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Ultrafast photo-induced phase transitions occurring under the impact of femtosecond laser pulses provide
versatile opportunities for switching solids between distinctly-different crystalline, electronic, and magnetic
states and thus modify their functional properties in a significant way. In this paper, we report on the laser-induced
spin reorientation and Verwey phase transitions in a single crystalline ferrimagnetic magnetite Fe;O,. Using
femtosecond optical and magneto-optical pump-probe techniques, we define the range of the initial sample tem-
peratures and laser fluences when partial or complete photo-induced phase transitions occur from a monoclinic
insulating to a cubic metallic state with concomitant switching of magnetic anisotropy from the uniaxial to the
cubic one. We thus reveal a connection between these phase transitions when driven by femtosecond laser pulses.
Using transient linear and quadratic magneto-optical effects, we examine magnetization dynamics launched the
switching of the magnetic anisotropy axis. We unveil the presence of the domains undergoing the laser-induced
phase transitions even below the established threshold fluence for the transitions, as well as when the material is
initially in the cubic phase. This is the manifestation of the first order of these both laser-induced phase transitions

beyond the range of thermodynamic equilibrium.

DOLI: 10.1103/PhysRevB.107.024413

I. INTRODUCTION

Solid-solid phase transitions can lead to significant changes
of particular material parameters under moderate stimuli.
Electronic, structural, magnetic, and ferroelectric phase tran-
sitions and related changes of electronic conductivity, crystal
structure, magnetic, and ferroelectric ordering offer an op-
portunity to create functional elements for memories [1],
neuromorphic computing [2], nanoactuators [3], smart win-
dows [4,5], field-effect transistors [6—8], and sensors [9]. Due
to such a diversity of potential applications, identification of
stimuli for switching materials between different phases with
the highest efficiency in terms of energy consumption and
timescale is an essential task. Clearly, pico- and femtosecond
laser pulses in optical, infrared, and terahertz ranges are un-
matched stimuli for phase transitions, allowing both switching
between the different states at the comparable timescale and
for studying dynamics of various medium subsystems during
such a conversion.

The task of revealing involved mechanisms of
photo-induced phase transitions is hindered by highly-
nonequilibrium nature of the state of matter occurring during
and directly after the excitation, and often involving hidden
and metastable phases unknown in equilibrium [10-12].
Furthermore, a spatial inhomogeneity of the excitation and of
an emerging new phase also plays a crucial role and affects
how the system as a whole is switched between the different
phases [13-15].
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Among numerous materials with phase transitions, mag-
netite Fe;O4 occupies a unique place possessing linked
electronic and structural Verwey [16] and spin-reorientation
(SR) transitions [17,18], relying on quenching of charge-
and orbital ordering as the temperature exceeds the range
123-130 K [19,20]. It has been already shown that the photo-
induced Verwey transition from a monoclinic insulating phase
to a cubic metallic phase in Fe;0y is nonthermal at an early,
subpicosecond, stage [12], and the role of laser-induced heat-
ing consists in stabilizing the latter phase. On the other hand,
photo-induced SR transition when the magnetic anisotropy
changes from uniaxial to cubic and the anisotropy axes re-
orient by 55°, is still to be demonstrated. If the link between
Verwey and SR transitions still holds for the photo-induced
transitions, such a change of magnetic anisotropy would also
occur at subpicosecond timescale. The latter would distin-
guish photo-induced SR transition in magnetite from those
demonstrated in a group of rare-earth orthoferrites [21-23],
with SR transition time exceeding several picoseconds due
to slow response of the rare-earth subsystem to the excitation
[24].

In this paper we report on the time-resolved optical
and magneto-optical study of excitation of a single crys-
talline magnetite sample with femtosecond near infrared laser
pulses in the temperature range 80-180 K below and above
transitions temperature. By examining laser fluence and tem-
perature dependence of transient reflectivity and linear polar
(PMOKE) and quadratic (QMOKE) magneto-optical Kerr
effects, we reveal coupled photo-induced Verwey and SR
transitions with the same fluence and temperature thresholds.
Remarkably, photo-induced magnetization precession with
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the frequency characteristic of a cubic phase, being a signature
of the SR transition, is found in the whole studied range
of temperatures, as well as upon laser excitation with the
fluence below threshold required to heat the sample up to the
transition temperature. Comparison of PMOKE and QMOKE
transients reveals that there is extended range of laser fluences
and sample temperatures, where the photo-induced transition
occurs in separate domains of material, which highlights the
first order of these phase transitions beyond the range of
thermodynamic equilibrium.

This paper is organized as follows. In Sec. II we discuss
the main properties of magnetite, Verwey, and SR phase tran-
sitions, introduce the sample and outline the experimental
strategy. Section III presents the experimental data on laser-
induced dynamics of reflectivity and magneto-optical effects,
which allows identifying photo-induced Verwey and SR tran-
sitions. In Sec. IV we discuss the experimental results and
show how the features of photo-induced SR transition can
be extracted from the comparative analysis of the PMOKE
and QMOKE transients. In Sec. V we summarize our findings
and suggest an outlook of further development of studies of
photo-induced SR transition in magnetite.

