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Abstract. We discuss fundamental aspects of laser-induced ultrafast demagnetiza-

tion probed by the time-resolved magneto-optical Kerr effect (MOKE). Studying thin

Fe films on MgO substrate in the absence of electronic transport, we demonstrate how

to disentangle pump-induced variations of magnetization and magneto-optical coef-

ficients. We provide a mathematical formalism for retrieving genuine laser-induced

magnetization dynamics and discuss its applicability in real experimental situations.

We further stress the importance of temporal resolution achieved in the experiments

and argue that measurements of both time-resolved MOKE rotation and ellipticity

are needed for the correct assessment of magnetization dynamics on sub-picosecond

timescales. The framework developed here sheds light onto the details of the time-

resolved MOKE technique and contributes to the understanding of the interplay be-

tween ultrafast laser-induced optical and magnetic effects.
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1. Introduction

Shortly after the first report of ultrafast, laser-induced demagnetization 20 years ago

on nickel by Beaurepaire et al. [1] it was discussed whether a femtosecond time-

resolved pump-probe experiment detecting the magneto-optical Kerr effect (MOKE)

is a reliable tool to probe ultrafast photo-induced changes of the magnetizationM . Few

years later Koopmans et al. considered variations of the magneto-optical coefficients

on the ultrafast timescale as a contribution to the observed transient differences in

the real and imaginary part of the complex MOKE (Kerr rotation and ellipticity)

[2]. Significantly different observations were then reported by Bigot and co-workers [3].

Interestingly, the investigated samples in these two papers used metallic and insulating

substrates, respectively. This difference hinted early on to an essential influence of

transport contributions in ultrafast magnetization dynamics. Addressing this issue

explicitly, a theoretical study by Battiato et al. [4] demonstrated a good agreement

with experimental observations [5, 6, 7, 8].

Nowadays it is widely accepted that, first, the phenomenon of sub-picosecond

demagnetization of ferromagnets (FM) is real. Corroborating evidence obtained by

employing further experimental methods, such as time- ans spin-resolved photoemission

[9, 10, 11, 12], magnetic linear dichroism in photoemission [13], and X-ray magnetic

circular dichroism [14, 15, 16, 17, 18], represented an essential step for reaching this

conclusion. It was, furthermore, rewarding to achieve agreement between experimental

findings and theoretical modeling considering Elliott-Yafet spin flip scattering [19],

although this theory has been challenged by others [20]. Moreover, various theoretical

results based on purely electronic effects mediated by spin-orbit coupling were reported

[21, 22, 23]. Second, it is by now clear that an unambiguous analysis of femtosecond

magneto-optical results is non-trivial, owing to the sizeable transient changes of the

electron population [24, 25, 26]. Later it was suggested that further insights into

magnetization dynamics can be obtained when using different pump and probe optical

wavelengths for time-resolved MOKE [11, 19], employing non-linear optical technique to

address different electronic states with the pump and probe beams [27] or performing a

detailed polarimetric analysis separating charge and spin contributions to time-resolved

MOKE signals [28, 29]. Direct accounting for the respective impact of these effects on the

transient magnetization as recently demonstrated for the different probing depth of the

real and imaginary part of the complex MOKE [30] represents another perspective. This

large amount of dedicated effort put into distinguishing spin and electron dynamics in

MOKE transients as well as general popularity of the time-resolved MOKE technique has

been motivated by its table-top availability and ultrashort temporal resolution, hardly

reachable by other experimental methods. However, an explicit analysis of magneto-

optical effects occurring due to electron repopulation after femtosecond laser excitation

and means to correct the observed MOKE signals to reach the transient magnetization

have not been developed so far.

In this Article, we present an overview of physical processes occurring during and
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immediately after femtosecond laser irradiation of a metallic FM. We compare transient

MOKE data obtained on three different Fe samples and demonstrate that both FM film

thickness and the substrate properties have a strong impact on the observable MOKE

signals. We discuss in details how the effects of electronic repopulation make their

way into the registered transient MOKE signals thus impeding correct determination of

magnetization dynamics. In a special case of uniform excitation of a thin FM film on

a dielectric (MgO) substrate, thus excluding the possibility of electronic transport, we

propose a way to retrieve the genuine laser-induced magnetization dynamics from the

transient MOKE signals.

