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Here we report on the ultrafast magnetization dynamics of Gd(0001), which we investigated as a function
of equilibrium temperature by employing the femtosecond time-resolved magneto-optical Kerr effect (MOKE)
and modeling by the Landau-Lifshitz-Bloch equation in combination with the two-temperature model. Based
on the observed temperature-dependent transient MOKE signals, we separate the magnetization dynamics into
two regimes at delays of (i) a few picoseconds and (ii) several 100 femtoseconds. In the picosecond regime, the
demagnetization time determined from the experiment increases with temperature from 0.8 ps at 50 K to 1.5 ps
at 280 K. A successful description of this observation was achieved by considering the dynamics of the 4 f spin
system coupled to 5d conduction electrons within two coupling mechanisms: (a) through electronic scattering
and (b) spin-flip scattering mediated by phonons. We conclude that at temperatures below the Debye temperature,
a hot electron-mediated process describes the experimentally found demagnetization times of ~0.8 ps well. At
higher temperatures phonon-mediated processes have to be included to explain the 2 times longer demagnetization
time. In the second regime at time delays of few 100 fs we find an increase in the MOKE rotation and ellipticity
at 50 K at delays before demagnetization sets in. Above 50 K the transient changes in rotation and ellipticity are
of opposite sign. We explain this behavior by competing magnetic and nonmagnetic contributions in the transient
MOKE signals at these delays directly after optical excitation when excited phonons do not yet facilitate angular

momentum transfer to the lattice.
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I. INTRODUCTION

Routine access to ultrafast time scales by means of
femtosecond (fs) laser sources has in recent years pushed
the experimentally reachable magnetization dynamics into the
highly nonequilibrium regime. Under such excitation condi-
tions the transient distribution functions of subsystems like
charge, lattice, spin, and orbital moments are not in equilibrium
with each other and a wide range of novel phenomena are
currently being reported.' Prominent examples are laser-driven
formation of ferromagnetic order>* and magnetization reversal
by individual laser pulses.* Both demonstrate the potential
for spin manipulation in solid materials on ultrafast time
scales and are promising for future applications in ultrafast
memory devices. The search for the appropriate combinations
of materials and excitation conditions® can be considered as
a top-down approach toward ultrafast magnetic applications.
The goal to obtain microscopic insight into the elementary
processes and interactions that couple excitations like electron-
hole pairs, magnons, and phonons can be viewed as the
complementary bottom-up approach. It is interesting to note
that a controllable all-optical magnetization switching has
been until now reported only for a combination of transition
and rare earth metals such as FeCoGd.’

The current literature on ultrafast magnetization dynam-
ics is controversial since the process responsible for the
magnetization reduction after femtosecond laser excitation
is still ambiguous. Several contributions are currently under
debate:%7 (i) phonon-assisted spin flips [phonon-mediated
Elliott-Yafet (EY) processes] that transfer angular momentum
from the magnetization to the lattice are considered in
a microscopic three-temperature model (M3TM);® (ii) hot
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electron mediated spin flips at “hot spots” of the electronic
band structure originating from spin-orbit interaction’'?
and electron-electron EY sc:attering;13 and (iii) laser-induced
transport processes that essentially drive spin polarization of
the conduction electrons.'#!> The spin system also contributes
to the observed demagnetization rates, slowing them down at
elevated temperatures T — T¢ via the spin-spin interaction
and critical slowing-down effects.'®!” An obvious important
question is which mechanisms act in which materials and to
what degree these processes act simultaneously or compete
with each other. While in transition metals it has been argued
that the electronic mechanism may suffice to describe the
ultrafast demagnetization,' '3 in other materials this is an open
question.

The rare-earth metal Gd is an important example of
the diversity of different materials since its response to
femtosecond laser excitation has been experimentally reported
to be slower than in transition metals.'®!? Several mechanisms
for ultrafast demagnetization in Gd have been discussed on
theoretical background: the EY phonon-mediated scattering,®
the diffusion mechanism,'* and the direct spin-phonon inter-
action caused by the spin-orbit coupling such as the Raman
processes.”’ However, the experimental results suggest that
the scattering of conduction-band electrons is also relevant.!”
The predicted time scale associated with the Raman processes
of the order of 100 ps does not account for all observed
demagnetization at the femto- and picosecond range. Here
we aim at a combined theoretical and experimental study with
systematically changing experimental conditions to elucidate
this problem.

