without Co layer rever-
sal. We can note that the overlapping of the major and minor
loops differs in various IrMn layer thicknesses. For the thin-
ner 3 nm and 5 nm IrMn layers Figs. 2(a) and 2(b), without
Co layer switching, the right branch of the CoGd loop shifts
leftward. However, for the thicker 6.5 nm and 8 nm IrMn
layers Figs. 2(c) and 2(d), the CoGd subloops almost over-
lap with the major and minor loops. When tIrMn = 6.5 nm
and 8 nm, the exchange bias generates by the AFM grains of
each side and keeps independent during the magnetization re-
versal. When tIrMn < 5 nm, after the full switching of the tri-
layers, the nonrecoverable reversal of the AFM spins occurs in
the Co/IrMn interface propagating through interlayer coupling
across the AFM volume orders and acting on the IrMn/CoGd
interface.[11] In addition, the interlayer coupling can be seen as
an energy barrier and partially unlock the exchange coupling
of CoGd after Co fully switched.[11] With the strong interlayer
coupling of the two interfaces, the AFM volume orders can be
well characterized by the interfacial exchange bias and help us
further explore the interfacial and volume AFM orders rear-
rangement under the femtosecond laser-induced ultrafast dy-
namics.
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Fig. 2. The interlayer coupling of the Co/IrMn and IrMn/CoGd interfaces. (a)–(d) Major (black) and minor (red) loops of Co (1)/IrMn
(tIrMn)/Co77Gd23 (4) trilayers with tIrMn = 3 nm, 5 nm, 6.5 nm and 8 nm. When tIrMn = 3 nm and 5 nm, the right branch of the minor loop
shows a clear leftward shift. When tIrMn = 6.5 nm and 8 nm, the major and minor loops overlap with each other.

3. Laser-induced ultrafast antiferromagnet re-
arrangement

Single-shot laser-induced exchange bias switching at
IrMn/CoGd interface was performed for various laser flu-
ences with IrMn thickness tIrMn ranging from 3 nm to 8 nm
in Figs. 3(a)–3(d). The experiments were carried out by a

Ti:sapphire femtosecond laser with a 5-kHz repetition rate and

a wavelength of 800 nm (1.55 eV). The pulse duration is 40 fs

and the full width at half maximum (FWHM) of the beam di-

ameter is ∼ 50 µm. The exchange bias field of both inter-

faces was obtained at the center of the excitation region, which

was measured using a MOKE microscope. Due to the laser-
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induced heating, the temperature of the trilayer system ex-
ceeded the Néel temperature of the IrMn layer. Time-resolved
experiments have shown that the exchange bias of IrMn-based
systems quenches at 0.7±0.5 ps.[26] In our previous work, we
indicated that the IrMn/CoGd bilayer system exhibits AO-HIS
with a switching timescale of ∼ 5 ps, and demonstrated that
the single shot exchange bias switching arises from the coher-
ent switching process of the coupled IrMn grains, induced by
ultrafast CoGd switching.[21] Through the time-resolved mea-
surement, we have shown that the interfacial exchange bias
switching occurs within 100 ps.[21] In the meantime, the ex-
change bias of the Co/IrMn interface is only affected by laser
heating and the interacted AFM spin configuration itself.[27]

In Fig. 3, we can note that the maximum amplitude of the ex-
change bias switching at the IrMn/CoGd interface decreases
with the increased IrMn thickness. Compared to the initial

exchange bias after annealing, 37%–19% of the switched ex-
change bias varies from 3 nm to 8 nm IrMn thickness. How-
ever, the exchange bias of the Co/IrMn interface reduces close
to zero at tIrMn = 3 nm and remains positive at tIrMn = 5 nm,
6.5 nm and 8 nm, but is much less pronounced. We can con-
clude that: 1) The exchange bias reduction of two interfaces
indicates that under such an ultrafast laser excitation process,
the recovery of the AFM volume orders is not fully deter-
ministic and thus does not allow the interfacial AFM spins
to rearrange completely. 2) The amplitude of exchange bias
switching in IrMn/CoGd decreases as the thickness of IrMn
increases. This effect is attributed to the attenuated interfacial
coupling, as depicted in Fig. 1(d). 3) The ultrafast demagneti-
zation and antiparallel final state cause a twist in the AFM vol-
ume orders, which leads to zero exchange bias at the Co/IrMn
interface.
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Fig. 3. Single-shot exchange bias switching in Co/IrMn/CoGd trilayers. (a)–(d) Exchange bias field of CoGd and Co interface in 3 nm, 5 nm, 6.5 nm
and 8 nm IrMn samples after shining by a single linearly polarized laser pulse with a pulse duration of 40 fs and various fluences. The vertical dash line
indicates the threshold fluence of CoGd switching and the solid line indicates the demagnetization fluence that CoGd begins to demagnetize.