II. SAMPLE AND EXPERIMENTAL DETAILS

The magnetite Fe;O4 at a room temperature is in the spinel
type cubic crystal structure with the number of molecular units
in the crystallographic unit cell Z = 8 [25]. Magnetite is a
ferrimagnet with a high Curie temperature 7o = 860 K. A
characteristic feature of magnetite is the presence of tetra-
hedral and octahedral positions in the unit cell, which can
both be occupied by Fe’*(3d®) and Fe?*(3d®) cations. In
fact, the possibility of magnetic ions to occupy both types of
positions changes with temperature, thus determining many of
the properties of magnetite, and the presence of structural and
magnetic phase transitions [16,19,26].

Below room temperature, Fe;O4 possesses two phase tran-
sitions. The first-order structural insulator-to-metal transition
from monoclinic (space group P2/c) to cubic (space group
Fd3m) phase known as a Verwey transition occurs at Ty =
123 K [16]. An important consequence of this process is an
abrupt increase of conductivity by about two orders of mag-
nitude that allows to trace equilibrium and ultrafast Verwey
transition, in particular, by measuring static and laser-induced
transient reflectivity changes [12,27,28].

The magnetocrystalline anisotropy is intrinsically linked
to the crystal structure symmetry. Below 7Ty, in the mon-
oclinic phase, magnetite possesses uniaxial anisotropy with
the easy magnetization axis lying along the crystallographic
c direction, as shown in Fig. 1(a). Above Ty, magnetite
is characterized by a cubic magnetocrystalline anisotropy.
Anisotropy energy is expressed as [29]

Ui =K, + Kpo}

+ Kaaaj + Kbbag + Kub()lg()li, T < Tv, (1)
U. =Ki (o5 + o505 + a3ar)
+K2(afa§a§), T>Tv,

where K, paapb.ap, are the uniaxial, K;, are the cubic
anisotropy parameters, o,p) and o3 are the directional
cosines of the magnetization vector with respect to the
monoclinic a(b) and cubic (100) axes, respectively. In the
temperature range 123-130 K, parameters K; and K, are
positive and the easy axes are oriented along the (100) crys-
tallographic directions [30]. At Tsg = 130 K, the anisotropy
constants change sign that results in a SR transition marked
by reorientation of the easy axes to the cube diagonals (111)
[31] as illustrated in Fig. 1(a). Equilibrium and laser-induced
SR transitions can thus be detected by tracing magnetization
orientation by means of magneto-optical effects.

Bulk single crystal Fe;O4 was grown by the floating zone
method [32]. A 1-mm-thick plane parallel plate was cut per-
pendicularly to the crystallographic axis [110] (in the cubic
phase) and polished to optical quality. This sample orienta-
tion was chosen because in the cubic phase the (110) plane
contains two (111) axes and [001] axis as well as ¢ axis in
the monoclinic phase, i.e., the SR transition [001] — (111)
occurs in this plane, given the presence of a demagnetizing
field Hy, as illustrated in Fig. 1(a).

The laser-induced phase transitions in a bulk sample
of magnetite were studied using a femtosecond two-
color magneto-optical pump-probe technique. Pump and
probe pulses with duration 170 fs were emitted by
Yb’+t:KGd(WOy), regenerative amplifier at a repetition rate
of 100 kHz. Pump pulses with a central photon energy 1.2 eV
were focused normally to the sample surface into an area with
a diameter of 80 um. Probe pulses with double photon energy
are focused into the spot with a diameter of 25 um at an
incidence angle of 45°. The pump fluence F was varied in
the range 0.7-11 mJ/cm?, exceeding probe fluence by up to
50 times. Pump-induced reflectivity change AR and magneto-
optical rotation of the probe polarization A6 were measured
as a function of pump-probe time delay At to monitor laser-
induced Verwey and SR transitions, respectively.

Experiments were performed at the sample temperature Tp
in the range 80-180 K. The external magnetic field uoH =
50 — 250 mT was applied in the sample plane along the cubic
[001] crystallographic axis and close to the monoclinic ¢ axis.
Cooling the sample down below Tsg and 7y was carried out
in an external field uoH = 250 mT applied along the same
direction, which suppresses emergence of structural domains
in the monoclinic phase with orthogonal orientations of ¢ axes
[17].

In order to characterize magnetic anisotropy of the sample
at equilibrium, probe polarization rotation 8 was measured at
different temperatures 7j as a function of an external mag-
netic field H without pump excitation [Fig. 1(b)]. In our
experimental geometry with equilibrium in-plane orientation
of magnetization, 6 was determined by the magnetization
component along the field via longitudinal magneto-optical
Kerr effect [33]. Hysteresis loops measured at 7o = 80 K
and 145 K correspond to the magnetization easy-axis directed
along c¢ axis in monoclinic phase and along [111] in cubic
phase, respectively [Fig. 1(b)]. Noticeably, at intermediate
temperatures the dependence 0 on poH represents the super-
position of these two types of hysteresises. This indicates the
coexistence of phases with uniaxial and cubic anisotropies in
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FIG. 1. (a) Crystallographic unit cell and easy magnetization
directions below Ty = 123 K (top), at T = 123 — 130 K (middle),
and above Tgg = 130 K (bottom). The sample plane (110) is colored
in gray. In the monoclinic phase the deviation of the crystallographic
angles from 90° is not shown. Orientations of the magnetization
along easy axis of the corresponding phase are shown. (b) Rotation
0 of probe pulses polarization plane as a function of an external
magnetic field measured at different temperatures without pump
excitation. Normalized frequency-field absorption maps at temper-
atures (c) Tp = 80 K and (d) 130 K. White-dashed lines mark the
resonant absorption.

a wide temperature range in agreement with the first order of
phase transitions [34].

