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Ultrafast photo-induced phenomena in magnetic semiconductor EuO
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The results of a study on ultrafast photo-induced phenomena in the intrinsic magnetic semiconductor EuO,

using the two-color optical pump-probe technique, are presented. Experimental data demonstrate photo-induced

magnetization precession in the temperature range below the Curie temperature, excited by circularly polarized

light. Numerical estimates have been performed for two possible mechanisms of optical excitation of the

magnetization precession, related to the optical orientation effect and the inverse Faraday effect. Based on theoretical

modeling, it is shown that the optical orientation of spin through the electron transition 4 f 75d0 → 4 f 65d1 is the

triggering mechanism of the magnetization precession. Photoexcitation of EuO by light with photon energy greater

than the band gap leads to the formation of magnetic polarons due to the strong exchange interaction of the 5d11

electron spin with the spins of 4 f electrons. The dynamics of magnetic polarons in the time range from a few

picoseconds to microseconds has been revealed. At temperatures slightly above the Curie temperature, a record

high value of the magnetic moment of polarons has been established.
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1. Introduction

The ability to control the magnetic state of materials using

light is of fundamental interest and is also very important for

practical applications in the field of ultrafast recording and

processing of information. Ultrafast optical manipulation

of magnetization is one of the most promising research

directions in solid-state physics and spintronics [1,2]. Var-

ious physical mechanisms that may be responsible for the

optical effect on the spin system of solids are discussed

in the literature. In Ref. [3], it was theoretically predicted

that light can act as an effective magnetic field due to the

inverse Faraday effect (IFE). On the femtosecond time scale,

the IFE has been experimentally demonstrated in various

classes of materials [4,5]. The IFE arises from the nonlinear

interaction of light with matter [6]. The microscopic descrip-

tion of IFE involves either spin sublevel splitting through the

optical Stark effect, or as the stimulated Raman scattering

on magnons, see [7,8]. Other mechanisms of optical control

of magnetization are based on the laser-induced changes in

the magnetic anisotropy [9,10], or through ultrafast heating

of the magnetic system by short laser pulses [11]. The

optical orientation effect (OOE) is well known in the

field of semiconductor optics [12]. This effect was first

demonstrated as the spatial orientation of atoms induced

by circularly polarized light [13]. In solids, OOE determines

the transfer of angular momentum from circularly polarized

photons to electrons, whose spin orientation arises as a

result of spin-orbit interaction. The transfer of the angular

momentum from optically excited electrons to collective

magnetization can give rise to a light-induced magnetic

response. For example, magnetization precession driven by

optical excitation was demonstrated in the diluted magnetic

semiconductor (Ga,Mn)As [14]. In the case of intrinsic

magnetic semiconductors, the exchange interaction between

spin-polarized photo-excited carriers and local magnetic

moments may significantly enhance the magnetic response

to photoexcitation. Both effects, IFE and OOE, arise from

the interaction of circularly polarized light with the spin

system. Therefore, establishing the key mechanism of the

optically excited precession is crucial. This research aims

to unravel the dynamics of magnetic states in the magnetic

semiconductor EuO driven by sub-picosecond laser pulses.

Here, we provide a mini-review of our studies on photo-

induced phenomena in EuO, focusing on the excitation of

magnetization precession and giant magnetic polarons (MP)
with a large magnetic moment.

Europium oxide EuO is a representative of europium

chalcogenides (EuX) group, which are binary compounds

of europium (Eu) and chalcogens (X=O, S, Se and Te).
Europium chalcogenides EuX possess a number of unique

physical properties determined by their electronic structure.

