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Crucial roles of phase competition and spin-lattice relaxation in the gigantic switchable
optomagnet effect of (Fe0.875Zn0.125)2Mo3O8
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It was discovered that crystal-field excitations involving spin-flip transitions play a crucial role in controlling
switchable optomagnet effects in antiferromagnetic (Fe0.875Zn0.125)2Mo3O8. However, when the flipped spins
are in excited states to frustrate the balanced spin moments, the photoinduced magnetization has not occurred
yet. Only after the ultrashort pulses disappear does the gigantic magnetization start to grow from a zero
moment. In this study, we demonstrate that the gigantic optomagnetic effect is triggered by a two-step spin-flip
process. Through the use of Kerr-effect microscopy and applications of the magnetic field, we discern between
photoinduced switchable magnetization and nonswitchable demagnetization. Our experimental designs uncover
all indispensable factors for the development of antiferromagnetic memory devices using insulating oxides.
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I. INTRODUCTION

In the past, the majority of studies on light-induced
ultrafast magnetism focused on demagnetization processes
from nonzero moments in various ferro or ferrimagnetic
systems [1–20]. Magnetization from a zero moment in an-
tiferromagnets was relatively less explored [21,22]. In the
first case, the application of magnetic fields was typically
required, whereas the later case did not necessitate external
fields. Exceptional cases involved coherent control [23–28]
or optical THz excitation [29–34], which manipulated spin
wave or magnons via various well-established mecha-
nisms [35,36], either far away from resonance or at near
resonance, respectively. In contrast to the prevalent use of
the NIR-field (mostly at 800 nm) or the THz-field exci-
tation, crystal-field excitation has been rarely employed in
ultrafast (de)magnetization [22,37]. In transition metal oxides,
crystal-field splitting induced from effective fields created by
surrounding oxygens enables on-site d-d transitions due to the
lifting degeneracy of d orbitals. Recent breakthroughs have
been discovered through such on-site d-d transitions, offering
a new route for switchable antiferromagnetic spintronics [22]
and providing critical nonreciprocity [38] for isolator device
applications.

When spin subsystem change is discussed in the nonequi-
librium case after photoexcitation, the three temperature
model is often adopted in magnetic metals [1] while a pic-
ture of excess energy transfer is mostly used in magnetic
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insulators for above-gap excitations [39]. Although the on-
site spin flip can be realized by crystal-field excitations that
induce transient change in spin arrangements, excited state
lifetimes, electron correlations, and the following thermal dy-
namics together make it hard to predict magnetization change
straightforwardly. It is also unknown whether the excited state
emits a magnon and then precesses to a different state or
back to a ground state. Undoubtedly, crystal-field excitation
plays a key role in switchable optomagnet effects for antifer-
romagnetic materials. However, the interplay remains unclear
as to the excited spin-state lifetime, the following relaxation,
and the spontaneous magnetization after the disappearance of
pulse excitation. To reveal all essential pivots, we design the
experiment to compare the wave vector of crystal-field excita-
tion perpendicular to (k⊥) and parallel to (k‖) the Néel vector.
We also employ scanning Kerr microscopy and magnetic field
to compare the role of the antiferromagnetic and ferrimagnetic
state in a switchable optomagnetic material of strong phase
competition. These experimental designs demonstrate a two-
step spin-flip process for enhancing the optomagnetic effect
and distinctively elucidate differences between switchable
ultrafast magnetization versus nonswitchable ultrafast demag-
netization, providing deeper insight into ultrafast magnetism.

II. SAMPLE AND EXPERIMENT SETUP

Figures 1(a) and 1(b) show the crystal and magnetic
structures of Fe2Mo3O8(FMO). The magnetic ions, Fe2+,
are located in oxygen octahedrons (O-site) and tetrahe-
drons (T -site), and have alternative stacking along the
c axis with nonmagnetic Mo4+ in oxygen octahedrons.
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FIG. 1. Illustrations of experimental geometries for (a) (100) and
(b) (001) (Fe1−xZnx )2Mo3O8, corresponding to k⊥ and k‖ , respec-
tively. (c) A phase diagram for x = 0.125, adopted from Ref. [40]
where the phase and phase boundary were determined by M-T or
M-H curves. The AFM (FRM) state occurs in the hysteresis region
without (with) field cooling. (d) In the k⊥ geometry, a circularly
polarized pump excites both O-site spins in a magnetic unit of AFM
order. (e) A circularly polarized pump only selectively flips spin
moments in the k‖ geometry.