2. Local and non-local magnetization dynamics

The scope of this paper has its roots in considering a typical experiment on ultrafast

laser-induced demagnetization of a metallic ferromagnetic (FM) film. Specifically, we

consider a FM film of a few tens of nm thick, that is, considerably larger than the

optical absorption depth δ ≈ 15 nm in the visible range, thus resulting in a strongly

inhomogeneous absorption profile across the FM film. Because femtosecond laser pulses

deposit considerable amounts of energy, we further consider a metallic substrate as an

effective heat sink. Here, laser irradiation results in the excitation of non-equilibrium

hot carriers (HCs) which have spin-dependent, inhomogeneous spatial distribution both

in the FM film and across the whole structure. Owing to the transfer of excitation

into initially cold, non-excited spatial regions, the HCs dynamics becomes very complex

[31, 32], involving both local and non-local physical processes (see Figure 1,a).

In what follows, we shall give an overview of the local and non-local HC dynamics.

Femtosecond laser excitation locally repopulates empty electronic states with HCs. This

repopulation continues as the strongly non-equilibrium distribution of HCs evolves with

time [31], leading to the transient variations of the optical response of the sample.

Furthermore, HCs in the FM exhibit spin-flip scattering which is often considered the

backbone of ultrafast laser-induced demagnetization. This scattering is accompanied

by a transfer of angular momentum from the spin system elsewhere, presumably to the

lattice [33]. These two principle contributions to the local HC dynamics are further

referred to as state-filling and demagnetization effects.

On the other hand, an inhomogeneous distribution of laser-excited HCs across

the sample enables spin-polarised superdiffusive transport [4, 6, 34, 35]. Besides spin

injection into a conducting substrate, spin transport includes redistribution of the spin

density within the FM film, which results in transient variations of the MOKE signal due

to in-depth sensitivity of the latter [36, 37, 30]. On top of that, electronic transport is

accompanied by the transfer of energy thus promoting heat-induced demagnetization in

initially non-excited, cold parts of the sample, as discussed in [35] and termed ”heat

transport” in Figure 1. In a similar way, the non-local dynamics of HCs enables

the state-filling transport contribution to the transient variations of the magneto-

optical coefficients. It is thus seen that in general, both magnetic (related to the



Magneto-optical Kerr effect and ultrafast magnetization dynamics in Fe 4

Hot carriers ( )HC

Pump

Probe
( )MOKE

Demagnetization ΔM(t)

State-filling Δα(t)

Heat transport ΔM(t,z)

State-filling transport Δα(t,z)

Spin transport ΔM(z)

local

non-local

In
su

la
to

r

M C
on

du
ct

or

M

Thin FM film Thick FM film

(a)

(b) (c)

Pump Pump

Figure 1. (a) Local and non-local electronic processes occurring upon femtosecond

laser excitation of a ferromagnet leading to the emergence of hot non-equilibrium

electrons. (b-c) Sketch of a femtosecond laser excitation of (b) a thin FM film on

an insulating substrate, allowing for local processes only, and (c) thick FM film on a

conducting substrate, where both local and non-local processes are present. The red

shaded areas represent the in-depth profiles of the laser excitation.

real magnetization dynamics) and optical (caused by the variations of magneto-optical

coefficients) contributions of the transient MOKE signal have local and non-local origins.

Summarizing these considerations, we note that an important step towards under-

standing the laser-induced demagnetization requires retrieving the real magnetization

dynamicsM =M(t) in the absence of non-local contributions [8, 35]. To achieve this we

engineered a system where (i) the excitation gradients are negligibly small (red shaded

area in Figure 1,b) thus inhibiting the transport effects across the FM layer, and (ii) a

dielectric substrate blocks the electronic transport out of the FM film (cf. Figure 1,b-c).
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3. Transient changes of the magneto-optical coefficients