The magnetic moment of Gd consists of 7ug originating
from the half-filled 4f shell and 0.58uup from the 5d
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conduction band that is generated through intra-atomic ex-
change coupling Jy;_ss.2'?* Albeit the total magnetization
of Gd in equilibrium M, i.e., on infinitely long time scales,
is the sum of these 5d and 4f contributions, a dynamic
picture might require a separate treatment of the localized
and the conduction electrons. In the model that we employ
here to describe the laser-induced magnetization dynamics, the
dynamic magnetization M represents the localized electrons.
In principle, it is reasonable to consider two distinct time
intervals for the dynamics of the 4 f and 5d magnetic moments.
In one temporal interval, the relative evolution of 4 f and 5d
magnetic moments deviates from each other. In the second
regime, both magnetic moments are well aligned with each
other and present an identical relative variation. Due to the
much larger 4 f contributions, this state might be dominated
by the 4 f magnetic moment. The conduction electrons are
responsible for the optical properties, mediate the exchange
interaction among neighboring localized magnetic moments,
and facilitate their coupling to the lattice by means of the
spin-orbit interaction. Absorption of optical photons by 5d
electrons leads to e-h pair excitation in the conduction band.
Excitations of 4 f electrons can be considered like those in
an atom; they follow selection rules and require ultraviolet
or x-ray photons not used here.'” Due to the half-filled 4 f
shell (orbital quantum number L = 0, following Hund’s rules)
and hence the absence of direct spin-lattice coupling, the
localized electrons respond to the optical excitation through
their interaction with the conduction-band electrons only.

To discern the dynamics of the 4 f and 5d subsystems, tech-
niques which separate or specifically probe these subsystems
are beneficial. In a recent experiment we have determined the
time scale at which a change of the 4 f magnetic moment
proceeds by femtosecond time-resolved x-ray magnetic circu-
lar dichroism (fs-XMCD) at the M5 absorption edge.'® It was
observed that Gd shows two characteristic demagnetization
times following femtosecond laser excitation. First, a time
scale of 0.8 ps linked to the electron-phonon equilibration
and second, a 40-ps scale which indicates quasiequilibrium
spin-lattice relaxation. A magneto-optical technique should be
sensitive to the magnetic moment of the 5d electrons, which,
however, interact with the 4 f magnetic moments. On ultrafast
time scales nonmagnetic contributions must be considered in
addition.?*~%

In this article we report the obtained femtosecond time-
resolved magneto-optical Kerr effect (tr-MOKE) data for
Gd(0001) and separate the 4f and 5d contributions. On
this basis we are able to study the influence of the equi-
librium temperature 7 on the demagnetization dynamics.
The comparison with the theoretical description allows a
quantification of phonon- and electron-mediated contributions
to the femtosecond-laser-induced demagnetization. We find
that at temperatures well below the Debye temperature Op,
electronic scattering can explain the observed demagnetization
times. Above ®p, phonon-mediated processes also have to be
taken into account.

II. EXPERIMENTAL RESULTS AND ANALYSIS

We combined epitaxial film growth of Gd(0001) on W(110)
(Refs. 26,27) in a UHV chamber with a femtosecond time-
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FIG. 1. Time-dependent changes of the MOKE signals after
femtosecond laser excitation normalized to the respective equilibrium
values for 20 nm Gd(0001)/W(110) measured at different equilibrium
temperatures 7. Panel (a) depicts the transient MOKE rotation and
(b) the MOKE ellipticity. As emphasized by the inset, rotation and
ellipticity results show a different behavior within the initial few
hundred femtoseconds.