For further characterization, ferromagnetic resonance
(FMR) absorption measurements were performed using the
vector-network analyzer method [35-37]. Absorption maps
were obtained as a series of frequency sweeps measured at
fixed magnetic field. The sample was placed on the coplanar
waveguide attached to the cold finger of the cryostat. The
response of the system is studied by analyzing the transmitted
microwave signal S,; [Figs. 1(c) and 1(d)]. The signal from
the sample was normalized on the response from the waveg-
uide. The external magnetic field was applied as described
above, i.e., in the sample plane along the cubic [001] crys-
tallographic axis.

III. RESULTS

First we verify that the Verwey transition is induced in
the sample by the pump pulses. Figure 2(a) shows typical
laser-induced reflectivity change AR measured as a function
of pump-probe time delay At for three values of pump fluence
F at the initial sample temperature 7 = 80 K well below

Ty. Abrupt change of reflectivity followed by slow relax-
ation is typical for the ultrafast Verwey transition [12,38].
Laser-induced change AR at At = 0.5 ns is plotted as a
function of pump fluence F in Fig. 2(b). There are two fea-
tures marked with vertical-dashed lines, at which the slope
of AR(F) changes. Such a nonlinear behavior of AR(F) is
a clear indication of the laser-induced first-order insulator-to-
metal transition and typically interpreted as follows.

At fluences below the threshold Fy, = 2.2 m] /cmz, the
transient reflectivity is dominated by the optical response of
the material, which remains in a low-temperature phase. In a
range between Fy, and saturation fluence Fg = 4.7 mJ/ cm?,
the superlinear increase indicates that the increasing frac-
tion of the excited material switches to the cubic metallic
phase and gives rise to the reflectivity change [39]. Above
Fs, the response is dominated by material, which experienced
laser-induced phase transition. We note that the threshold and
saturation fluences are in a good agreement with the literature
data [40].

Also, laser-induced reflectivity change AR at various initial
sample temperatures 7, was measured with the fixed pump
fluence F = 1.6 mJ/cm? [Fig. 2(c)]. Temperature dependence
of AR demonstrates two features as well [Fig. 2(d)]. Increase
of the slope of AR(Ty) at Ty, = 100 K suggests that starting
from this temperature fraction of material, switched to the
metallic phase, starts to contribute to the transient reflectivity
signal, i.e., Fy, decreases down to 1.6 mJ /cm2 at this temper-
ature. The second feature coincides with Ty = 123 K. As Tj
exceeds Ty the slope of AR(Tp) becomes negative, and the
underlying picture of this is discussed below.

In order to demonstrate ultrafast pump-induced SR tran-
sition in magnetite we measured transient magneto-optical
response to the laser excitation. Typical signals A6(Hy; At)
measured in the external field uoH+ = £250 mT are shown
in Fig. 3(b). Field dependence f(uoH) of the frequency
of the observed oscillations indicates that there is a mag-
netization precession triggered by pump pulses [Fig. 3(c)].
In our experimental geometry, measured probe polarization
change is sensitive to oscillations of both in-plane (IP) and
perpendicular-to-plane (PP) magnetization components via
QMOKE and PMOKE, respectively, as illustrated in Fig. 3(a).
We note that linear and quadratic MOKE in a ferrimagnet
Fe;O4 can be comparable, as was indeed reported for the
probe photon energy [41].

Taking into account that QMOKE and PMOKE are even
and odd effects with respect to magnetization reversal, re-
spectively, we distinguish contributions from oscillations of
the IP (A8;p) and PP (ABpp) components of magnetization to
the measured rotation as Af;pippy(At) = 0.5(A0(Hy; At) £
AOG(H_; At)). Thus obtained A6;pppy(At) both show oscil-
latory behavior and are fitted with the exponentially damped
sine-function [Fig. 3(d)],

AG;(At) = Ojexp(—At/t;)sin2n fAt + ¢;), (2)

where ®;, f, 7;, and ¢; are the amplitude, frequency, damp-
ing time, and initial phase of the oscillations, respectively, j
stands for PP, IP.

In Fig. 4 parameters of oscillations Afpp and Af;p mea-
sured at Ty = 80 K are plotted as a function of pump fluence
F in the range 0.7-11 mJ/cm?. Note that in the whole range
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FIG. 2. Reflectivity change AR as a function of the time delay
At between pump and probe pulses (a) at fixed initial temperature
To =80 K for different values of the pump fluence F and (c) at a
fixed pump fluence F = 1.6 mJ/cm? for different 7y. Laser-induced
reflectivity change AR at At = 0.5 ns as a function of (b) pump
fluence F and (d) 7. Solid lines on panels (b) and (d) are linear fit.

of fluences, frequencies fpp = fip [Fig. 4(c)], while initial
phases @ppp) differ by ~m /2 [Fig. 4(f)], thus confirming
that ABpp and A6;p stem from oscillations of the PP and IP
components of magnetization [Figs. 3(a) and 3(d)].