Europium oxide EuO is a magnetic semiconductor with the

classic Heisenberg ferromagnetic ordering. EuO crystallizes

in a cubic syngony with a NaCl-type structure and point

group m3m, a = 5.145A, Z = 4 (see Figure 1, a). The

valence and conduction bands of EuO are primarily formed

by the 4 f - and 5d-states of Eu2+ ions, respectively (see
Figure 1, b). Below the Curie temperature of TC = 69.8K a

magnetic order forms in the system of highly localized 4 f 7
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Figure 1. (a) Crystallographic, magnetic and (b) electronic

structure of the EuO crystal.
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Figure 2. Temperature dependence of the Faraday effect in EuO

(from Ref. [15]).

electrons of the Eu2+ ions with a spin S = 7/2. The Faraday

effect temperature dependence for our EuO film (from
Ref. [15]) is presented in Figure 2. These measurements,

performed in a tilted geometry with an in-plane magnetic

field, verify the easy-plane anisotropy reported for such

films in Ref [16]. The data thus confirm the easy-plane

anisotropy in our samples and directly demonstrate the

formation of the magnetic order. EuO exhibits a strong

coupling between its electronic and magnetic properties;

for instance, its electrical transport characteristics change

significantly upon the emergence of magnetic order. Giant

linear and quadratic magneto-optical Kerr effects have been

observed in EuO films [16,17] as a direct consequence of its
unique electronic structure. This combination of properties

makes EuO an exceptional material for potential practical

applications. Notable examples include the optical control

of its magnetic order parameter [18–20]. In spintronics,

EuO is considered a promising multiferroic material [21] and
can serve as a ferromagnetic component for spin-transistor

elements [22].

2. Samples and Experimental Methods

The studied EuO films were l = 100−200 nm thick,

epitaxially grown on yttria-stabilized zirconia (YSZ) sub-

strates and protected by a transparent SiO2−x cap-

ping layer [15,16,20]. The lattice parameter of sub-

strate YSZ (5.147 Å) is close to the lattice parameter

of bulk crystal of EuO (5.145 Å). The EuO film growth

process was monitored using standard techniques, which

confirmed the high crystalline quality of the samples.

This quality control ensures that the physical properties

of the resulting films closely match those of bulk EuO.

The magnetic properties of EuO films were studied using

SQUID magnetometry [15,16,20], and by measurement of

the magneto-optical Kerr effect [16]. The data confirm

that the key magnetic parameters of the bulk material (The
Curie temperature TC and saturation magnetization Ms), are
retained in the films.

Figure 3 shows a schematic of the experimental setup

for detecting photo-induced magnetization precession via

the Faraday effect. A femtosecond laser with a photon

energy of 1.19 eV generates pulses with a duration of

tp = 190 fs and repetition rate of 5 kHz. A beam splitter

separates the light into a pump beam and a probe beam.

The pump beam passes through a nonlinear β-BaB2O4

(BBO) crystal, where its photon energy is doubled to

~ω = 2.38 eV via second harmonic generation. The pump

power density is j p = 5mJ/cm2. The resulting green pump

beam is directed through a modulator. For studies of

photo-induced magnetization precession, an electro-optical

modulator (EOM) is used to switch the pump pulse

polarization between right- and left-handed circular. For

investigations of magnetic polarons via the photo-induced

Faraday effect, a mechanical chopper is employed instead.

In both configurations, the modulation is synchronized with

the laser repetition rate. The probe beam detects the pump-

induced change in the Faraday effect after both beams

overlap on the sample spot. The probe beam is at normal

incidence (0 deg), while the pump beam is incident at an

angle of 20 deg. After passing through the sample, the probe

beam is analyzed by a balanced photodetector. The resulting

electrical signal is measured by a lock-in amplifier, providing

a sensitivity to the polarization rotation angle of ∼ 10−7 rad.

Thus, by modulating the polarization or intensity of the

pump, this method allows us to extract the weak photo-

induced signal of interest from the strong, non-modulated

background of the Faraday effect.

The EuO sample was mounted in an optical cryostat, al-

lowing for temperature control across the 10−300K range.
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Figure 3. Experimental setup for two-color pump-probe measurements. BS — beam splitter, BBO — non-linear crystal of barium boron

oxide, EOM — electrooptical modulator, λ/2 — half-wave plate, WP — Wollaston prism, PD — photodiode.