resolved pump-probe experiment. Here we investigate films
with a thickness of 20 nm. The employed cavity dumped
Ti:sapphire oscillator delivers 40-nJ laser pulses at 35-fs
pulse duration and 800-nm wavelength at a repetition rate of
1.52 MHz. The MOKE polarization rotation 8 and ellipticity ¢,
which are proportional to the magnetization under equilibrium
conditions, were measured as a function of pump-probe delay
t as detailed in Ref. 28. In brief, in the longitudinal MOKE
geometry the pump-induced change in the rotation Af(t) was
recorded with an absorbed pump fluence of about 1 mJ/cm?
and in an applied magnetic field of ~300 Oe. Inserting a quarter
wave plate allows detection of ¢ and its pump-induced change
Aeg(t). The equilibrium temperature T was varied from 50 to
280 K by cooling the sample with liquid He and then stabilizing
Ty by resistive heating at the desired value. T, was measured
using a WRe thermocouple attached to the W(110) substrate.

Figure 1(a) shows the time dependence of the transient
MOKE rotation signal A6 normalized to the MOKE rotation
without optical excitation 6, for different 7,. We observe a
pronounced variation in A6 /6y of 12-15% at a delay of 4 ps.
In more detail, we recognize an initial, steplike contribution,
which we term §k,. This effect occurs essentially within 300 fs
and is characterized by a change in the sign from positive
to negative with increasing Ty, as highlighted in the inset.
Subsequent to these initial effects a continuous reduction in
A60/6y was observed, which tends to saturate at 3 ps. At
later time delays the signal is reduced further up to a few
hundred picoseconds,'*?® which is not depicted here. Results
for the MOKE ellipticity Ae(t)/egp are shown in Fig. 1(b). We
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recognize a similar behavior asin A6 at 7y < 100K, including
the 15% change at 4 ps and a change &k, at t < 300 fs.
However, with increasing Ty the sign of §k, does not change,
contrary to 8k,. From the temperature-dependent behavior
depicted in Fig. 1, we conclude that the dynamics can be
divided into two regimes. The first one at delays close to
100 fs shows a different temperature dependence for rotation
and ellipticity. The second regime is characterized by an
exponential decay in both MOKE signals with a characteristic
time scale of about 1 ps.

Due to the optical wavelength employed in the experiment,
MOKE is primarily sensitive to the conduction electrons
and could contain nonmagnetic contributions.>*>> In order
to determine M (¢), which was established by fs-XMCD to
follow a single exponential evolution,'® from the MOKE data
we assume a time-dependent factor k. .(¢) that accounts for the
deviation from a well-defined 4 f magnetization dynamics in
the MOKE rotation and ellipticity:

AO(1)/60 = (AM /My + 1) - k(1) Koy — 1,

1

Nelt)/eo = (AWM + 1) ke ko — 1. :

The determination of AM requires assumptions on ;. ().

We use a linear expansion of this quantity with the transient

electronic energy density E.(t) and show below that this is

indeed sufficient to separate AM and k,. .. This is reasonable

because we observed a pronounced difference in A6 /6, and

Ag /gy for t < 300 fs, where the conduction electrons carry

the dominant part of the excess energy.?”>* We expand k..,
following

ke
kr,e(TO’t) = kOr,e(TO) + 5E AEe(TOsl‘) + - (2)

e

The first term ko represents the value without laser ex-
citation, obtained from static MOKE measurements, 6k, , is
the extremum value found near 80 fs, indicated in the inset
of Fig. 1, and §E, is the corresponding maximum in the
electronic excess energy density E,(¢). Assuming an electronic
temperature T, the electronic energy density E,(¢) is related to
T, through E, = y T,(t)*, with y being the linear parameter in
the temperature-dependent specific heat of the electron system.
Here we used the calculated values of E.(tf), employing
the well-known two-temperature model (2TM)*° in a refined
form with its application for Gd(0001).>7*° The parameters
of the 2TM were used similar to that of Ref. 27: the e-ph
coupling is modeled with an energy-transfer rate H(T,,Tpp),
assuming thermal electron and phonon distributions; the
temperature dependence of the specific heat C; is described
using the Debye approximation with a high temperature value
C((T — 00) =40 Jmol~' K~!; thermal conductivity « is
taken as temperature-dependent «(7,) = ko7, /T, With kg =
11 Wm~' K~!; y =225 m~3 K~2; and an optical penetration
depth of 20 nm. All these parameters are not arbitrary, but the
electronic dynamics calculated by the 2T model was carefully
compared with the photoemission experiment. Note that the
2TM is certainly a simplification of the electronic and lattice
dynamics excited by the laser pulse. We follow this model
here because (a) it was demonstrated®’?° to hold after ~150 fs
and (b) it works well for the purpose of separation of M and
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kro(Ty,t) here. After the separation of M and kyo(To,t), we are
now able to discuss each of these quantities independently.