When nonmagnetic Zn replaces Fe at the T -site, i.e.,
(Fe1−xZnx )2Mo3O8(FZMOx), FZMOx exhibits an antiferro-
magnetic (AFM) ground state and experiences increasing
phase competition with a ferrimagnetic (FRM) phase [39].
Figure 1(c) presents a phase diagram for x = 0.125, which
exhibits the strongest phase competition and the largest
hysteretic area among various doping concentrations [39].
Additionally, the optomagnetic effect, which creates switch-
able transient magnetization from zero magnetic moment in
the AFM ground state by using crystal-field excitation to se-
lectively excite d-d transitions from one of the four Fe2+ ions
in a magnetic unit displayed in Fig. 1(d) is maximized in this
doping concentration [22]. The application of magnetic fields
can stabilize the FRM phase, as shown in the magnetic struc-
ture displayed in Fig. 1(c). For a comprehensive discussion
of the material properties, refer to Ref. [39], while Ref. [22]
provides in-depth analysis on the optomagnetic effect.

Our experiments utilize a 1.24-eV pump and a 0.87-eV
probe generated by an amplifier laser centered at 1030 nm
with a pulse width of ∼200 fs and a repetition rate of 5 kHz.
The crystal-field excitation at 1.24 eV enables on-site spin-flip
d-d transition of Fe2+ located at O-sites [22]. In the k⊥ config-
uration [Fig. 1(a) and 1(d)], circularly polarized light has the
same probability to excite both up and down spin along the
crystal c-axis (as illustrated in Fig. 5(a) in Appendix A); thus,
we opt for linearly polarized pump in the k⊥ case. However,
in the k‖ configuration [Fig. 1(b) and 1(e)], the light helicity
selects either up or down spin solely, effectively frustrating
the antiferromagnetism during pulse irradiations and enabling
the generation of optomagnetic effects [see Fig. 5(b) in Ap-
pendix A]. Hence, we use circularly polarized light (σ−) in
this case. In the k⊥ case, we measure the magnetooptical
anisotropy arising from magnetic linear birefringence in the
ac plane, which is characterized by different reflectance (�R)
for light polarization parallel to (E ‖) or perpendicular to

(E ⊥) Néel vector [�Rac(t ) = R⊥(t ) − R‖(t )]. In the k‖ case,
we measure polar Kerr rotations (θ ) originating from mag-
netic circular birefringence [�θ (t ) ∝ �M(t )]. Apart from the
probe polarizations, both excitation geometries share the same
pump-probe setup. In the k⊥ case, our probe light is polarized
at 45o relative to the Néel vector to measure the maximum
magntooptical anisotropy. Since the Kerr rotation signal is
independent of probe polarizations, the S-polarized probe is
utilized in the k‖ case. The majority of experiments are per-
formed without field cooling to reach the AFM state and with
low excitation fluence of around 0.4 mJ/cm2 to minimize op-
tical anisotropy arising from crystal anisotropy (due to crystal
birefringence) in the k⊥ case, unless otherwise stated.

III. DISCUSSION

Figure 2(a) displays the time-resolved magnetooptical Kerr
rotations corresponding to the optomagnetic effect at vari-
ous temperatures. The signal gradually increases and reaches
a maximum around 45 K before it decreases and nearly
disappears above 48 K [Tc for x = 0.125 as in Fig. 1(c)].
Similar signal evolution with temperature rise also occurs for
x = 0.25, and the signal reaches maximum at around 30 K
before it nearly disappears at 40 K (Tc for x = 0.25). For
pure FRM phase in the magnetic ordered state, e.g., x = 0.4,
such temperature evolution and the Kerr rotation enhancement
completely vanish [22]. While M-H and M-T measurements
may suggest FRM as a ground state between 37 to 48 K
[Fig. 1(c)] and AFM metastable state below 37 K for x =
0.125, Fig. 1(c), our Kerr rotation signal implies the AFM
state still coexisting with FRM. Accompanying the fact that
the pure FRM state in x = 0.4 does not display any enhance-
ment may further imply a possibility of AFM being a ground
state for μH = 0 below Tc.