External magnetic field with induction of B = ±600mT

can be applied parallel or perpendicular to the sample

plane. The time interval between the pump and probe

pulses was varied using an opto-mechanical delay line. The

measured value in this experiment is the light polarization

plane rotation angle due to the Faraday effect 2F depending

on the time delay 1τ . From this value, the photo-induced

magnetization Mz can be derived using the static Faraday

effect data for EuO. For EuO films with easy-plane magnetic

anisotropy, the rotation angle of the polarization plane in the

Faraday geometry (B ‖ k ‖ z, where k — wave vector of

light, z — vector of normal line to the sample plane) linearly
depends on the applied magnetic field up to the saturation

field B s = 2.4 T. The magnetization also increases linearly

with the magnetic field, having a slope of Ms/B s . Therefore,

the measured photo-induced polarization rotation can be

expressed as the normalized photo-induced magnetization

Mz /Ms .

3. Photoinduced precession
of magnetization

This section considers the precession of photoinduced

magnetization in EuO, excited by a circularly polarized

light. In this experiment the sample was maintained at

temperature that is much below TC, and the external

magnetic field was applied along the sample plane.

The light-induced excitation of magnetization precession

in the EuO film is shown in Figure 4, a. In contrast

to Ref. [20], where magnetization precession was excited

by pulses with fixed circular polarization, the present

work measures the photo-induced magnetization change

by modulating the pump polarization between right- and

left-handed. Since the total pump intensity remains con-

stant, this method completely eliminates contributions from

thermal changes in magnetization, isolating the signal that

originates solely from the pump polarization reversal. The

dots in Figure 4, a show the normalized magnetization

measured via the photoinduced Faraday effect in a 200mT

magnetic field. The relationship between the magnetization

precession frequency and the external magnetic field is

presented in Figure 4, b. The observed dependence is

in excellent agreement with the data reported in [20].
A decrease in the precession frequency is observed between

0−60mT, followed by an almost linear increase with the

applied field up to 200−600mT. Given that thermal effects

are negligible, the precession must be driven by an effective

magnetic field. Its origin lies in the nonlinear interac-

tion of circularly polarized light with matter, specifically

either the inverse Faraday effect or the optical orientation

effect, which is capable of producing an effective magnetic

Weiss field.

To quantify the contributions of these potential mecha-

nisms to the precession onset, theoretical modeling of the

magnetization excitation via IFE and OOE is required. The

magnetic moment M of the valence-band 4 f -electrons ex-

hibits precession in response to internal or external magnetic

fields, governed by the Landau-Lifshitz equation [23,24]:

dM

dt
= γ[M×Heff] − α

γ

Ms

(

M× [M×Heff]
)

, (1)

here γ represents the gyromagnetic ratio, α is the dimen-

sionless damping constant for the relaxation of magnetiza-

tion M, and Heff is the effective magnetic field. This field,

given by equation (1), comprises a vector sum of several

terms:

Heff = H0 + Hanis + Hdem, (2)

where H0 is the external magnetic field, Hanis is the

anisotropy field, and Hdem is the demagnetization field.
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Figure 4. (a) Normalized photo-induced magnetization in EuO film. Blue dots represent the experimental data, and the red line is the

calculation according to equation (1). (b) Magnetization precession frequency, �/2π, as a function of the external magnetic field. Blue

dots represent the experimental data, and the red line is the calculation according to equation (3).

The precession frequency is given by the solution of

equation (1) [25]:

� =
γ

Ms sin θ

√

FθθFϕϕ − F2
θϕ, (3)

where Fθθ , Fϕϕ and Fθϕ denote the second derivatives of

the anisotropic free energy density F relative to the spherical

coordinates θ and ϕ of the magnetization vector. The neces-

sary anisotropy constants for estimating the EuO free energy

are available in the literature, namely K1/Ms ∼ −247.5Oe

and K2/Ms ∼ 82Oe at T = 4.2K [26]. The excellent

agreement in Figure 4, b between the experimental data

(dots) and theoretical calculations (line) is consistent with

the results reported in [20].

