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We report on element-resolved ultrafast magnetization dynamics in multiferroic CoCr,O, and
Coy.975Gep 025Cr, 0y after optical excitation above the electronic band gap. We observe demagnetization dy-
namics in the range of several picoseconds, up to two orders of magnitude faster than previously reported
demagnetization in other ferrimagnetic insulators. Moreover, we find that the dynamics of the two magnetic
ions differ significantly just below the Curie point. The dynamics of the low-temperature multiferroic phase
are almost two times slower than those in the ferrimagnetic phase. This suggests that the additional magnetic
cycloidal component, which is coupled to electric polarization at low temperatures, might influence the ultrafast

magnetization dynamics.
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I. INTRODUCTION

Controlling electronic or magnetic properties on ultrafast
timescales by exciting materials with intense femtosecond
laser pulses is an intensively discussed topic. This strong inter-
est originates both from a fundamental question surrounding
the physical processes taking place on picosecond and fem-
tosecond time scales, as well as the potential for applications
in data storage and manipulation. Magnetization reversal by
ultrashort electromagnetic excitations with frequencies rang-
ing from the visible to THz [1-7] has been demonstrated
in selected metallic and dielectric materials. Furthermore,
materials that have coupled magnetic and electric orders—
multiferroics of type II [8]—open up new possibilities for
simultaneous manipulation of the magnetization and elec-
tric polarization. This is possible because their macroscopic
electric polarization is induced by magnetic order. One mech-
anism causing this magnetization-induced ferroelectricity is
based on spin currents [9] driven by the Dzyaloshinskii-
Moriya interaction (DMI) [10]. Although this mechanism is
well understood in equilibrium, its nonequilibrium behavior
and the corresponding dynamics of the different ferroic or-
ders are not well established. Experiments on multiferroics
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have found strongly varying timescales for suppression of
long-range magnetic order by laser excitations, spanning from
250 fs in cupric oxide [11] to several tens of picoseconds in
orthorhombic RMnOj; [12,13]. The origin of these differences
in timescale is unclear. Expanding the study of magnetization
dynamics to a broader range of multiferroics, in particular
ones that harbor uncompensated ferrimagnetic order, may of-
fer new insights on what sets the timescale of the magnetic
order changes in response to intense optical excitation, in par-
ticular in the presence of uncompensated magnetic moments.

Cobalt chromite with the chemical formula CoCr,0O4
(CCO) is a type-II multiferroic that exhibits a macroscopic
magnetic moment and an electric polarization caused by sig-
nificant magnetoelectric coupling [14]. CCO crystalizes in
the normal spinel structure with two distinct crystallographic
sites: tetrahedrally coordinated (A sites) and octahedrally co-
ordinated (B sites) [15]. The Co®" ions occupy A sites and
the Cr*" ions occupy B sites. CCO is a ferrimagnet below
T = 95 K with no magnetic compensation point and macro-
scopic magnetization along [001]. The magnetizations of the
net Cr and Co magnetic sublattices are antiparallel, with the
Co sublattice exhibiting larger moments at all temperatures.
In addition, the Cr occupied B sublattice is a superposition
of two magnetic sites B; and B, that have an antiparallel
orientation of magnetic moments as well as different average
canting angles [16].

Below 75 = 27K CCO undergoes a phase transition in
which an additional long-range cycloidal spin modulation
occurs with a propagation vector k = (2/32/30) [14]. The

©2022 American Physical Society


https://orcid.org/0000-0001-5384-9786
https://orcid.org/0000-0001-7325-4632
https://orcid.org/0000-0003-4042-9648
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.105.064432&domain=pdf&date_stamp=2022-02-25
https://doi.org/10.1103/PhysRevB.105.064432

S. PARCHENKO et al.

PHYSICAL REVIEW B 105, 064432 (2022)

resulting conical canting angle (defined by the ratio between
the [001] component and the cycloidal component) is differ-
ent for each sublattice [17] [see Fig. 1(d)]. Such magnetic
spinel systems are often described through an effective unit-
less parameter u, for which different values indicate different
magnetic configurations [18]:

u= 4JBBS3SB/3JABSASB. (1)

Here Jpp and J4p are the exchange coupling between B sites
and between the A and B sites, respectively. The parameters
S4 and S are the moments on these sites. The cycloidal com-
ponent below Ty causes a loss of space inversion symmetry
due to inverse DMI [14], enabling ferroelectricity. This strong
magnetoelectric coupling allows a reversal of the polarization
when magnetization is reversed by an external magnetic field.
It is believed that the B sites are responsible for the spin
conical state in spinels and the multiferroicity in CCO below
Ts [19].