A complementary support for the above suggestion can
be found in our confocal-scanning-Kerr-microscopic images,
Fig. 2(b), which measures the competing FRM domain. The
FRM image for x = 0.125 does not have discernible change
below 44 K. Figure 2(c) displays intensity distributions for all
pixels of the individual image. It even reveals a slight decrease
in the contrast at 43 K, at which the FRM was supposed to be
the ground state that showed a regular hysteresis curve [39],
yet our Kerr rotation signal is approaching a maximum change
[Fig. 2(a)]. A similar result happens for x = 0.25 below 35 K,
see Fig. 6 in Appendix B. Clearly, the image indicates that,
without magnetic fields applied, the FRM state does not grow
to increase the domain contrast due to more AFM changing
to the FRM phase, nor does the domain size vary due to
the increase of dipole-dipole interactions upon temperature
rise [41]. These results point to the fact that the coexisting
AFM phase remains below Tc, but its free-energy barrier to the
FRM phase continues to decrease or become comparable upon
temperature rise. The combination of spatially and temporally
resolved measurements clearly unveil the sophisticated phase
competition that cannot be anticipated solely by a static mea-
surement.

The above discussion points to the indispensability of the
AFM state and phase competition, without either of which
the enormously switchable optomagnetic effect will not occur.
For FZMOx, Zn doping reduces intralayer coupling J⊥c and
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FIG. 2. (a) Temperature-dependent Kerr rotation angles and the corresponding magnetization measured with pump of σ− polarization in
the k‖ geometry. (b) Images obtained from a confocal scanning Kerr microscopy at 25, 35, 43, and 45 K. The horizontal lines in the 45-K image
are artifacts due to mechanically scanning direction, rotating which with 90 degree results in vertical artifacts. The domain image disappears
at 45 K because of the accumulated heating effect from using a high-repetition-rate laser oscillator, while no such effect occurs in (a) due to
the employment of a low-repetition-rate laser amplifier. (c) The corresponding statistics of (b). The contrast distribution becomes narrower and
sharper at 45 K due to the disappearance of the domain. (d) The zoom-in of (a) around zero time delay. (e) The illustration of crystal-field
excitation from the O-site with σ− used in (a).

interlayer T -site coupling Jtt , enhancing the AFM and FRM
phase competition [22]. Only when 40% Zn replaces Fe at the
T -site does the magnetic ground state become FRM, losing
the competing AFM phase and gigantic optomagnetic effect.
While both doping and the photoinduced changes in exchange
interaction all favor the excited spin state [22], clearly, the ini-
tial slow rise of Kerr rotation, corresponding to spontaneous
magnetization after pulse disappearance [Fig. 2(d)], seems to
imply weak relevance to the magnetization directly associated
with the excited spin state [Fig. 2(e)].

To identify an origin of the spontaneous magnetization
after the disappearance of the 200-fs pulse, we compare the
time-resolved Kerr rotation and magnetooptical anisotropy at
different temperatures for k‖ [Fig. 2(a)] and k⊥ [upper panel
of Fig. 3(a)], respectively. We see that the signal nearly disap-
pears for both measurements above the transition temperature
of 48 K, indicating direct probes of magnetic order parame-
ters. Since the optical anisotropy has eliminated any isotropic
signals, it leaves magnetic anisotropy as the origin, i.e., along
or perpendicular to the Néel vector. If we zoom-in to fur-
ther compare the two measurements before 1 ps, Figs. 2(d)
and 3(b), we see a clear pulse-like feature in magnetooptical
anisotropy for k⊥ while it never occurs in Kerr rotation for
k‖ . After the pulse-like feature and before 500 ps, the mag-
netooptical anisotropy grows slowly. This pulse-like feature
matches the timescale of our autocorrelation signal arising
from pump and probe pulses being spatially and temporally
overlapped on the crystal, Fig. 3(b). There is no commonly
observed electron-phonon coupling time on a timescale of 1
ps, Fig. 3(a).