A. Regime of several 100 fs

The potential origin of the observed fast temperature-
dependent contributions described here by the factors k. . / ko
could be the temperature-dependent changes in the electronic
band structure,’'*> which affect the magnetic moment of the
5d electrons, and/or changes in the magneto-optical constants.
In a femtosecond MOKE experiment, these contributions are
difficult to disentangle and a full treatment might require
future, especially theoretical work similar to Ref. 25. However,
here we briefly report first observations, which we find worth
noting. Following the usual caveat that such contributions
could originate from optical artifacts, we first consider k, . / ko,
in Eq. (1) as spectroscopic factors describing the efficiency of
the magneto-optical detection, which can be modified by the
pump laser excitation. The temporal evolution of k. . (Ty,t) was
calculated from the time-dependent AFE,(t) = E.(t) — E,
E\ being the energy density at Tj before optical excitation,
from the 2TM. The results were scaled by 8k, .(7y), which
were determined from the experimental results as shown
in the inset of Fig. 1. The resulting time evolutions of
the k,/ko, and k,/ko, are shown in Figs. 2(a) and 2(b),
respectively. This figure emphasizes the changes within a
few hundred femtoseconds after optical excitation and their
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FIG. 2. The variation of k. / ko and k,/ ko, for different temper-
atures Tj as a function of time. The amplitude was extracted from
experimental data, and the transient evolution was calculated by the
electron energy density (see text). Both &,/ ko, and k./ ko, increase
for t < 300 fs at 50 K, while at higher temperatures their respective
changes are of opposite sign.
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different temperature dependencies. As shown in Fig. 2, at
Ty = 50 K, both k,/ko, and k./kq. increase within 100 fs
and decrease at later delays. At higher Ty, k, / ko, and k. / ko
present a different behavior. While k, / ko, decreases to —6%,
k./ ko. remains positive before both signals approach unity at
later delays. In the following, this model is used to determine
the transient A M /M, leading to a self-consistent picture.

On the other hand, pump-induced variations of the magnetic
moment of the 5d electrons could indeed also contribute to
the observed transient %, ./ ko, ., providing similar behavior.
A possible scenario for such magnetic contributions is given
in the outlook section. Therefore, we emphasize here that at
the moment we are not able to attribute the observed behavior
of k. ./ kor.. unambiguously to magnetic or optical effects and
leave this question open for further investigations. However,
this (i) does not diminish the significance of the experimental
observation itself, and (ii) it does not question the analysis
of the temperature-dependent AM /M, performed below and
the resulting conclusions, as discussed at the end of the next
section.

In our earlier fs-XMCD work we have shown that the
4f magnetic moment changes with a time constant of
0.8 ps after laser excitation.'” We show below that this time
constant is also observed in time-dependent MOKE, and our
earlier work is significantly extended here by a systematic
temperature-dependent study. We return to this point below in
the Discussion section.

B. Regime of a few picoseconds

After several 100 fs we find a continuous decrease of the
MOKE ellipticity and the rotation, which agrees reasonably
well with the dynamics of the 4 f magnetic moment reported
in Ref. 19. We therefore discuss here the time evolution of M.
In the remaining part of this paper we restrict ourself to the
analysis of the magnetization dynamics at delays later than
few hundred femtoseconds. We consider that at this time scale
the 5d and 4 f spin systems are in equilibrium with each other
and present identical dynamics.