The equilibrium properties of CCO are known to vary
significantly with in-plane strain, such that thin films differ
from bulk [20]. A detailed study of the equilibrium magnetic
properties in epitaxial thin films using soft x rays found a
strong influence of strain on the coercive field and the mag-
netic ordering wave vector [21]. An additional path that was
previously explored for engineering magnetic properties is
doping with nonmagnetic Ge ions, which was found to in-
duce an additional cycloidal component without significant
changes of Ty and Ty [22]. Here, we investigate the ultra-
fast magnetization dynamics after optical excitation above the
band gap in CCO films, where the coercive field changes from
H. = 0.05kOe in bulk to H. = 20kOe in thin films. We find
demagnetization times in the order of several picoseconds—
much faster than expected for dielectrics. In addition, we
reveal the possible influence of the coupling between spins
and the lattice in the multiferroic state on the laser-induced
magnetization dynamics and compare the dynamics in pure
CCO and Ge-doped CCO.

II. EXPERIMENT

Thin epitaxial films of CCO and a Ge-doped CCO film
were grown by pulsed laser deposition on [110]-oriented
MgO. The pure CCO sample is the same as the one used
in Ref. [21]. The Ge-CCO film was deposited at 600 °C
in oxygen pressure of 1 x 107> mbar [21,22]. A KrF ex-
cimer laser with a 2-Hz repetition rate and a fluence of
® =1Jem? was used. For the doped film, a Germa-
nium doping of 0.025 per formula unit was selected by
choosing a target for ablation with the stoichiometry of
C00.975Ge.025Cr204 (Ge-CCO). The quality of the thin films
was tested by reflection high-energy electron diffraction
(RHEED) during the growth process. The Ge-CCO sample
is the same as the one used in Ref. [22].

X-ray characterization of equilibrium magnetic properties
was performed at the ReSoXS endstation [23] of the X11MA
beamline [24] at the Swiss Light Source. The CCO sample
was cooled in an in-plane magnetic field of ~3 kOe from a
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FIG. 1. (a) Sketch of the experimental geometry for the time-
resolved pump-probe experiments. (b) X-ray reflectivity of CCO
collected near the Co L, 3 absorption edges using opposite circular
polarization of incoming x rays at ReSoXS instrument at Swiss Light
Source. (¢) The corresponding XMCD asymmetry, calculated using
Eq. (2). The red arrow indicates the x-ray energy with maximal
contrast that has been selected for the time-resolved experiments.
(d) Schematic description of the magnetic configuration in the dif-
ferent phases. (¢) Temperature evolution of the asymmetry, reflecting
the temperature dependence of the Co sublattice magnetization.
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permanent magnet to ensure a monodomain magnetic state.
Element-specific magnetization was measured using X-ray
magnetic circular dichroism (XMCD) in reflection geometry,
using a 5° incidence angle. Photon energies were used in the
proximity of the Co L, 3 edges, providing signals sensitive
only to the Co magnetization [see Figs. 1(b) and 1(c)].