Numerical assessment of the IFE requires the com-

putation of the effective magnetic field HIFE, which is

parametrically generated by an optical wave through a two-

photon process [27]. The expression for this field is given

by [28]:

HIFE = −i
ǫ0

µ0

G

Ms

Im
[

E× E∗
]

, (4)

where G is the magnitude of the gyration vector, and

E is the optical electric field. G in EuO can be

evaluated using the reported magneto-optical Kerr effect

parameters θK + iǫK ∼ −3 + i deg at ~ω = 2.38 eV and

T = 10K [29] together with the optical dielectric constant

ǫ1 + iǫ2 ∼ 2.5 + i1.1 from [30,31]. The pump-induced

magnetic field HIFE is confined to the laser pulse dura-

tion [3,6,32] and decays rapidly thereafter. The laser pump

pulse has a Gaussian profile:

I(t) =
I0

̺
√
2π

exp
(

− t2

2̺2

)

, (5)

with ̺ = tp/
√
ln 256 representing the RMS temporal width

of the pulse. Importantly, the light-induced magnetic

field H IFE ∝ ±I(σ±) changes sign according to the helicity

of the pump pulse σ±.

Let us now examine in more detail the mechanism

of magnetization precession onset via IFE under pulsed

laser pumping. Under subpicosecond optical excitation,

the primary source of the HIFE field is the diamagnetic

term in the IFE [7]. Initially in-plane, the magnetization

cannot react instantaneously to the ultrafast external excita-

tion [8]. Therefore, the IFE estimate from equation (4),
based on the gyration vector magnitude G, represents

an upper boundary as it includes both diamagnetic and

magnetization-dependent contributions. The optical exci-

tation drives the initially in-plane saturation magnetization

Ms into precession at frequency �. Figure 5, b shows a

schematic representation of the magnetization precession

onset in EuO. The precession occurs around the effective

magnetic field H∗
eff, which is a vector sum of Heff and

laser-induced field H′ (where H′ denotesHIFE for IFE or

HOOE for OOE). This distinction is central to evaluating

their individual contributions.

Possible mechanisms of the optical orientation ef-

fect in EuO were discussed in Ref. [33]. In EuO,

optical absorption results from 4 f -to-5d transitions:

4 f 7(8S7/2)5d0 → 4 f 6(7FJ)5d1(t2g) [34]. Analysis of the

12 Physics of the Solid State, 2025, Vol. 67, No. 7
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(c) Time dependence of the effective magnetic field HIFE induced by IFE. (d) Time dependence of the z -component of magnetization due

to the optical orientation effect. (e) Time dependence of the z -component of magnetization due to the inverse Faraday effect.

selection rules for this process has shown that the optical

transition probability depends on both the polarization of the

absorbed light and the electron spin orientation in the initial

and final states [35]. Analysis of the 4 f 75d0 → 4 f 65d1

electronic transition in EuO must account for crystal field

splitting, exchange splitting, spin-orbit coupling, and the

Zeeman effect in the magnetic field [29,36,37]. Despite

the complexity of the electron structure of EuO, the multi-

electron matrix element for the 4 f 75d0 → 4 f 65d1 transition

is equivalent to the single-electron matrix element [38]
and formally corresponds to the atomic 4 f ↑ → 5d↑ transi-

tion [36]. Figure 6 shows a diagram for the 4 f ↑ → 5d↑ tran-

sition incorporating the sign of the circular light polarization.

The photoinduced magnetization MOOE in EuO generated

via OOE is given by a tractable expression [20]:

MOOE =
cǫ0g

√

J (J + 1)µBtp

nl~ω

(

1− e−κl
)

E2, (6)

where c is the speed of light in vacuum, ǫ0 is the

electric constant, g is the electron g-factor, J is the total

5d

4 f

m2

0
+1
–1

–2

+2

rcp

∆m  = –1l

m1

0
+1

–1
–2

+2

–3

+3

∆m  = +1l

lcp

Figure 6. Diagram of the atomic electronic transition 4 f ↑ → 5d↑

excited by circularly polarized light, showing selection rules

1ml = +1 for left (lcp) and −1 for right circular polarization (rcp),
respectively [36,38].
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Physical parameters of the EuO sample required for estimating IFE and OOE