The transient AM /M, was determined from A6/6, and
Aeg/gg using Egs. (1) and (2), as discussed in the previous
section. Two resulting exemplary data sets for AM / My, which
were determined from the MOKE rotation and ellipticity, agree
with each other and are depicted in the inset of Fig. 3 at T =
200 K. To illustrate the dependence on Ty, data for AM(t)/ M,
are shown in the main panel of Fig. 3 after their normalization
to —1 at t =4 ps. It is evident from this comparison that
the demagnetization develops more slowly for higher 7. We
determined the demagnetization time t,, by fitting A M / M, for
different T by a single exponential function in the time interval
from 0.2 to 4 ps and averaging over the values obtained from
the MOKE rotation and ellipticity. The resulting fits are shown
by the solid lines in Fig. 3. Figure 4 depicts the temperature-
dependent t,,, which we determined by these fits, by open
circles. We observe a substantial increase in t,, with rising Tj.
More precisely, t,, exhibits a five time increase in dt,, /0T at
temperatures above 170 K compared to lower 7. Please note
that the original experimental data of Fig. 1 was also fitted
for comparison. This analysis yields an offset in 7, of 150 fs.
However, the overall temperature-dependent change in t,, was
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FIG. 3. The main panel depicts AM /M, extracted from A6 /6,
for selected equilibrium temperatures. The curves have been normal-
izedto —1 at¢ = 4 ps. The inset compares the transient changes in the
magnetization AM /M, at Ty = 200 K which were determined from
the MOKE rotation and the ellipticity measurements. Lines represent
single exponential fits.

comparable to the results reported in Fig. 4, and we conclude
that our analysis is robust regarding the temperature-dependent
change in t,,,.

To understand the underlying mechanism of the demagneti-
zation, we employ theoretical modeling of the demagnetization
using the Landau-Lifshitz-Bloch (LLB) equation, which is
discussed in the following section.

III. THEORETICAL MODELING BY THE
LANDAU-LIFSHITZ-BLOCH EQUATION

The theoretical model presented here is related to a pure
magnetic response and thus considers the situation when the
5d and 4 f spin systems are in equilibrium. The 5d electrons
provide a “thermal bath” for the joint magnetization dynamics.
The magnetization of the 5d system is neglected and the 4 f
spin system interacts with external systems (laser and phonons)
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FIG. 4. The demagnetization time t,, as a function of 7j. Symbols
represent the experimental data points, while lines represent the mod-
eling results considering only electron-mediated spin flips (dashed)
and combined electron- and phonon-mediated spin flips (solid line)
with A?_ph = 0.0002. The gray line represents the results obtained
within the M3TM model assuming an EY scattering mechanism. The
inset shows AM /M, at the indicated time delays.
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via 5d electrons only. The statistical spin models, such as
the classical Heisenberg model®'®** and the classical LLB
model,>' 1733 have recommended themselves as being able
to provide a simple and powerful insight into the dynamics of
the ultrafast demagnetization. The spin-flip rate is included in
these models as a coupling to the bath parameter, which until
now has been considered to be temperature independent. Here
we use a multispin quantum LLB model with interlayer heat
diffusion and a temperature-dependent coupling to the bath
parameter.

Most of the previous works on modeling of ultrafast
demagnetization®!'"1416 consider the effect of the electron
mechanism only, disregarding the phonon mechanism due to
its potentially smaller and slower contribution. Since in Gd the
observed demagnetization is slower than in other materials like
Ni, the spin-phonon coupling (via the spin-orbit coupling of 5d
electrons) can also play an important role. In the following we
describe the laser-induced dynamics in Gd by considering that
the localized 4 f part of its magnetic moment is affected by two
contributions: coupling to the 5d fraction through (a) electronic
scattering processes and (b) scattering with phonons. We make
use of the fact that the phonon population is well characterized
as a function of Tj. The pronounced change in 7,,(7p) in the
vicinity of the Debye temperature ®, = 163 K as depicted
in Fig. 4 should provide a key to separate electron- and
phonon-mediated spin-flip processes. Consequently, in our
model both mechanisms are included. The obtained results
are compared to the experimental results in Fig. 4.