As low excitation in optical anisotropy is prevailed by
magnetic origin, to verify the lattice heating time we increase
pump fluence at a temperature above Tc, leading to dominating
crystal anisotropy from lattice heating. The lower panel in
Fig. 3(a) displays crystal anisotropy for various fluence and
a pulse correlation signal is overlapped at zero delay time. We
first can see a linear dependence of crystal anisotropy versus
pump fluence, indicating pure lattice heating in the signal
without other contributions. Now we pay attention to signals

near zero time delay and we can unambiguously see that
the maximum crystal anisotropy immediately occurs after the

(a)

(b) (c)

FIG. 3. (a) Optical anisotropy of ac plane measured from k⊥ ge-
ometry at various temperatures (upper panel) and with various pump
fluence at 60 K (lower panel). The sign change is beyond the scope
of this article and the interpretation is provided in the Appendix C.
(b) The zoom in of the upper panel of (a). The black dotted lines
in lower panel of (a) and in (b) depict intensity autocorrelations of
our pulsed laser. (c) Temperature evolution of two rising times were
derived from exponential fittings of Kerr rotations in Fig. 2(a).
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pulse correlation. This is clear evidence that the major lattice
heating has already occurred during the pulse excitation. No
additional electron-phonon coupling time is found here. This
is a disparate behavior compared to the above-gap excitation
for insulators where electron-phonon coupling can still take
place due to the nature of conductive electrons above a gap.
Here, localized electrons excited via crystal-field transition
possess no conductive electron to scatter with phonon. When
they return to the ground state, the energy is transferred to
local sites, i.e., O-sites here when 1.24 eV is employed.

Since the excited flipping-spin mostly returns to the ground
state within the pulse width, this step is not directly responsi-
ble for the gigantic magnetization after the disappearance of
pulses, Fig. 2(a). Instead, the role of the excited flipping-spin
plays is to change the nearby exchange coupling, i.e., enhance
both the interlayer AFM coupling between the O- and T -
sites (J‖) and interlayer ferromagnetic coupling between the
O-site (JOO), as discussed in Ref. [22], that sets the favor-
able spin orientation determined from the pump light helicity.
Figure 3(a) displays growths of magnetic anisotropy with the
timescale becoming slower when the elevated temperature
approaches Tc, consistent with the rising time observed in the
Kerr rotation of Fig. 2(a). The rising time for the Kerr rotation
signal can be fitted with two exponentials [42], Fig. 3(c),
both showing a divergent behavior near Tc. Such dynamical
slowing down for magnetic ordering, with or without spin
flipping, is in line with the spin-lattice relaxation of material
with a second-order phase transition [43].

All of the above discussion points out an essential fact
that the relatively slow spin thermal dynamical properties
can be controlled by ultrashort pulses without magnetic field
applied. Indeed, while magnetic field applications can select
a ferrimagnetic state, it suppresses the AFM state and the
associated phase competition. Figure 4(a) exhibits pure de-
magnetization for three different pump polarizations after the
sample cooled under a magnetic field pointing to sample nor-
mal (+c), Fig. 4(b). The resulting difference between pump
polarizations comes from the degree of demagnetization due
to various absorption, i.e., the absorption and demagnetiza-
tion is minimized when the magnetization direction created
by light helicities is the same as magnetic fields Fig. 4(b).
Therefore, the pure FRM phase achieved by either doping
or magnetic field merely leads to the destruction of the gi-
gantic optomagnetic effect. Furthermore, despite the fact that,
although helicity-induced contrast variations exist for both
the optomagnetic effect in the AFM state and for ultrafast
demagnetization in the single-phase and single-domain FRM
state, the resulting macroscopic moments are fundamentally
different—the first is a switchable ultrafast magnetization,
while the second only involves different degrees of demag-
netization.