Importantly, there is a qualitative correspondence be-
tween fluence dependencies of the reflectivity transient
change AR(F) and of some of the oscillations parameters.
To highlight it, we plot in Fig. 4(b) the fitting curve of
AR(F) alongside with the oscillations amplitude, and show
corresponding ranges F < Fy, and F > Fs in the fluence de-
pendencies of all the parameters in Fig. 4. First, when pump
fluence exceeds Fs, amplitudes ®pp(;p), their ratio Opp/O;p,
damping time tpp;py and frequency f are independent from
F. In the range Fy < F < Fs there is a linear growth of
®pp, similarly to AR(F'), whereas the precession frequency
f changes only slightly. Such behavior agrees in general with
the laser-induced SR transition. When pump fluence F be-
comes sufficient for SR transition, magnetization precession
is triggered due to switching of magnetic anisotropy axis from
the ¢ axis to the cubic (111) direction. Herewith, increase and
saturation of the amplitude ®pp is associated with a gradual
increase of the probed material fraction where SR transition
occurred until it reaches 100%.

However, in the range of pump fluence between Fy, and
Fs there is also a growth of ®pp/®;p [Fig. 4(d)]. This is
related to the fact that ®;p and ®pp vary with pump fluence
differently [Fig. 4(b)]. Even more intriguing result is seen at
F < Fy, when reflectivity data are dominated by the optical
response of the insulating phase [Fig. 2(b)]. ®;p grows much
faster with F than ®pp, and the dependence ®;p(F) can be
extrapolated down to F' = 0 [Fig. 4(b)], showing no threshold
behavior. Furthermore, the precession frequency in this range
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FIG. 3. (a) Scheme of experimental geometry. An external mag-
netic field H is applied along c¢([001]) direction. Twofold arrows
stand for magnetization transient changes revealed by PMOKE and
QMOKE. (b) Laser-induced probe polarization rotation A8 as a
function of time delay Ar measured in the magnetic field uoH =
£250 mT. (c) Oscillation frequency f (closed symbols) as a func-
tion of magnetic field uoH at Ty = 80 K, F = 4 mJ/cm? and fayr
(open symbols) as a function of magnetic field uoH at 7o = 130 K.
(d) Extracted signals Afpp(At) and A6;p(At) (see text for details).

remains the same as at the higher fluences showing no features
when F is swept through Fy,, while initial phase ¢ppp) and
the damping time tppyp) significantly change [Figs. 4(f) and
4(e)].

We have also obtained pump-probe signals ABppp)(At)
at different Ty with a fixed fluence F = 1.6 mJ/cm?, which
is below Fy at Tp = 80 K. Figure 5 summarizes oscillation
parameters as a function of 7y. Similarly to the fluence depen-
dence, there is nontrivial behavior of the amplitudes, damping
times and initial phases below Ti,, while fppyp) varies only
weakly.

These observations naturally rise a question on the origin
of the precession excited by pump pulses with fluence below
Fy, at low temperatures, on the interpretation of results at F >
F, as the manifestation of the laser-induced SR transition, as
well as on the mechanism underlying the precession excitation
at Ty > Tsg.

IV. DISCUSSION

A. Precession frequency as a fingerprint of a laser-induced SR
transition

Experimental results of laser-induced reflectivity change,
in particular, presence of the threshold and saturation flu-
ences, suggest that the laser-induced heating is responsible
for stabilizing the laser-induced metallic cubic phase [12,42].
Using literature data on latent heat [43] and specific heat
capacities for metallic and insulator phases of magnetite [44],
the temperature increase AT and the resulting temperature 7j,

024413-4



LASER-DRIVEN FIRST-ORDER SPIN REORIENTATION ...

PHYSICAL REVIEW B 107, 024413 (2023)

-:u—"? (a): F‘78mJ (‘mil E E(b)l: L IAR I
S 3l & {5 3 1 0y 708
= ' € 0.0 B
& [ A e | S 2L 0%/W 050 ¢ @
= . g 1 ! : ~04
S | i QT 1L o! !
T K 08 mJ/cmZX%, 2 y i
o 0 1 RIR e SpmBoandiael @ PO ¢ !
- ad ; fia = 0 I 1 SN I 1 40.0
@ 0.0 0.2 04 < 0 2 4 6 8 10
x Delay time At (ns) Pump fluence F (mJ/cm?)
F, Ll T T T T T TT L T T
c) ! d) ! i
mis{oel | I i o ]
S -OobooQ0°°° 39 . | o0 © <
~10| IP . i ff 1 ® | 1
3 | 1 it met ~ | |
L 1 | a 3 1 <>\
C 1 | T =80 K o | |
S5 S 1@ | :
g | i H =250 mT o 1O
o i 1 | !
LL O L Il 1 :‘ 1 n 1 i 00 nol\ol 1 1. 1 I | 1
— TT T 7T T T T T 1 T T T
I I F | 1
2 € . o 902 o © () ' 0000000 © 9
e 80 : ! 3 ?045‘“3 ] 1 b
@ ‘ | = | : '
kS 104! (] = 000 :
= ‘ | i .
> L] S 1
a 'O = l i
= | 105 of | 1
o [°% L.
0 2 4 6 8 10 0 2 4 6 8 10

Pump fluence F (mJ/cm?)