Time-resolved experiments were performed at the Fem-
toSpeX slicing facility at beamline UE56/1-ZPM of the
BESSY II storage ring at HZB [25]. The experimental config-
uration, also for XMCD in reflection geometry, is sketched in
Fig. 1(a). A magnetic field of H = 2.5kOe was generated by
an electromagnet, and applied in the scattering plane, parallel
to the sample’s [001] in-plane crystal direction. Laser pulses
with approximately 50 fs duration and energy of Epymp =
4.65eV (L = 266nm) were used to excite the sample above
band gap (E, = 3.23eV [26]) at a repetition rate of 3 kHz.
These pulses were obtained by third-harmonic generation of
fundamental 800-nm light from a Ti:sapphire femtosecond
laser. The pump beam was focused to a footprint of 150 um x
1720 pwm on the sample surface. The incident fluence was kept
fixed to ® = 0.3 mJ/cm? in all measurements to avoid laser
excitation heating the sample above T and a possible effect
of the excitation fluence variations on the obtained dynam-
ics. The probe beam consisted of circularly polarized x rays
with photon energies of either £y = 781eV or E, = 579¢V,
corresponding to L3 resonance energies of Co and Cr, respec-
tively, and was used to selectively probe the magnetization
of either the Co or the Cr sublattices. The probe spot size
was approximately two times smaller than that of the pump,
and its repetition rate was 6 kHz, allowing the measurement
of an unperturbed signal in between every pumped signal.
Two modes of x-ray pulses were employed: a regular mode,
providing a temporal resolution of approximately 50 ps, and
a slicing mode providing approximately 100-fs x-ray pulse
lengths. The incidence angle for the pump and probe beams
were 6° and 5° from the sample surface, respectively. The
sample was cooled with a liquid helium flow cryostat to vari-
ous temperatures below Tr. The lowest reachable temperature
at the sample position was T = 20 K.

III. RESULTS

Energy-dependent reflectivity collected from the pure CCO
film around the Co L, 3 absorption edges for right-handed
(C*) and left-handed (C™) circularly polarized incoming x
rays are shown in Fig. 1(b) for a sample temperature of
T = 12 K. To first order, the sublattice magnetization is pro-
portional to the asymmetry given by

IC+ _ IC_ IC+ _ IC+

H+ H4+ _ "H+ H— O(MC (2)
- 0

Lt 1y Il +1Gt

where [ is the intensity of reflected x rays, C 4+ (—) indi-
cates the handedness of the incoming circular polarization,
and H + (—) is the sign of the external magnetic field H.
Note that XMCD at the transition metal L edges are prob-
ing the difference between the occupation of the spin up
and spin down bands. The contrast achieved by reversing
the magnetization is therefore equivalent to the more con-
ventional practice of changing the handedness of the circular

polarization [27].The respective XMCD energy dependence is
presented in Fig. 1(c). An XMCD contrast [Eq. (2)] of up to
20% was observed. The Co L, 3 absorption edges correspond
to electronic excitations from occupied 2p core states into
the partially occupied 3d states through an electric dipole
transition and thus contain information on the Co sublattice’s
3d magnetization [28].

Similar to XMCD in absorption mode, reflection-mode
XMCD probes the magnetization component projected onto
the wave vector k of the incident x rays. There are,
however, some important differences between the two.
While absorption-mode XMCD directly measures helicity-
dependent changes in the imaginary part of the refractive
index, reflection-mode XMCD depends on helicity-dependent
changes in both the real and imaginary components of the
refractive index. In addition, the energy dependence in re-
flection mode is further complicated by the contribution of
resonant and nonresonant reflectivity. These complications
make sum rule analyses impractical to apply to reflectivity,
but the advantage of reflectivity is that it simplifies ultrafast
measurements in the time domain.

The temperature evolution of the XMCD signal taken using
781-eV photons (where Co L3 XMCD contrast is maximal)
is presented in Fig. 1(e). Assuming that the spin and orbital
magnetic moments have equal temperature dependences [21],
the plot represents the temperature evolution of the Co sublat-
tice magnetization, to first order, which follows a regular order
parameter behavior [21] that can be roughly described by a
Brillouin function. Similar behavior is exhibited by the signal
at the Cr edge, with the opposite sign [21]. The macroscopic
magnetization exhibits a complicated temperature dependence
as it is the superposition of these two antiparallely ordered
sublattices [29].