Now we can depict a clear picture of using crystal-field
excitation to create huge optomagnetic effects in chronolog-
ical order. Figure 4(c) illustrates flipped spin instantaneously
created upon an excitation of the circularly polarized pulse.
This initial spin-flip process, referred to as the first flip shown
in Fig. 4(c), occurs within a timescale of ∼0.4 ps, near the
end of pump-probe correlation. At this point, the majority of
the excited spin has relaxed to the ground state, transferring
laser energies directly to the local excitation site, while a small
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FIG. 4. (a) Magnetic signals measured from three different polar-
ized pumps after the sample is field-cooled to a FRM state with 0.1 T.
The signals are derived from Kerr rotations and then normalized by
the saturated magnetization Ms induced from magnetic field B along
the +c-axis (details can be found in Appendix D) as illustrated in (b),
which also displays spin arrangements after our field cooling. (c) The
illustration of timescale for the optomagnet effect after crystal-field
excitations. The upper figure is instantaneous free-energy landscapes
depicting evolutions of the barrier height between the AFM and FRM
states. The lower figure is the spin excited state, its relaxation, the
following spontaneous magnetization during spin-lattice relaxation,
and the demagnetization during thermal decay. The difference of spin
arrangements and transient exchange interactions for the first and the
second flips are indicated in the lowest panel. See text for an in-depth
discussion.

fraction retains in altered exchange interactions, serving as
the trigger for the second-step spin flip [second flip shown
in Fig. 4(c)] during the subsequent spin-lattice relaxation.
This relaxation process occurs over a time constant ranging
from tens of picoseconds to subnanoseconds, as depicted in
Fig. 3(c). Throughout this process, the free-energy landscape
of the competing AFM and FRM order undergoes changes.
The reduction of the AFM-to-FRM barrier is determined
from the elevated quasiequilibrium temperature. Therefore,
at higher base temperatures of the sample, with the same
excitation fluence, the induced magnetization becomes higher,
as shown in Fig. 2(a). Although the spin-flip transition plays
a direct role, there is no coherent magnetic precession ob-
served in either Kerr rotation or magnetooptical anisotropy.
This absence can be attributed to the fact that the spontaneous
magnetization is thermodynamically driven by the competi-
tion between AFM and FRM phases during the spin-lattice
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relaxation. As a result, the presence of the FRM ground state
(double-well potential with lower free energy for the FRM
phase) or a pure FRM phase (single-well potential) will not
induce a substantial and robust optomagnetic effect during
spin-lattice relaxation.

IV. CONCLUSION

In summary, while crystal-field excitation and polar struc-
ture are both critical to initiate a switchable spin-flipping
transition, their roles are to enhance exchange couplings that
are preferable for ferrimagnetic ordering upon pulse excita-
tion. By employing different light propagation vectors in the
experiments, we are able to infer the two-step spin-flip process
that leads to the generation of the gigantic Kerr rotation.
Additionally, the presence of spin-lattice relaxation and the
coexistence of the AFM phase with a competing FRM phase
are essential in creating enormous optomagnetic effects. The
free-energy barrier for the FRM is either slightly higher (a few
meV) or comparable to the AFM phase. However, reversing
the order in the free-energy landscape or having a single
FRM phase, whether field-trained or not, all exterminate the
robustness of the spontaneous growth of the giant magnetic
moment that is switchable by light helicity.
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APPENDIX A: COMPARISON OF PUMP POLARIZATION
IN TWO GEOMETRIES FOR X = 0.125

In the case of measuring ac plane optical anisotropy
(k⊥ case), the circularly polarized light has no spin selection.
This argument is supported by our Fig. 5(a) where magne-
tooptical anisotropy exhibits nearly identical signals for three
different light polarizations. In contrast, for the k‖ case, where
we measure Kerr rotation signals and their dependence on
pump polarizations, as shown in Fig. 5(b), the signals exhibit
polarity changes under different circularly polarized pumps,
while a linearly polarized pump does not induce any signifi-
cant signal. This observation implies the presence of opposite
magnetic moments induced by light helicities from a zero
moment state. The optomagnetic effect and the corresponding
discussion can be found in Ref. [22].