FIG. 4. (a) Typical pump-probe signals 6pp(At) (symbols) mea-
sured at 7y = 80 K at the pump fluences F' < Fy, (blue), Fy, < F <
Fs (magenta), and F' > Fg (green), and their fit (lines) using Eq. (2).
Pump fluence dependencies of (b) amplitude ®pp(py, (c) frequency
frrap), (d) ratio ®pp/O;p, (e) damping time tpp(p), and initial phase
¢ppapy at Tp = 80 K obtained from the fit of Oppp)(At) traces.
Closed (open) symbols show the parameters of Oppp)(At), respec-
tively. Gray line in (b) is the fit of AR(F') dependence [Fig. 2(b)].
Green dashed line in (c) shows the FMR frequency measured at
T =130 K.

were calculated [45] as a function of F at T = 80 K [see
Appendix A and Fig. 7(a) therein]. According to that, pump
fluence exceeding Fs = 4.7 mJ /cm? is sufficient for stabiliz-
ing cubic metallic phase emerged because of laser-induced
Verwey transition. Slow relaxation of AR(At) indicates that
the sample remains in the laser-induced phase longer than
1 ns. Thus, we can use the frequency of the excited precession
as a fingerprint for identifying particular magnetic phase state
of the sample within this time range after the excitation.

In order to illustrate this, we show in Figs. 1(c) and 1(d)
FMR frequency frvr as a function of external magnetic field
H measured at equilibrium at 7y = 80 and 130 K. As shown
in Figs. 4(c) and 5(c), precession frequency in the pump-probe
experiment in the whole fluence and temperature ranges is
close to the fpmr above Tgg, i.e., in the cubic phase. Note
the frequency in the monoclinic phase is expected to be twice
as high, as was calculated using anisotropy parameters from
[30,46] [see Appendix B and Fig. 7(c) therein]. At uoH =
250 mT and Ty = 80 K, it exceeds 20 GHz available in the
FMR experiments [Fig. 1(c)]. Thus, the frequency of the
observed precession clearly indicates that SR transition takes
place even when the sample is excited at 7y = 80 K with low-
fluence pulses insufficient for heating above the transitions

temperatures. On the other hand, experimental data on the
ratio ®pp/O;p, the decay time Tpppy and the initial phases
¢ppapy [Figs. 4(d) and 4(f)] reveal that there is a difference
between precession excited at F > Fg and F < Fy, despite
similar precession frequency observed in the whole laser flu-
ence range.

Absence of the laser-induced precession with frequency
corresponding to the low-temperature uniaxial state can be
understood from the following arguments. The direction of
the easy magnetization axis in the low-temperature phase
coincides with the applied external field. This along with a
strong uniaxial anisotropy ensures that no magnetization pre-
cession is excited by the laser pulses unless the SR transition
is induced. Thus, presence of the oscillations in the MOKE
signal suggests that precession is excited only in the fraction
of the material undergoing laser-induced SR transition.

B. Three regimes of SR transition at various pump fluences

We argue that our experimental observations are the mani-
festation of peculiarities of laser-induced SR transition being
the first order at equilibrium. At 7p = 80 K and F > Fg, the
precession excitation can be described as follows. Before the
excitation, magnetization orientation is defined by the effec-
tive field Her = H + H, + Hy directed close to the c axis,
where H, = —0Uyi(K,, Kp)/0M is the uniaxial anisotropy
field. Laser pulse causes ultrafast Verwey transition and, thus,
switching of the crystal structure to the cubic phase, which
is stabilized by the laser-induced heating above Ty [12,40].
Structural transition is accompanied by the change of mag-
netic anisotropy to the cubic one. Since Tgg is just a few
Kelvin above Ty, K, change sign, and the anisotropy field
reorients to one of (111) axes lying in the sample plane, e.g.,
to [111]. As aresult, there is a PP torque Tpp = —yM x H;.
The torque triggers the precession of magnetization around
H,; =H-+H, +Hy, where H, = —3U.(K|, K,)/dM. Ini-
tial phases of the oscillations of the PP and IP components
are 0 and 7 /2, respectively, in agreement with experimental
observations [Fig. 6(a)].

Even at Ty < Tsg stable domains with cubic magnetic
anisotropy are present within host with uniaxial anisotropy,
as evident from the static hysteresis loops [Fig. 1(b)]. This
suggests that the below-threshold excitation can still yield
emergence of the domains of a cubic phase within the mono-
clinic host although laser-induced heating is Ty + AT (F) <
Ti. These domains are expected to be isolated from each
other, and thus possess the easy magnetization axes along
either of the four cubic axes (111) in the sample plane or at
an angle to it. Thus, laser-induced precession in the different
domains is then triggered with a different initial phase,

(MPR,»(AI)> _ ( eMosinQ2m fAr + N%) ) 3)
Mipi(At) ) — \MosinQr fAt + (N + 1)3) )

where ¢ is the precession ellipticity, i stands for a particular
domain, and M, is the precession amplitude given by an
angle by which total effective field reorients as a result of SR
transition. Integer number N depends on the particular cubic
axis, which sets H,. N =0, 2(1, 3) for domains with cubic
axis oriented in the sample plane (at an angle to it) with the
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FIG. 5. (a) Experimental pump-probe signals 0pp(At) (symbols)
measured at F = 1.6 mJ/cm? at the sample temperature Ty < Ty,
(blue), Ty, < Ty < Ty (magenta), and Ty > Ty (red), and their fit
(lines) using Eq. (2). Temperature dependencies of (b) amplitude
Oppyp), (c) frequency fppip), (d) ratio @pp/O;p, (¢) damping time
Tppapy, and initial phase ¢ppgpy at F = 1.6 mJ/cm? obtained from
the fit of Oppp)(At) traces. Closed (open) symbols show the pa-
rameters of Oppp)(At), respectively. Gray line in (b) is the fit of
AR(Ty) dependence [Fig. 2(b)]. Green-dashed line in (c) shows the
FMR frequency measured at 7 = 130 K.

corresponding laser-induced torque Tpp(T;p) as illustrated in
Figs. 6(a) and 6(b).