Quantity Symbol Value SI unit

Sample thickness l 1 · 10−7 m

Dielectric permittivity ǫ1 + iǫ2 2.5 + i1.1

Refractive index n 1.6

Absorption coefficient κ 7.5 · 106 1/m

Saturation magnetization MS 1.9 · 106 A/m

Magnitude of the gyration vector G 0.076

angular momentum of the 5d1-electron, n is the refractive

index, κ is the absorption coefficient of EuO, l is the

sample thickness, ~ω is the photon energy, µB is the Bohr

magneton, and E is the electric field of the electromagnetic

wave. The OOE response in EuO to pump laser pulse

excitation can be modeled as a simple exponential decay:

A(t) = A0 exp
(

− t

τs

)

, (7)

where τs denotes the spin relaxation time. The

decaying function models both the photoinduced

magnetization MOOE and the resulting Weiss field

HOOE = A(t)λMOOE/µ0 (see Figure 5, a), which share

identical temporal dynamics and drive the f -electron

system. The Weiss field acts on the f -electron system via

strong exchange interaction (integral Jdf ∼ 0.1 eV [37,39])
between the excited 5d1-electron and 4 f -electrons of Eu2+

with parameter λ [40,41]. In other words, the magnetic

field HOOE acts on the 4 f -electron during the spin lifetime

(i. e., the spin relaxation time τs) of excited 5d-electrons.

We performed theoretical modeling by numerically sol-

ving the Landau-Lifshitz equation (1). The solution requires

the time-dependent effective field H∗
eff, which was computed

as either the OOE-induced field (using Eqs. (6) and (7),
see Figure 5, a) or the IFE-induced field (using Eqs. (4)
and (5), see Figure 5, c). Our evaluation of the OOE-

and IFE-induced z -component of magnetization was based

on the physical parameters of the EuO sample given in

the table. The modeling, employing the distinct effective

fields of OOE and IFE, directly reveals their differing

impacts on the system’s dynamics: the calculated time

evolution of the z -component of the magnetic moment of

the system of f -electrons is shown for OOE in Figure 5, d

and for IFE in Figure 5, e. The calculations reveal a

substantial disparity between the two mechanisms: for a

200 mT field, the amplitude ratio is MOOE
z /M IFE

z ∼ 40,

demonstrating the overwhelming contribution of OOE at the

selected wavelength. Furthermore, the simulations uncover

a fundamental distinction in the initial precession phase —
cosinusoidal for OOE versus sinusoidal for IFE. This phase

difference, along with the accurate reproduction by the OOE

model of the experimental magnetization dynamics (see
Figure 4, a), provides compelling evidence that the optical

orientation effect is the dominant mechanism responsible for

triggering magnetization precession in EuO films.

A key advantage of our experimental approach is the use

of transmission geometry, further enhanced by modulating

the pump polarization. Unlike the reflection geometry with

fixed polarization employed in Ref. [20], our method isolates

the magnetic response specifically to the pump helicity

reversal. This provides direct access to the volumetric

properties of the EuO films, enabling a more accurate

assessment of the parameters crucial for laser-induced

magnetization precession. Fitting the theoretical model to

the experimental data yields the magnetization damping

rate α and the spin relaxation time τs of the excited

5d-electrons. For this purpose, the measurement results

obtained in a magnetic field with an induction of 200mT

can be used. The analysis yielded a magnetization relaxation

rate of α ∼ 0.02 and a spin lifetime τs . The spin lifetime,

i. e., the time during which the spins of the photoexcited

5d-electrons retain their net orientation, was determined

to be ∼ 30 ps. This value agrees well with the literature

data for other europium chalcogenides, such as EuTe and

EuSe, where the spin lifetime is also on the order of tens

of picoseconds [42,43]. The Weiss field from OOE is

considerably longer-lived (∝ τs ) than its IFE counterpart,

which is limited to the laser pulse duration (∝ ̺). This

establishes OOE as the dominant mechanism for triggering

magnetization precession in EuO films with femtosecond

laser pulses, confirming the conclusion reached in Ref. [20].