Figure 2(a) presents the demagnetization of pure CCO fol-
lowing a fs laser excitation at various initial temperatures. The
data were collected using XMCD contrast in regular mode
(50 ps resolution). All transient signals are normalized to
the equilibrium XMCD contrast measured at the saturation
magnetization of the respective temperature [see Fig. 1(e)].
Absorption from above-band-gap excitation leads to an ef-
ficient laser-induced demagnetization process, as the initial
drop of magnetization is limited only by the 50-ps resolution,
and then recovers on a nanosecond time scale. Notably, at
2 ns delay the magnetization recovers approximately half of
the initial drop, independent of the initial temperature. The
time trace taken at 7 = 50K exhibits a somewhat smaller
quenching amplitude. We interpret this as an experimental ar-
tifact possibly caused by small sample drifts between different
temperatures and/or ice condensation. Figures 2(b) and 2(c)
present transient XMCD contrast collected at the Cr and Co
edges in slicing mode (100 fs resolution) near 7¢ at T = 85 K.
The observed demagnetizations are different for the two mag-
netic sublattices and are much faster than in other insulating
compounds [30], where demagnetization takes hundreds of
ps when excited with comparable excitation fluences. The
time-resolved XMCD signal was fit to the function

M/My = yo +Ae™'", A3)

where T and A are the demagnetization time constant and
amplitude, respectively. The best fits yielded time constants of
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FIG. 2. (a) Demagnetization dynamics of the pure CCO film, collected in ps mode at several temperatures using XMCD contrast near the
Co L3 edge. The scans are vertically shifted for visibility. (b), (c) Demagnetization dynamics at 7 = 85 K, which is close to Tc—gsk, collected

in slicing mode at the Cr and Co L; edges, respectively.

Tco = (9.5 £ 1.2)ps and t¢; = (1.1 £ 1.5) ps for the Co and
Cr sublattices, respectively. Despite the lower signal-to-noise
ratio at the Cr edge, the dynamics of the sublattices clearly
differ by almost one order of magnitude.

We now compare the dynamics in pure CCO with those
in Ge-CCO. The Ge-CCO sample clearly exhibits different
long-range order and increased magnetic anisotropy due to
strain (see Ref. [22]). Figure 3 presents a direct comparison
of demagnetization dynamics from pure and Ge-doped CCO
taken at the Co edge in slicing mode and, at several initial
temperatures. The transient magnetization values are normal-
ized to the equilibrium values at the respective temperatures.
For both systems we compare the demagnetization dynamics
in the multiferroic phase (data at 7 = 20 K) with those of the
ferrimagnetic phase (7' = 35K, T = 65 K). With decreasing
temperatures, the demagnetization becomes faster in compar-
ison to those very close to Ty [Fig 2(c)]. This behavior is
consistent with previous observations [31-36] and has been
attributed to critical slowing down near T¢.

The best fits to Eq. (3) are shown as red lines in Fig. 3.
Figure 4 presents the extracted demagnetization times con-
stants and amplitudes. In the ferrimagnetic phase above Tg,
the time constant is ~2 ps for both samples, with Ge-CCO
being slightly faster.

In the multiferroic phase, we find significantly stronger
demagnetization amplitudes for Ge-CCO, but for both sys-
tems demagnetization is slower in this phase [Fig. 4(a)]. This
reaches a factor of 2 for pure CCO, while the net magnetiza-
tion of Co sublattice is almost the same for the two phases at
T =20K and T = 35K [see Fig. 1(e)]. The relative magne-

tization drop at At = 15ps is shown in Fig. 4(b). We adopt
a model assuming that at Ar = 15ps, the Co spin system
already thermalizes to an effective temperature TSC". Next, we
use the temperature dependence of the equilibrium XMCD
[Fig. 1(e) above and the data underlying Fig. 4(c) in Ref. [22],
for CCO and Ge-CCO, respectively] to calculate effective
temperature changes in the magnetic system for Co sublat-
tice AT °, shown in Fig. 4(b). Here we present the relative
change of the magnetization of Co sublattices, normalized
to its absolute value in equilibrium at a given temperature.
The obtained AT trend differs between CCO and Ge-CCO.
The measured effective magnetization suppression AM be-
tween temperatures is, however, normalized to the unpumped
XMCD value at a given temperature. This means that we are
comparing relative (not absolute) XMCD changes. Note also
that the comparison of time traces in ps and slicing mode is
not straightforward as the limited time resolution in ps mode
affects the overall dynamics acting as a low pass filter.