Once the non-local effects are minimized, our further analysis aims at establishing a

relation between the observable MOKE transients and magnetization dynamics. We

consider the MOKE signal θ proportional to the magnetization M : θ = αM [38, 39],

where α is the (effective) magneto-optical coefficient, and θ is either MOKE rotation

or ellipticity. Following [40], in the experiments where time-resolved variations of the

polarisation state of light ∆ψ are measured, it can be expanded into ∆ψ = ∆θ + ∆b,

where ∆b represents even in magnetization pump-induced effects, including the non-

magnetic ones such as optical Kerr effect and others. To get access to magnetization

dynamics, these even effects can be excluded by considering the difference of the

datasets obtained at the two opposite directions of magnetization: ∆θ = [∆ψ(+M) −
∆ψ(−M)]/2. After that, for sufficiently small absolute MOKE variations ∆θ one gets:

∆θ = α ·∆M +M ·∆α, (1)

or, for relative variations δθ = ∆θ/θ0:

δθ = δM + δα, (2)

Here θ0 = α0M0 ≈ αM is the corresponding static (equilibrium) MOKE signal, and

δM = ∆M/M , δα = ∆α/α.

It is thus seen that the laser-induced variations of magneto-optical coefficients

(Eq. 2) are responsible for the observed difference in the transients of MOKE rotation

and ellipticity [2, 3]. Here we analyze this effect in details, arguing that understanding

the nature of this contribution to the MOKE transients is crucial for drawing conclusions

regarding magnetization dynamics. Magneto-optical coefficients are determined by

matrix elements of the optically-active electronic transitions in the majority and

minority sub-bands of a ferromagnet and by related densities of initial and final states.

The population of these states depends on the electronic distribution and thus can

be affected by the absorption of photons. Upon this absorption, a non-equilibrium

distribution of electrons in the metal is created, which then decays towards an

equilibrium at an elevated electronic temperature [25]. As we show below, modification

of the electronic distribution leads to the variations of the magneto-optical coefficients

thus altering the observable transient MOKE signals.

The possible mechanisms of the modification of magneto-optical coefficients due to

electronic repopulation are illustrated in Figure 2,a-b. Firstly, we consider the effect of

a direct optical excitation of primary electrons, which is particularly important in the

case of equal pump and probe photon energies. In a simplified picture, upon a single

photon absorption process an electron is created in the upper, previously empty state,

and a hole appears at the initial electronic level. As such, until the excited state is

relaxed, the variations of electronic population at both initial and final levels inevitably

modify the optical response of the medium, including MOKE [24] (see Figure 2,a). Note

that if the pump and probe photon energies are different, this mechanism can also be
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Figure 2. (a) Direct optical and (b) heating-induced state-filling effects as the two

main mechanisms of electronic repopulation-induced variations of the optical response.

Open and full circles show empty and filled electronic states, respectively, while solid

and dashed lines with crosses indicate allowed and forbidden electronic transitions,

respectively. (c) Density of states in Fe as redrawn from Ref. [41]. The arrows, empty

and solid circles show predominant electronic transitions in both sub-bands if excited

with 1.55 eV photons. The shaded area illustrates the region of EF ± kTe at elevated

electronic temperatures reached upon laser excitation.

important when either initial or final states of the pumped transitions participate in the

probed transitions as well.

A more subtle yet important mechanism is illustrated in Figure 2,b. Consider an

equilibrium (Fermi-Dirac) electronic distribution at a finite temperature Te. Variations

of Te will redistribute electrons in the EF ± kTe energy range (EF is the Fermi energy)

thus altering the probabilities of the corresponding electronic transitions. As such, if

for a particular photon energy ~ω ≫ kTe electronic states from this range contribute to

the optical response of a medium, the latter is modified by a quick rise of the electronic

temperature following the absorption of a pump pulse. For example, in the majority

sub-band of Fe, 1.55 eV photons are strongly absorbed by electrons from just below EF

[6]. Owing to that, one can expect a significant contribution from this mechanism to

the variations of the magneto-optical coefficient of Fe.

It is thus seen that even in the absence of electronic transport, when the laser

excitation is homogeneous across the film thickness, the transient MOKE rotation and

ellipticity exhibit different dynamics. This could potentially pose a problem for those

experiments in which only one of these two quantities (for example, MOKE rotation) is

registered.
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4. Experimental results

To illustrate the above considerations we now turn to the experimental data. We studied

the transient MOKE response of three Fe samples, namely, thin (8 nm) and thick (34

nm) films on top of a thick (130 nm) Au layer, and a thin (8 nm) Fe film grown on an

insulating MgO substrate. The third (Fe-8/MgO) sample represents the ultimate case

where the impact of non-local contributions is minimized due to a nearly homogeneous

excitation profile. The latter is illustrated with the red shaded area in Figure 1,b, as

calculated using the 4× 4 transfer matrix method [42].