In the experiment, measured signal 6pp;py is integrated
over the large area of the sample. Precession with different ini-
tial phases in different domains contribute to Opp ~ Y, Mpp;
yielding very low value of ®pp and intermediate initial phase
of oscillations ¢pp # 0, /2. Contributions of the precession
in different domains to 6;p ~ Y, M},; add up resulting in
nonvanishing value of ®;p > ®pp observed even at low val-
ues of F [Fig. 4(a)] and to the intermediate initial phase
of oscillations. Such averaging also explains faster decay at
F < Fy, being a result of dephasing of precession in different
domains and of the enhanced damping within them [47,48].

Onset of increase of T and ®pp/O;p at the fluence F > Fy,
[Figs. 4(d) and 4(e)] and the change of ¢ppp) to ~0( /2)
[Fig. 4(f)] suggests that ever increasing areas and networks
where SR transition occurs start to contribute to the magneto-
optical response instead of isolated domains [49,50]. This
leads to an increase of a precession damping time 7 in the
range Fyy, < F < Fs. Increase of ®pp along with the switching
of the ¢pp;p)y close to 0 (;r/2) shows that the magnetization
precession within the probed spot is mostly in-phase and the
laser-induced magnetic anisotropy axis is along one particular

SR transition

[001]—[171] [001]—[111]

, (b)

Hy ' [111]

O F,=16 mJ/cmy_
F=4 mJd/cm®

0kt
120

Amplitude (arb.units)
N

® | o
Temperature T, (K) Tsr To  Tu(F1) Th(F2)

FIG. 6. Scheme of precession launch via [(a),(b)] the SR tran-
sition and the easy axis reorientation to different (111) directions,
and (c) the laser-induced cubic anisotropy change. (d) Qualitative
dependence of the metastable monoclinic domains amount N,,. on
the temperature. (e) Amplitudes ®pp (closed symbols) and ®,p (open
symbols) at the pump pulse fluences F = 1.6 mJ/cm? (green sym-
bols) and 4 mJ/cm? (magenta symbols). Lines are the exponential
fits. Red and blue arrows indicate heating-cooling cycle after single
laser pulse excitation for lower (F}) and higher (F,) fluences. N, de-
creases following each heating-cooling cycle. (f) Dependence of the
cubic magnetic anisotropy parameter K; on the temperature [46]. K
restores its equilibrium value K, (7p) following each heating-cooling
cycle.

(111) axis in the sample plane [Fig. 6(a)]. At any of the stud-
ied F > Fg, the whole excited and probed volume experiences
laser-induced SR transition, leading to saturation of the pa-
rameters of Opp(sp) transients. ©pp/O;p is then defined by the
precession ellipticity ¢ and the magneto-optical parameters
responsible for PMOKE and QMOKE.

C. Three regimes of SR transition at various sample
temperatures

Joint analysis of the evolution of the transients parame-
ters with the initial temperature 7; enables to identify three
regimes of laser-induced dynamics. At the fixed laser flu-
ence F = 1.6 mJ/cm?, temperature ranges Ty < Ty, and Ty, <
Ty < Tsr correspond to the same regimes of laser-induced
SR transition, as those seen at the fixed Ty at F < Fy and
Fn < F < Fs, respectively.

Interestingly, our data suggest that even at Ty > Tgr the
precession is excited due to laser-induced SR transition. In-
deed, along with the laser-induced SR transition, precession
can be triggered by the laser-induced thermal change of mag-
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netic anisotropy parameters while the material remains in the
same phase [51]. Below Ty, laser-induced changes of the uni-
axial anisotropy parameters as a mechanism of the precession
excitation can be ruled out, since the precession frequency
corresponds to the cubic phase (see Sec. III). However, the
question arises on the mechanism of the precession excitation
at Tp > Tsr. We ascribe it to the SR transition in remaining
metastable monoclinic domains. For this we put forward the
following arguments.

In the range Tsg < Tp é 230 K absolute value of the
magnetocrystalline anisotropy constant K; increases with
temperature, as illustrated in Fig. 6(f) following [46]. Since
laser-induced heating does not exceed 40 K for any fluence
F used in the experiment (see Appendix A), increase of K
upon laser excitation is the case for measurements in the
whole range of initial temperatures. As a result, reorientation
of Hegr due to the laser-induced change of K; and SR transition
would occur in the same way, as shown in Figs. 6(a) and 6(c),
leading to the same phase of precession excited by these two
mechanisms. However, a simple geometrical analysis shows
that the temperature dependencies of the amplitude of the
precession excited via these two mechanisms are expected to
be drastically different. Indeed, precession amplitude is set by
the angle between direction of effective field H. before and
after excitation (Fig. 6). At any of studied Ty > Tsg, AT ~
const [see Appendix A and Fig. 7(b)]. Due to nearly linear
dependence of K; on temperature in the range Tsgr < Tp <
230 K [Fig. 6(f)], the angle between H’', and H, should also be
nearly independent from 7j. Thus, the amplitude of precession
excited above Tgg via laser-induced change of K should vary
with temperature only weakly.