Figure 5 presents the Co transient magnetization in CCO
at At = 20 ps, normalized to unpumped values, as a func-
tion of incident fluence, for initial temperatures below and
above the multiferroic transition. The signal begins to satu-
rate above approximately ® = 0.45mJ/cm? for both cases.
The fluence dependence observed at initial temperatures of
T =20K and T = 35K is clearly different. In the ferrimag-
netic phase magnetization suppression gradually approaches
a nearly constant value upon increasing the laser fluence. For
data taken in the multiferroic phase we observe a deviation
from this dependence up to ® = 0.35mJ/cm? (see inset to
Fig. 5). The magnetization suppression is slightly smaller than
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FIG. 3. Demagnetization dynamics of the Co sublattice for
CoCr,04 (a) and Ge-doped CoCr,0, (b) at several initial temper-
atures and an excitation fluence ® = 0.3mJ/cm?. The red lines
represent the best fit to Eq. (3).

in Fig. 4, but has the same trend for that particular fluence.
This suggests that additional energy is required for ultrafast
suppression of the magnetic cycloid in the multiferroic phase.
It is clear that when pumped with sufficiently high fluence,
the material may be already in the paramagnetic state at At =
20 ps. In this scenario we would expect both curves to reach
zero. The small remaining magnetization in the experimental
data may indicate that a portion of the film near the substrate
is not sufficiently pumped due to the limited penetration depth
at the excitation wavelength.

IV. DISCUSSION

In general, the rate of laser-induced magnetization suppres-
sion in dielectrics is proportional to the magnetic anisotropy
[37]. Energy transfer from electrons to lattice and then to spins
happens faster in materials with large spin-orbit coupling.
With a nonzero orbital magnetic moment at Co and Cr sub-
lattices, CCO and Ge-CCO have a large magnetocrystalline
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pression in the XMCD signal (right axis).

1.2
1.0 B
)
= 0.8+ 7
=}
o
i 0.6 e E
E 0.15 0.20 0.25 0.30 0.35 0.40
~— 0.4 2 T
=) Fluence (mJ/cm?)
S o e
S 0.2 LSl .\ i
' t n%%*‘ o S0al
TeXIM #5087
TS A
0.0 Y c?; .

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Fluence (mJ/cm?)
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used for the delay scans shown in Figs. 2 and 3, and the inset is a
closeup around this value.

064432-5



S. PARCHENKO et al.

PHYSICAL REVIEW B 105, 064432 (2022)

anisotropy [21] which is further increased in our thin films due
to strain [38]. Correspondingly, these films exhibit very large
coercive fields, particularly at low temperatures. Furthermore,
implanting nonmagnetic Ge ions creates local defects that
change the crystal field and lead to a further increase in mag-
netic anisotropy [22]. The faster demagnetization observed in
Ge-CCO is consistent with these considerations.

A second consideration is that the optical excitation in-
jecting electrons into the conduction band by above-band-gap
excitation. This enables spin-flip scattering which is responsi-
ble for ultrafast demagnetization in metals, typically occurring
within a few hundreds of femtoseconds [39]. Density func-
tional theory (DFT) calculations [40,41] have shown that in
the energy range above Ep accessible with our excitation
there are more unoccupied Cr states than Co states. Therefore,
the efficiency of exciting Cr ions is larger than that for Co
ions, which can explain the faster magnetization dynamics
observed for the Cr sublattice (Fig. 2). Thus there appear to be
two mechanisms contributing to the demagnetization process
in our experiments: (i) direct spin-lattice coupling mediated
by spin-orbit coupling, and (ii) spin-flip scattering from highly
excited electronic states enabled by the above-band-gap exci-
tation.

Compared to CCO, Ge-CCO reacts faster to the ultrafast
laser excitation, and with a larger drop in magnetization.
The larger changes in spin temperatures for lower initial
temperatures are in good agreement with data obtained in
the picosecond mode [see Fig. 2(a)]. A possible explanation
for the relative magnetization reduction after the laser ex-
citation at different initial temperatures and their recovery
dynamics might arise from the temperature dependence of
the heat capacity, as argued for other materials [34]. Thus,
optical excitation at low temperatures leads to stronger effec-
tive temperature changes [see Fig. 4(b)]. Taking into account
the temperature dependence of the magnetization [Fig. 1(e)],
we expect larger changes in spin temperature for low initial
temperatures.