For the pump-probe MOKE experiments we employed 14 fs-long, 1.55 eV laser

pulses (1 MHz repetition rate, 40 mW average power) split in a ratio of 4:1 into pump and

probe beams incident on the sample at angles of 45 and 55 degrees, respectively. Using

identical pump and probe photon energies, we intentionally enhance local state-filling

effects which are of interest here. The ellipticity and rotation MOKE signal variations

were detected by two home-built balanced detectors, whereas a broadband quarterwave

plate was installed in front of one of them. This arrangement allowed for a simultaneous

measurement of both transient MOKE rotation and ellipticity. The MOKE transients

were measured in two saturating external magnetic fields of opposite polarities, directed

in the plane of the sample in the longitudinal MOKE geometry. Then, the differences

of the two datasets were taken to exclude the magnetization-independent contributions

to the observed signals.

The experimental results are summarized in Figure 3. All transient variations are

normalized to the static MOKE signals measured in the absence of the pump beam. All

datasets shown here demonstrate a very quick, step-like effect at around zero time delay,

that is, immediately after the arrival of the pump pulse. We argue that the shortest

timescale visible in the data is determined by the time resolution of the experimental

setup, which is about 20 fs. Considering the absence of transport effects in the current

experimental conditions, these features are very unlikely to reflect real magnetization

dynamics (see below) thus corroborating the assertion that the MOKE response alone

at ultrashort time delays cannot be taken as a measure of the demagnetization process

[24]. In what follows, we shall refer to these quasi-instantaneous variations of the MOKE

signals as δθ(t = 0), where t = 0 indicates that the characteristic times of the relevant

processes are shorter than our experimental resolution.

Moreover, it is clear that the transient MOKE rotation and ellipticity exhibit

significantly different dynamics indicating the importance of the variations of the

magneto-optical coefficients. Note that the huge relative variations of MOKE rotation at

short time delays seen in Figure 3,a result from a very low static MOKE rotation for a 8

nm-thin Fe film grown on Au (see inset). The significantly larger static MOKE ellipticity

signal explains the absence of a similar effect in the respective MOKE ellipticity time

trace.

Figure 3 illustrates that the particular sample structure greatly influences the

apparent MOKE dynamics. The samples studied here exhibit very distinct transient
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Figure 3. Experimental transient MOKE signals measured on (a) 8 nm-thin Fe film

on 130 nm Au; (b) 34 nm-thick Fe film on 130 nm Au; (c) 8 nm-thin Fe film on

insulating MgO substrate. Note the scaling factor 4 × 10−3 for the MOKE rotation

shown in panel (a). The inset in (a-b) shows both experimental (open symbols) and

calculated (solid lines) values of the static MOKE signals θ0 as a function of Fe film

thickness d.

MOKE signals with different timescales which are clearly seen in the MOKE rotation

traces. We argue that the differences in the data shown here originate from the

varying contributions related to the electronic transport. The local laser-induced

demagnetization, however, can be studied in the Fe-8/MgO sample (Figure 3,c) where,

as we have shown above, the non-local contributions are minimized. However, the

difference in the MOKE rotation and ellipticity transients requires addressing the open
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question as to how they are related to the genuine magnetization dynamics.

5. Towards genuine ultrafast demagnetization

We further consider the complex MOKE angle in the form of Θ = θ′ + iθ′′, where

θ′ and θ′′ account for the MOKE rotation and ellipticity, respectively. Because

magnetization M is real, this requires the magneto-optical coefficient to be complex as

well: α = α′ + iα′′ = A exp(iφ). It is worth noting that the variations of magnetization

δM(t) cannot change the phase of the MOKE response, and thus the variations of

the latter should be understood as having an optical origin [28]. Indeed, since the

magnetization M in Θ = αM is real, the phase of the complex value Θ is governed by

α only. Assuming that the pump-induced effects are small, after the linearization Eq. 2

yields:

δθ′ = δM + δA− κ−1∆φ,

δθ′′ = δM + δA+ κ∆φ,
(3)

where κ = θ′0/θ
′′
0 is the ratio between the static values of the MOKE rotation and

ellipticity. It is immediately seen that if one of the static MOKE signals θ′0, θ
′′
0 is much

stronger than the other, either κ or κ−1 becomes very large, and even small variations

of the phase ∆φ completely dominate the pump-induced variations of the respective

MOKE signal. This could lead to apparent variations in MOKE transients which are

unrelated to the magnetization dynamics (cf. MOKE rotation in Fig. 3,a).