On the other hand, the amplitude of the observed oscilla-
tions triggered by SR transition Ty > Tsg is dictated by the
amount of metastable domains remaining in the monoclinic
phase Ny(7p), in which transition can occur. Ny, decreases
with temperature leading to reduction of the precession am-
plitude excited due to the SR transition. In Fig. 5(b) one
can see that precession amplitude significantly decreases with
temperature at 7y > Tsg indicating that underlying mecha-
nism of excitation is the laser-induced SR transition in these
metastable domains. Such scenario accounts well also for
the decrease of AR with temperature in the same range
[Fig. 2(d)].

Further confirmation of the SR transition responsible for
the precession observed at T > Tgg is provided by the
temperature dependencies of ®@pppy obtained at low F; =
1.6 mJ/cm? and high F> =4 mJ/cm? pump fluence. As
can be seen in Fig. 6(e), both amplitudes show exponential
decrease, which is faster at higher excitation fluence. Exci-
tation with a pulse of the higher fluence would affect the
amount of monoclinic metastable domains N,,. available for
SR transition as follows. Each excitation event leads to a
heating-cooling cycle To — Ty, — Tp, with Ty > Tgg. At the
heating stage, SR transition occurs in some domain. At the
cooling stage, they remain in cubic phase. As a result of
such a cycle, the number of monoclinic domains Ny, would
decrease [Fig. 6(d)]. Upon excitation with the next pulse, a
lesser number of monoclinic domains Ny (F;) is available
for laser-induced SR transition. At the higher excitation flu-
ence, F, > Fj, decrease of Ny(F;) in each heating-cooling

cycle is even more pronounced. Therefore, at each T, Nine
averaged over many excitation events appears to be lower
at higher pump fluences. This may account for the observed
faster decrease of ®pp(;p) ~ Vime (F) with Tp at higher fluences
[Fig. 6(d)]. In contrast, in the case of excitation via change of
K; in the cubic phase, heating-cooling cycles do not affect
the initial state of the system [Fig. 6(f)]. As a result, increase
of the pump fluence would result just in the increase of the
detected amplitude ®pppy ~ AK;(AT) and would not affect
the rate with which ®pp(;py changes with Tp.

We note that the FMR linewidth in magnetite has been
reported to narrow down as the equilibrium transition oc-
curs concomitantly with decrease of the FMR frequency [52].
However, in our pump-probe experiments only the damping
time changes with fluence or temperature, indicating a differ-
ent origin of the damping at low fluences and temperatures
related to the spatial inhomogeneity of laser-induced SR tran-
sition under such conditions. We also note that the laser-driven
precession associated with the first-order transition, Morin
point, has been reported in dysprosium orthoferrite and also
showed nontrivial dependence of the precession damping on
the laser pulse fluence [23]. However, in orthoferrites the
damping of the precession was found to be correlated with
the timescale of the transition in the orthoferrite, which is in-
trinsically limited to picosecond range and thus can be traced
by precessional reorientation of the magnetization towards
the new equilibrium axis. In magnetite, timescale of the SR
transition appears to be well below the resolution of our ex-
periment and clearly happens faster than the half a period of
the precession, ~20 ps. Given the subpicosecond timescale of
the crystal and electronic structure switching [12], the initial
change of the magnetic anisotropy can have similar speed.

V. CONCLUSIONS

In conclusions, we have demonstrated laser-induced mag-
netization precession in bulk single crystal magnetite, and
have shown that the underlying mechanism of the excita-
tion is the switching of anisotropy axis due to ultrafast SR
transition. This expands our knowledge about response of
this iron oxide to ultrafast optical excitation, along with ear-
lier demonstrated insulator-metal and structural, i.e., Verwey,
transition. We found that SR transition can be triggered even
by laser pulse with a fluence F < 1 mJ/cmz, i.e., below
the threshold for the laser-induced heating required for ma-
terial to overcome the transition temperature. Furthermore,
signatures of photo-induced SR transition are present in a
wide range of initial sample temperatures both below and
above transition temperature. Joint detection of the precession
via transient linear and quadratic magneto-optical effects re-
veal that under such conditions the photo-induced transition
occurs in separate domains, signifying the first-order charac-
ter of it taking place also beyond the thermal equilibrium.
Revealing such broad range of conditions supporting photo-
induced transitions was elusive in the transient reflectivity
measurements.

Importantly, we show that there is a striking similar-
ity in the threshold and saturation fluences and threshold
sample temperatures for the Verwey and SR transition, sug-
gesting their intrinsic link to the same driving mechanism.
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The latter for the case of Verwey transition was shown in
to be a subpicosecond melting of specific charge and orbital
ordering—trimerons, i.e., Fe’*-Fe’*—Fe’* complexes [12].
Thus, our results sets up a basis for further studies aim-
ing at revealing timescale of magnetic anisotropy change in
Fe;04. Such research could rely, e.g., on joint x-ray study
of femtosecond dynamics of spin and orbital momenta [53].
In our experiments, we used the ferromagnetic mode of the
magnetization precession as a fingerprint of the photo-induced
magnetic transition, which is intrinsically slow in low ap-
plied magnetic fields and thus hinders realistic timescale
of the anisotropy change. Examining ultrafast SR in thin
and ultrathin magnetite films readily available by a pulsed
laser deposition technique [54] may provide access to shorter
timescales via observing higher-order laser-induced standing
spin-wave modes [55].
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APPENDIX A: CALCULATION OF THE LASER-INDUCED
HEATING

Using data from the literature on latent heat Jp =
0.85 mJ/cm? [43] and specific heat capacities for the metal-
lic and insulating phases of magnetite [44], the temperature
increase AT and the resulting temperature 7y, = Tp + AT
were calculated [45] as a function of pump fluence F (at
To = 80 K) and of the initial temperature of magnetite 7y (at
F =1.6 mJ/cm?).