4. Dynamics of Photoinduced Magnetic
Polarons

This section examines the dynamics of the photoinduced

Faraday effect (PFE) in EuO across time scales from

picoseconds to microseconds at temperatures slightly above

the Curie temperature TC = 69.8K, drawing on data from

Ref. [15]. The experimental geometry here features an

external magnetic field applied perpendicular to the sample

plane. For ferromagnetic materials, the Faraday effect ac-

counting for photoinduced magnetization can be expressed

12∗ Physics of the Solid State, 2025, Vol. 67, No. 7
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Figure 7. (a) Time-resolved dynamics of the photoinduced Faraday effect (PFE). Experimental data are shown by dots, the line represents

a spline approximation; (b), (c), (d) Magnetic field dependence of the PFE at different time delays. The experimental data were acquired

at T = 70.8K (from Ref. [15].
)

as follows:

2F = V [Ms + M ph(I)]l, (8)

where V — Verdet constant, M ph — photoinduced magneti-

zation, I — pump intensity. The spontaneous magnetization

term Ms gives the conventional Faraday effect, and the

photoinduced magnetization term M ph represents the PFE

contribution.

The temporal evolution of the PFE with pump-probe

delay is shown in Figure 7, a. Figures 7, b−d complement

this by showing the evolution of the PFE’s magnetic field

dependence at specific delay times. It is important to note

that the shape of the PFE dependence on the magnetic field

undergoes a pronounced evolution. Thus, at a short delay

time of 8 ps the PFE displays an almost linear dependence

on the external magnetic field B . At time delay of 35 ps,

the PFE versus B dependence reveals behavior that can

be described as a sum of a linear function and a negative

S-type dependence. At a delay of 2.8 ns the PFE versus B

dependence takes the form of a positive S-type curve.

The appearance of an S-shaped PFE(B) dependences at

long delays indicates that, slightly above the Curie tempera-

ture, the PFE originates from the formation and dynamics of

photoinduced magnetic polarons (MP) in EuO. This leads

us to examine the formation mechanism of photoinduced

Physics of the Solid State, 2025, Vol. 67, No. 7
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MP, which originates from the 4 f 75d0 → 4 f 65d1 electronic

transition and involves the subsequent relaxation processes

within the EuO conduction band. The complete Hamilto-

nian describing the charge carriers and magnetic moments

in EuO is given by the sum of several components [44,45]:

H = Hk + HC + Hff + Hdf, (9)

where Hk is the kinetic energy operator of the band

electrons, HC the Coulomb energy operator of a photo-

excited electron-hole pair, Hff the Heisenberg Hamiltonian

for the magnetic lattice of f-electron spins, and Hdf describes

the exchange interaction between the spin of 5d1-electron

in the conduction band and the localized f-electron spins.

The Hamiltonian Hff involves two exchange integrals —
J1 ∼ 0.09meV and J2 ∼ 0.01meV [45] — that are respon-

sible for the ferromagnetic ordering of the f-electron spins

in EuO. For a 5d1 electron which is Coulomb-bound to a

4 f 6 hole and whose wavefunction overlaps n Eu2+ ions, the

exchange energy may be written as follows [46]