Equation 3 allows to identify the pump-induced phase dynamics:

∆φ(t) =
κ

κ2 + 1
(δθ′′(t)− δθ′(t)) (4)

The sum of the variations of the amplitude δA and magnetisation δM is, in turn, given

by:

δM(t) + δA(t) ≡ δg(t) =
δθ′(t)κ2 + δθ′′(t)

κ2 + 1
(5)

The traces of δg(t) and ∆φ(t) obtained for the 8 nm-thin Fe film, where we found

κ ≈ 1.57, are shown in Figure 4. It is seen that in our experiments, the phase variations

are not larger than 5 · 10−2 thus justifying the linearization procedure described above.

It is seen from Eq. 5 that the transient variations δg(t) consist of magnetic δM(t)

and optical δA(t) parts. We note that due to the conservation of angular momentum,

light does not directly interact with spins other than via spin-orbit coupling [43, 44].

In practice, if the laser pulses are long enough (> 100 fs) it is difficult to distinguish

the instantaneous dynamics from that with the characteristic timescale of the spin-orbit

coupling. Governing the spin lifetimes, the latter was calculated to be on the order of

50−100 fs [20, 45]. In our case, 14 fs-long laser pulses allow for sufficient resolution to rule

out quasi-instantaneous changes of magnetization upon laser irradiation and thus assume

δM(t = 0) = 0. Here t = 0 indicates, first of all, the pump-probe temporal overlap.
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Figure 4. Retrieved pump-induced dynamics of Fe magnetization δM(t) in Fe-8/MgO

sample and variations of the phase of the magneto-optical coefficient ∆φ(t) obtained

using Eq. 7. The gray triangles illustrate the transient variations δg(t). Also shown are

the transient MOKE signals δθ′(t), δθ′′(t) obtained in the experiment (cf. Figure 3,c).

Inset: Relative transient variations of the reflectivity δR(t). The gray shaded areas

represent the temporal profile of a 14 fs-long pump pulse.

Due to the finite pulse duration t = 0 implicitly includes processes with characteristic

times shorter than our experimental resolution. It is thus seen that the instantaneous

variations of the MOKE signals δθ′(0), δθ′′(0), as well as δg(0) can only stem from the

optical effects resulting in non-zero δA(0), ∆φ(0). In what follows, we assume that

the optical part in δg(t) given by the variations δA(t) has the same origin and exhibits

similar dynamics as the phase φ(t):

δA(t) = γ∆φ(t). (6)

Then the genuine magnetization dynamics can be retrieved:

δM(t) = δg(t)− δg(t = 0)

∆φ(t = 0)
∆φ(t), (7)
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The transient magnetization variation δM(t) is shown in Figure 4 along with the relative

variations δθ′(t) and δθ′′(t) which are directly accessible in the experiment.

6. Discussion

We note that ab initio calculations are highly desirable in order to verify to which extent

Eq. 6 holds. However, in order to demonstrate the plausibility of this assumption, here

we can analyse the two limiting cases. For example, consider two well-defined, isolated

energy levels responsible for a single electronic transition which is driven by resonant

laser excitation. It is clear that in this picture, the relaxation of both A, φ is governed by

the dynamics of the electronic population at these two energy levels and thus proceeds

with similar time traces. Alternatively, consider a continuum of electronic states with

numerous transitions excited by a broadband pump pulse. Despite each state in the

continuum might have its own relaxation timescale, an effective evolution rate can be

introduced (in the spirit of the central limit theorem). Due to the spectrally overlapping

lineshapes of the individual transitions, one can again expect similar relaxation dynamics

in both A, φ with a corresponding effective rate. As such, in a real situation between

these two limiting cases the assumption given by Eq. 6 should provide a reasonably close

approximation to the relaxation dynamics.