For calculations, volumetric absorbed pump energy density
J was founded from the incident fluence as

J =1 = R)u;F, (A1)
where i = {ins, met} stands for the insulating or metallic
properties of the material at a particular Ty. Ri,s = 0.15 and
Ryt = 0.27 are a reflection coefficients and ®jps X Qmer =
0.72 x 10° cm™! are the absorption coefficients of mag-
netite at the pump photon energy [56]. Threshold Jy, = 1.3 x
107 J/m? and saturation energy densities Js = 2.7 x 107 J/m?
are found from the corresponding fluences Fiys).

For the temperatures Ty below 7y and fluences below the
threshold, F' < Fy,, the temperature increase was calculated
as

J
I =—+T,

Cins

(A2)

where cips = 0.8 x 10° J/(m*K) is a volumetric heat capacity
at Ty = 80 K. For the pump fluences above the saturation
threshold, F > Fs, we consider that the absorbed pump en-
ergy firstly drives the phase transition (Jy, + Ji) and the rest
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FIG. 7. (a) Laser-induced heating temperature 7;, as a func-
tion of the pump fluence at fixed initial temperature 7 = 80 K.
(b) Laser-induced heating temperature 7} as a function of the initial
temperature 7Ty at fixed pump fluence F = 1.6 mJ/cm?. (c) Cal-
culated equilibrium FMR frequency as a function of the sample
temperature.

of it heats the material in the metallic phase,

J —Jn —J Ji
=( th L)_'_Lh_i_]b’

Cmet Cins

Ty (A3)
where cpet = 1.6 x 10°J /(m3K) is a volumetric heat capac-
ityatT = 123 K.

At the intermediate fluences Fy, < F < Fg both fractions
of material, the one remaining in insulating phase and that
experiencing the transition, contribute to heating. The temper-
ature increase is found as [45]

Jin Js —Jn —JL

Th = q>ins_ + cIDmet + TO’ (A4)
Cins Cmet
where
1 J —J J —J
D = —[1—erf< th)erf( 0>i|, (AS)
2 On o
1 J —J J —J
q>met=-[1—erf( S)m( OH (A6)
2 os o

are weight factors of contributions from the insulator and
metal phases. In the calculations, values o = V2. Js —
Jin)/4, 0s = omer=0/10, Jo = (Jpn + Js)/2 were used.

Figure 7(a) shows the dependence of the heating tempera-
ture 7;, on the pump fluence at initial temperature 7o = 80 K
calculated using the formulas described above.

Using dependencies of the reflection coefficient R(7j) [56]
and volumetric heat capacity on temperature, the heating of
the magnetite was calculated with the same formulas for dif-
ferent temperatures at fixed pump fluence F = 1.6 mJ/cm?
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[Fig. 7(b)]. In calculations we assumed that Fy, linearly de-
creases from 2.2 mJ/cm? at Ty = 80 K down to 1.6 mJ/cm?
at Ty,.

APPENDIX B: CALCULATION OF THE FMR FREQUENCY

Ferromagnetic resonance frequency in magnetite at differ-
ent temperatures was calculated with the Smit-Suhl approach
[571,

(B

4 / 2
= —— JUpU,, — U,
@ M sin 6, 66> ¢w o¢

where the gyromagnetic ratio y is taken according to the
reported value of the g-factor g =2 [58]. U;; = 92U /0id],
{i, j} = {0, 0}, {¢, ¢}, {0, ¢} at equilibrium direction of
M@ = 6y and ¢ = ¢p).

Below Verwey transition, 7 < Ty, magnetite iS a mon-
oclinic crystal and has a uniaxial anisotropy. At T > Ty,
magnetite structure is cubic and it possesses the corresponding
magnetic anisotropy. Magnetization dependent part of free

energy is written as

Uyni = 0.5K, sin® 6(cos ¢ — sin 9)2

+ 0.5K, sin’ 0(cos ¢ + sin 9)2 +Uy, T <Ty,
U, =K;sin’6(sin’6 cos’¢ sin’g + cos’0)
+ K> sin* @ cos? @ sin” 0] cos? o+Uy, T>Ty,
(B2)

where K, are the leading uniaxial anisotropy parameters,
K , are the cubic anisotropy parameters, Uy is the Zeeman
energy. ¢ and 6 are azimuthal and polar angles of magnetiza-
tion.

Figure 7(c) shows the FMR frequencies as a function of
the sample temperature calculated for the field H = 250 mT
applied along the ¢([001]) axis. As expected, the FMR fre-
quency is at least twice as high in the low-temperature phase
as compared to the high-temperature phase, in agreement with
experimental data [Figs. 1(c) and 1(d)]. We note some discrep-
ancy between measured and calculated data, which may stem
from somewhat different anisotropy parameters of the studied
sample and a possible effect of the demagnetizing fields on
the FMR frequency. Nevertheless, calculations confirm the
experimentally observed disappearance of the low-frequency
FMR peak as the temperature becomes lower than Tgg.
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