Hdf = −2

n
∑

i

Jdf

n
s · Si , (10)

where s is the spin operator of the 5d1-electron, and Si is

the total spin operator of the 4 f -electrons of the i-th Eu2+

ion. The strong coupling mediated by Hdf between electrons

in the 5d conduction and 4 f valence bands is decisive for

MP formation in europium chalcogenides [45,47].
In EuO the laser pulse with an intensity of 0.5mJ/cm2

creates an electron concentration ∼ 1017 cm−3 in the con-

duction band. In the case of non-interacting electrons

at low concentration with random spin alignment, the

magnetization follows this expression: [48]:

mz = M0BJ(x). (11)

where: M0 is the saturation magnetization, BJ(x) the

Brillouin function, J is the total angular momentum,

and x = m0B z /kBT the dimensionless magnetic-to-thermal

energy ratio, with m0 = gµBJ the magnetic moment of an

individual electron, B z the z -component of the external

magnetic field, kB Boltzmann constant, and T the tem-

perature. The magnetic moment grows significantly during

the polaron formation process. The isolated polarons with

random moment orientations are commonly described as

a superparamagnetic system, with magnetization approxi-

mated by [48]:

mz = M0L(x). (12)

where L(x) = coth(x) − 1
x
is the Langevin function, with

x = µpolB z /kBT , and µpol is the magnetic moment of an

individual polaron.

Presented in Figure 8, a are the PFE versus magnetic

field dependences for EuO measured across temperatures

of 70−76.4K, just above the Curie point. Figure 8, b

presents a series of PFE versus magnetic field curves ac-

quired at different time delays, revealing systematic changes

in the lineshape evolution with increasing delay. The

magnetic field dependences of PFE show an approximately

S-shaped behavior, qualitatively matching the Langevin

function. Based on this correspondence, we determine the

polaron magnetic moment by applying equation (12), with

additional terms for the linear contribution including that

from equation (11), and demagnetization factor of EuO

film [15]. The experimental results (points in Figure 8) show
close correspondence with the calculated curves (lines),
confirming the model’s validity. The maximum magnetic

moment of the polarons, determined to be 175 · 103µB , was

detected at T = 70K with 2.8 ns delay and, additionally, in

the 0.3−0.4 ns temporal window at T = 70.8K [15].

Figure 9, a shows the optical excitation process from the

4 f valence band ground state to the 5d conduction band

excited state in EuO, where magnetic polaron formation

begins. An excited 5d1-electron, interacting with 4 f -

electrons through an exchange integral Jd f , constitutes the
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Figure 9. (a) Diagram of the 4 f 75d0 → 4 f 65d1 electronic transition in EuO for pump-probe experiments. (b) Optical excitation in the

E-k diagram, corresponding to electron transfer from the 4 f valence band to 5d conduction band, followed by sequential relaxation into ↓

and ↑ subbands. (c) Magnetic polaron with radius R pol , formed by an excited 5d1-electron; the red arrow indicates the spin of Eu2+ ion’s

5d1 electron , blue arrows show the 4 f -electron spins.

MP. Within this model [45], the excited 5d1-electron creates

perfect ferromagnetic alignment inside the MP. Based on

the magnetic moment per Eu2+ ion (7µB) [49], the MP

radius in EuO can be evaluated. From this maximum

moment µpol ∼ 175 · 103 µB , we derive an MP radius of

approximately 11 lattice parameters, considering the four

Eu2+ ions per unit cell [15]. The theory of photoinduced

MPs in europium chalcogenides predicts magnetic moments

as high as several tens of thousands of Bohr magnetons

for EuO [41]. According to this theoretical framework, the

MP magnetic moment should exhibit a sharp peak near the

Curie temperature. Two qualitatively distinct stable energy

states are possible for polarons in ferromagnetic semicon-

ductors [50]. In the first scenario, the charge carrier is

delocalized over thousands of unit cells, which is necessary

for forming large-radius photoinduced spin polarons with

giant magnetic moments. In the second scenario, the carrier

is localized to a minimal size, down to a single unit cell.

This results in small-radius polarons that escape detection

by our method. As temperature increases through T > TC,

large-radius polarons collapse into small-radius ones [51].
This behavior is qualitatively consistent with the evolution

of the PFE vs B lineshape across temperatures, compatible

with the collapse of large polarons. A narrow maximum in

the photoinduced response is also found in both europium

sulfide (EuS) films (PFE) [52] and bulk EuS (photoinduced
Kerr effect) [53] near their Curie temperature.