Nevertheless, demagnetization time differences close to
an order of magnitude between the antiferromagnetically
coupled Co and Cr magnetic sublattices (Fig. 2) is rather
surprising as it is usually expected that strong magnetic ex-
change couplings should equilibrate the dynamics on a sub-ps
timescale. A similar phenomenon was observed in some rare-
earth transition metals (RE-TM) alloys [42,43] or oxides with
TM and weakly coupled 4 f magnetic ions [44]. In these cases,
the observed difference in the demagnetization time scale of
the RE and TM sublattices was much smaller and could be ex-
plained by specifics of 3d and 4 f magnetism [45]. Decoupled

states between the sublattices in the time domain could be at-

tributed to a specific value of the parameter u [see Eq. (1)]. For
CCO, u > 2, which means that the intrasublattice coupling
constant of B sites Jgp is stronger than the intersublattice an-
tiferromagnetic coupling constant between A and B sites J4p.
In ferrimagnets, the intersublattice exchange interaction tends
to equilibrate the different sublattices. In our case Jgg > Jap,
thus this equilibration is slower than the demagnetization of
the Cr. This shows that the triangular magnetic configuration
with exchange couplings described by parameter u, crucial for
the multiferroic state, is directly correlated with the ultrafast
magnetization dynamics.

In the multiferroic phase, magnetoelectric coupling be-
tween electrons, spins, and the lattice is expected to increase
the efficiency of energy transfer from electrons to spins,
increasing demagnetization speed. In contrast, the observed
dynamics seem to slow down in the multiferroic phase
[Fig. 4(a)]. This might be caused by the additional antifer-
romagnetic cycloidal component induced at 7. The magnon
spectrum is expected to shift to higher energies in the multi-
ferroic phase [46-49], resulting in fewer excitations available
to dissipate the energy. While uncompensated moments could
be quenched more efficiently by scattering with low energy
excitations, the antiferromagnetic spin components may lack
the respective magnon or phonon modes to dissipate the en-
ergy. In CCO these two orders are coupled, allowing magnetic
field-induced reversal of electric polarization [14]. An alter-
native scenario could be that the increase of demagnetization
time is due to the critical slowing down effect of the AFM
component near the Ty transition, similar to the effect ob-
served for the ferrimagnetic component at 7 = 85 K. While
testing this hypothesis would require additional data, we be-
lieve that the contribution of critical slowing down is likely
to be minor as the sublattice magnetization of Co sublattice
is almost unaffected at 75 and only a small fraction of the
Co moment contributes to the long-range antiferromagnetic
order.

Last, we consider the demagnetization amplitudes in the
multiferroic phase. On the one hand, results presented in Fig. 5
confirm that higher fluencies are required to suppress the mag-
netization compared to the ferrimagnetic phase. On the other
hand, demagnetization amplitudes are larger Ge-CCO com-
pared to pure CCO. This may relate to an increased magnetic
anisotropy, which might affect the efficiency of demagnetiza-
tion upon laser excitation and thus lead to stronger XMCD
suppression. However, as already pointed out before, more
experimental data would be required to consolidate such a
scenario. The role we attribute to the long-range order remains
somewhat speculative, but can be directly tested with pump-
probe measurements on the AFM (2/3 2/3 0) reflections,
which probe the dynamics of the cycloidal component, and
are directly accessible at the Co L3 edge. Such an experiment
is rather challenging due to the low intensity of the (gq0) peak
[21] and requires today an XFEL.

V. SUMMARY

In summary, we studied element-specific ultrafast demag-
netization dynamics of multiferroic CoCr,O4 and Ge-doped
CoCr,04 upon above-band-gap excitation. The observed
magnetization suppression occurs within several picoseconds,
which is fast compared to other dielectrics. The demagnetiza-
tion of the Co and Cr sublattices are significantly different
near the Curie temperature. This unexpended finding is at-
tributed to the dominant exchange coupling within the Cr
sublattice compared to the weaker Co-Cr interaction. In ad-
dition, the available data hint at a demagnetization time in
the multiferroic phase being two times larger than just above
Ts. This change might be attributed to the appearance of the
additional antiferromagnetic cycloidal component below 7.
At the same time, observed changes could be also due to the
critical slowing down near the multiferroic phase transition.
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Experimental and fit data are accessible from the PSI
Archive [50].
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