From the fluence-dependent exchange bias switching at
various IrMn thicknesses, we can only observe the ultrafast
AFM spins rearrangement at the IrMn/CoGd interface, and the
behavior of AFM volume orders is still unclear. Therefore, we
focused on the Co (1)/IrMn (3)/CoGd (4) sample and utilized
the exchange bias variation of the two interfaces. The trilayer
system with tIrMn = 3 nm suggests a strong interlayer interac-
tion in the IrMn volume order. The recovery of exchange bias
after laser excitation depends on AFM spins rotation at both
interfaces, as well as the competition or propagation during
the rearrangement of AFM volume orders in the antiparallel
(AP) or parallel (P) configuration of the two interfaces. Firstly,
we start from the P initial state, as shown in Fig. 4(a). After
laser excitation, the exchange bias of the IrMn/CoGd inter-
face switches to negative (CoGd-a), Co layer remagnetization
to initial but the exchange bias reduces to zero (Co-a) over
the fluence of CoGd switching threshold (vertical dash line),
as shown in Fig. 4(c). In the other case, we use the external
field to reverse the Co layer to AP configuration but with ini-
tial positive exchange bias (Fig. 4(b)). After the laser shines
at zero fields, the exchange bias of both interfaces switches
to negative after CoGd begins switching (CoGd-b and Co-b
in Fig. 4(c)). From the fluence dependence of the CoGd in-
terfacial exchange bias with different Co states, we can note

that, in the all-optical switching window of CoGd (between
the solid and dash lines), the AFM spins rearrangement of the
IrMn/CoGd interface is not affected by the Co/IrMn interface
state, which represents almost the same AFM spin configu-
ration at the IrMn/CoGd interface. But the P final state af-
ter laser excitation allows the AFM layer to further reorder
without forming a twist domain wall and propagates to the
Co/IrMn interface.[11,12] Over 17 mJ/cm2, CoGd demagne-
tizes and gradually becomes a multidomain state. The ex-
change bias reduces toward zero, and the AFM spin orders
at the IrMn/CoGd interface can not be well defined. However,
with the higher temperature and longer time heating, the neg-
ative exchange bias of the Co/IrMn interface (Co-b) can lead
to the additional pinning of the AFM layer compared to the
zero exchange bias situation (Co-a) and result in the exchange
bias field of IrMn/CoGd negative shift (CoGd-b) compared to
the AP final state (CoGd-a). Accordingly, it is observed that
the competition and propagation of exchange bias can be dis-
cerned over a broad range of laser fluence. Within the switch-
ing window of CoGd, the reorientation of AFM spins at the
IrMn/CoGd interface can be efficiently achieved through a sin-
gle laser pulse, which further influences the AFM volume or-
ders. When the laser fluence exceeds the switching window
and CoGd loses its dominance of the interfacial AFM spins,
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the exchange bias of the IrMn/CoGd interface is found to be
sensitive to different AFM order configurations owing to the
interlayer interaction.

Furthermore, we investigate the exchange bias repeated
switching by multi-pulses excitation. We increase the num-
ber of laser pulses with a fluence of 16 mJ/cm2 to shine from
the P (Fig. 5(a)) and AP (Fig. 5(b)) initial state, respectively.
The AP initial state is obtained by reversing the Co layer with
an external field and then removing the field when shining
the laser. The related continuous switching results are shown
in Figs. 5(c) and 5(d), a repeatable and stable exchange bias
switching can be found at the IrMn/CoGd interface in the
range of ±40 mT in both situations. On the contrary, the ex-
change bias of the Co/IrMn interface shows a constant value
(∼ 0 mT and −8 mT) after the first pulse. Then we use higher
fluence with 21 mJ/cm2 over the CoGd switching window,
as shown in Figs. 5(e) and 5(f). At the odd number of laser
pulses, the CoGd layer begins to demagnetize and the am-
plitude of the switched exchange bias of the IrMn/CoGd in-
terface starts to decrease according to Fig. 4(c). However, a
significant difference can be noted in the back-switched ex-
change bias amplitude at the even number of pulses on dif-
ferent Co states (Figs. 5(e) and 5(f)). The demagnetization
of CoGd at high fluence will lose dominance on AFM orders,
and the effective exchange bias of Co/IrMn can propagate to
the IrMn/CoGd interface.[11,12] As shown in Fig. 5(f), the neg-
ative exchange bias of the Co/IrMn interface effectively pre-
vents the back-switched exchange bias of the IrMn/CoGd in-
terface. Therefore, after the first laser excitation, the antifer-
romagnetic (AFM) orders may transit into a metastable state
depending on the initial configuration of the two interfaces.
The independent behavior of the interfaces upon subsequent
laser pulse excitation provides further evidence that the ex-

change bias switching of the IrMn/CoGd interface is primarily
driven by the rearrangement of interfacial AFM spins. More-
over, the AO-HIS of the coupled CoGd layer can be utilized as
an ultrafast reset method for the AFM.
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Fig. 5. Exchange bias switching with the number of pulses at different Co states. (a) The laser excitation from the P initial state with a laser fluence of
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4. Conclusion and perspectives

In this work, we investigated dual perpendicular exchange
bias systems in Co/IrMn/CoGd trilayers using both static field
switching and ultrafast all-optical manipulation. Our results
demonstrate the IrMn thickness-dependent interlayer coupling
between the two exchange bias interfaces and reveal that the
exchange bias at the IrMn/CoGd interface can be effectively
controlled with a single femtosecond laser pulse. This ma-
nipulation is attributed to the ultrafast rearrangement of AFM
spins at the interface, which also has a significant impact on
the AFM volume orders. Furthermore, our observations of the
competition between the Co/IrMn and IrMn/CoGd exchange-
biased interfaces under ultrafast dynamics highlight the effec-
tiveness of the AO-HIS in enhancing the efficiency of the cou-
pled AFM manipulation. These findings provide new insights
into exchange bias phenomena and have implications for the
development of ultrafast, field-free, and energy-efficient anti-
ferromagnet manipulation techniques.
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