Ref. [15] presents an experimental study of the polaron

magnetic moment dynamics over time. Polaron formation

occurs on a timescale of several hundred picoseconds. Let

us now discuss the temporal hierarchy of different processes

during photoinduced MP formation (see Figure 9, b). Fol-

lowing photoexcitation, the 5d1-electrons begin to relax,

populating the upper energy minimum of the ↓ spin

subband. These electrons commence MP formation within

a time interval of 0−0.2 ns. The resulting PFE signal

comprises a sum of two contributions: a linear Brillouin

function term for electrons that have not yet formed MPs,

and a negative, S-type Langevin function dependence for

those electrons that have formed MPs (see Figure 9, c).
During subsequent relaxation within the 0.2−1 ns time

window, the electrons may reach the lower energy minimum

of the ↑ spin subband, which corresponds to spins aligned

with the applied magnetic field B . Experimentally, this

manifests as a smooth transition in the PFE(B) dependence
from negative to positive S-shaped behavior — effectively,

a reversal of the hysteresis loop. The MP magnetic

moment increases linearly, reaching 175 · 103µB at 0.3 ns,

then decreases to 90 · 103µB by 1 ns, as the 5d1 electrons

relax into the lower minimum corresponding to the ↑
spin state. The MP moment subsequently stabilizes at

90 · 103µB within the 1−2.8 ns time window. Within the

superparamagnetic picture of randomly oriented polarons,

the PFE is understood to scale with the product of polaron

density and moment, explaining its increase with delay time.

Complementing this picture of polaron density evolution,

the PFE relaxation time in EuO — equivalent to the polaron

lifetime — was found to be 5µs [15]. This lifetime agrees

well with those measured for other europium chalcogenides:

1.6µs in EuSe [54], 13µs in EuS [53], and 15µs in

EuTe [43].

5. Conclusion

Our findings, summarized in this mini-review, demon-

strate that pump-probe measurements are a powerful tool

for unraveling the photoinduced magnetic state dynamics

in thin epitaxial EuO films. By employing our advanced

approach with polarization modulation in transmission

geometry, we have firmly established the optical orientation

effect (OOE) as the mechanism triggering magnetization
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precession at temperatures well below the Curie point,

thereby providing more robust confirmation of the conclu-

sion in Ref. [20]. The underlying mechanism involves the

optical orientation of spins via the 4 f 75d0 → 4 f 65d1 elec-

tronic transition upon excitation with circularly polarized

laser pulses. The resulting spin polarization, through strong

exchange interaction, generates an effective Weiss field that

acts on the magnetic moment of the f -electron system,

giving rise to a photoinduced magnetization. The faithful

reproduction of the experimental data by the theoretical

model allowed us to both quantify the individual contribu-

tions, showing that the OOE surpasses the IFE by a factor

of 40, and extract key parameters such as the magnetization

damping rate and the spin relaxation time. The origin of the

OOE dominance lies in the substantially longer duration

of its induced Weiss field, which persists over the spin

relaxation time, compared to the IFE-generated field, which

is confined solely to the ultrafast laser pulse duration.

Above TC, the response of EuO to above-bandgap light is

consistent with a superparamagnetic ensemble of magnetic

polarons, which we observe to have a lifetime of 5µs

and a giant magnetic moment — up to 175 · 103µB —
that sets a record among known materials [15]. The

dynamics of these polarons span a range from picoseconds

to microseconds and display a complex relaxation pattern,

which is associated with the sequential relaxation of the

electron within the conduction band. The initial stage (first
0−0.2 ns) features dynamics that can be interpreted within

a model where a superparamagnetic polaron ensemble

forms around photoexcited 5d-electrons in the upper energy

minimum of the ↓ spin subband. Subsequently, within the

0.2−1 ns time window, a reversal of the PFE hysteresis

loop is observed, which we interpret as a consequence of

the photoexcited electrons relaxing into the lower energy

minimum of the ↑ spin subband.

The mechanisms of spin order control in EuO uncovered

in this work represent a novel approach in optomagnetism

and hold promise for practical applications in spintronic and

optoelectronic devices.
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