Figure 4 summarizes the dynamics of all quantities discussed above including the

observed MOKE signals. It illustrates that the rapid changes at very short time delays in

both MOKE datasets δθ′(t), δθ′′(t) are triggered by the ultrafast dynamics of magneto-

optical coefficient α. This suggests that the transients detected in the experiment are

often determined by the temporal resolution of the experimental setup. For example,

it can be misleading to evaluate the demagnetization rate from the MOKE rotation

transients measured with 100 fs-long laser pulses. Our experiments performed with

temporal resolution of 20 fs illustrate that both the rate and the magnitude of the

ultrafast demagnetization are estimated inaccurately if only a single MOKE signal is

taken into account. It is seen in Figure 4 that the demagnetization timescale in these

experimental conditions is rather on the order of 200 fs, although a detailed analysis

of this magnetization dynamics will be discussed elsewhere. Similar timescale of the

local demagnetization processes can be expected in the two other samples (Figure 3,a-

b), although the total magnetization dynamics there is more complex. Transport-

related, non-local effects outlined in Figure 1 can introduce additional timescales into

the observable MOKE time traces. Furthermore, redistribution of spins within the thick

Fe film (Figure 3,b) modifies the MOKE response due to its in-depth sensitivity. For

the assertions on the relative importance of these effects as compared to the local ones,

ab initio calculations as well as elaborated experimental methods are highly desirable.

Interestingly, the separation of the charge and spin contributions to the dynamics of

the off-diagonal component of the dielectric tensor εij [28] on the ultrafast timescale is

non-trivial. Indeed, while reflectivity is given by the diagonal components εii, both

εii and εij determine the magneto-optical coefficient α ∝ εij/εii. Because matrix
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elements of the electronic transitions which govern εii, εij are not the same, the

electronic contribution to the variations of these components exhibits, in general,

different dynamics. As such, retrieving ultrafast dynamics of magnetization M and

magneto-optical coefficient α requires assumptions on the relaxation dynamics of the

amplitude δA(t) and phase ∆φ(t), as discussed above. This is illustrated in the inset

of Figure 4 which demonstrates transient reflectivity changes δR = ∆R/R as measured

simultaneously in our experimental setup. It is seen that δR(t) exhibits clearly different

dynamics to that of both δθ′(t), δθ′′(t), and δg(t). Resulting in a sizeable overestimation

of the laser-induced demagnetization, our attempts to associate δA(t) with δR(t) rather

than with ∆φ(t) (see Eq. 6) while maintaining δM(t = 0) = 0 corroborate our conclusion

that the time-resolved reflectivity variations are of limited use for making assertions on

ultrafast magnetization dynamics.

We note that the contribution of the variations of magneto-optical coefficients to

the transient MOKE signals is emphasized in our experiments where the pump and

probe beams have the same photon energy. This does not imply, however, that the two-

colour pump-probe experiments, that is, where the pump and probe beams are of two

distinct wavelengths [11, 19], are capable of producing MOKE data directly representing

genuine magnetization dynamics. On the contrary, the heating-induced mechanism

outlined in Figure 2,b does not depend on the exact path of the heating of the electronic

subsystem. Furthermore, the contribution from primary HCs cannot be completely ruled

out either, due to the possible engagement of the pump-repopulated electronic states in

the interactions with the probe beam. The latter additionally highlights the importance

of calculations of the electronic transitions involved in the light-matter interaction in

each case.

7. Conclusions

To summarize, we have discussed the immense complexity of transient magneto-optical

response if non-local, transport-related processes are admixed to the local ones. Careful

experimental design could be employed in order to separate the two, thus allowing for

a systematic study of genuine laser-induced demagnetization. Considering an example

of such a system, a thin Fe film on an insulating substrate, we demonstrate further

ambiguity of the experimentally obtained transient MOKE signals and their relation to

the real magnetization dynamics. It is shown that full transient MOKE characterization

including both rotation and ellipticity together with ultrashort (below 50 fs) temporal

resolution is crucial for correct evaluation of ultrafast magnetization dynamics. We

also propose a way to extract the latter from the experimental data and discuss the

assumptions and limitations of the proposed algorithm.
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