FIG. 6. (a) Temperature-dependent Kerr rotation angles and the
corresponding magnetization measured for the sample with x = 0.25
in the k‖ case using a circularly polarized pump (σ−) of 0.4 mJ/cm2.
(b) The upper panel shows images obtained from confocal scanning
Kerr microscopies of x = 0.25 at temperatures of 11, 25, 35, and
50 K. The color bar presents a scale for the surface without defects.
In the lower panel, the corresponding contrast distributions are dis-
played, which are derived from statistics of the individual image.
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(a)

(b)

cooling field +0.1 T

FIG. 7. (a) The hysteresis curve of x = 0.125 FZMOx obtained
by Kerr rotation measurements at 20 K. (b) The change in Kerr rota-
tions for different pump polarizations is depicted. The measurements
are obtained after cooling the sample with a magnetic field along
the +c axis to achieve the FRM state. The arrow in (a) indicates the
polarity of static Kerr rotation under our cooling field of 0.1 T.

APPENDIX B: SUPPORTING FIGURES FROM X = 0.25

A complementary figure illustrating a coexisting anti-
ferromagnetic (AFM) state resulting from a Zn doping
concentration of 25% (x = 0.25) is shown in Fig. 6(a). The
maximum optomagnetic effect is observed at 30 K with
enhancement still occurring below 40 K. Above this temper-
ature, the material is in a paramagnetic state, while below it,
M-T and M-H measurements determine this doping concen-
tration as a ferrimagnetic (FRM) state.

Supporting figures for the coexistence of AFM in x = 0.25
are displayed in Fig. 6(b). There is no discernible change

in FRM domain images, including domain size and domain
contrast below 40 K. The result is consistent with that of
x = 0.125, except for the fact that the domain size is signifi-
cantly reduced in the case of 25% doping concentration when
the sample is not field-cooled prior to measurements.

APPENDIX C: INTERPRETATIONS
FOR THE SIGN CHANGE IN THE

TEMPERATUR-DEPENDENT OPTICAL ANISOTROPY

We observe two sign changes in Fig. 3(a) which occur
between 30 to 38 K and between 43 and 46 K, respectively.
The first one takes place near the boundary between the
hysteretic/FRM phase, and the second one occurs near the
FRM/PM phase boundary. When considering the significant
growth of optomagnetic effects observed from Kerr rotations
in Fig. 2(a) above 35 K until 45 K, followed by a decrease, it is
highly likely that these changes are attributed to the increasing
competition between the AFM/FRM phases. Within this tem-
perature range, the stability of theNéel vector decreases while
the occurrence of the FRM moment becomes more prevalent.
This destabilizes the axial anisotropy along the c-axis due to
the transition from the AFM phase to FRM phase. Therefore,
the interplay between S- (‖ Néel vector) and P-polarized
(⊥ Néel vector) reflectance enhances, resulting in the first
sign change in Fig. 3(a). Between 43 and 46 K, the phase
competition weakens and the Kerr rotations start to decrease,
leading to another sign change.

APPENDIX D: METHODS FOR OBTAINING THE FIGURE
OF DEMAGNETIZATION PROCESS OBSERVED

IN FRM STATE OF X = 0.125

To further support the demagnetization process discussed
from Fig. 4(a) of the main text, we present evidence in the
form of a hysteresis curve measured by Kerr rotations (θ )
and the changes in the Kerr rotation angles (�θ ) of the field-
cooled FRM state following pump excitations. Figure 7(a)
displays negative (positive) Kerr rotations for the magnetic
field applied along the +c (-c)-axis. After cooling the sam-
ple to the FRM state by applying a field along the +c-axis,
we observe positive change in Kerr rotations (�θ ) for three
different pump polarizations, Fig. 7(b). This positive change
is associated with a decrease in the moment along the +c-axis,
indicating demagnetization processes for any pump polar-
ization. The relationship M/Ms in Fig. 4(a) is derived by
(θ + �θ )/θ .
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