The schematic representation of our model for laser-
induced demagnetization is shown in Fig. 5. The ultrafast
demagnetization dynamics is modelled by a micromagnetic
approach based on the (quantum) LLB equation.’*** This
equation (without the precessional term) for a system of

phonons 4f spins (S =7/2)
OO s0 \ ’ ‘
B G g ﬁ f \ fEf 5= tAn
éwoméme 1 141 v By
Debye Model LLB macrospins 5d6sp electrons
Tphﬂ'fl Raman process mi_1 d-f scattering T(’,,ifl I
hw+2ﬂ| 1(h_“; — ;/\
phyi . e,i
— <>
. Ao .
Tp}m—}—l s—ph M1 As—e Te;i-&—l V.T,

A Ce-ph A

electron-phonon (2TM)

FIG. 5. (Color online) Schematic diagram of the model. The
multispin LLB model (center) is coupled to the 2T model via two
coupling mechanisms: phonon contribution via Raman processes
(left) and electron contribution via dynamical spin polarization of
carriers which produces a change of chemical potential A (Ref. 37)
(right). The 2T model and the LLB model are time and layer resolved
and the electron diffusion is considered. The change in the phonon
population with temperature is taken into account within the Debye
model. The parameters of the 2T model were taken from Refs. 27
and 29.
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ferromagnetic quantum spins interacting with a heat bath
describes the dynamics of the thermally averaged spin po-
larization m; = M;vg/ o in the atomic layer i:

" (1= ym T < Te

; S 25 m2
=2 MmN - 3)
4 b —ﬁ( —5(£}L;C))mi T, > Tc,

where the sum is over baths b (electron or phonon subsystems).

b 37t gy

3Tc ' sinh 2¢]

includes an intrinsic coupling to the bath parameter A, (defined
by the square of the scattering matrix elements)** as well as
the spin part coming from the disordering at the quasiequi-
librium bath temperature Tbi. Here y = 1.76 x 10!! (Ts)~!
is the absolute value of the gyromagnetic ratio; m.p,;(T})
is the quasiequilibrium magnetization; q,f, = 3Tcme i /[2(S +
l)le]; vo = (5 A)? is the unit-cell volume; o = 7.55 ppisthe
atomic magnetic moment for Gd; S = 7/2 is the spin quantum
number; and T¢ =293 K is the Curie temperature. The
longitudinal effective field [r.h.s in Eq. (3)] also accounts for
magnetic fluctuations through the longitudinal susceptibility
)7|i|,b within a dynamical mean-field approach for spin-spin
34

The longitudinal damping parameter A{)(th )=A

interactions.

In our model for laser-induced demagnetization, the laser
excites the 5d electron system which is coupled to the
localized 4 f-electron spin system. After the pump pulse
excitation a temperature gradient V.7, is created due to
the optical penetration depth A,, = 20 nm and the electron
thermal conductivity, leading to different quasiequilibrium
temperatures Tei (¢) and T[ih (t) for each layer, obtained from

the integration of the 2TM model.?”-** We consider the Gd thin
film as 40 coupled macrospins,'”* each one representing a
5-A-thick layer, described by the set of LLB equations [Eq. (3)]
and coupled to electron and phonon systems. The exchange
coupling between layers is considered to be temperature
dependent and scaled with the average magnetization.!”-3

We focus our attention on the possible dissipation mech-
anisms leading to a reduction of M. For the electronic
mechanism, we use the d-f indirect exchange interaction
as responsible for exchange of angular momentum between
excited 5d carriers and the localized 4 f spin system, similar
to the s p-d exchange model for magnetic semiconductors.?’ In
this model, the carriers act as a momentum sink and their finite
relaxation time (~100 fs) reduces the available phase space for
spin-flip events, leading to a dynamical spin polarization of the
carriers. In the first approximation we model such a behavior
as a time-dependent coupling parameter

Aye(®) = 22 [1 — AT, (2)/ To()]. 4)

The factor A?, is adjusted to obtain an experimentally
measured demagnetization of 15% within 4 ps at 7o = 50 K,
leading to a reasonably small coupling parameter A?_e =
0.00 026. The value of o is defined by the relaxation time of the
carriers.’” Therefore, the coupling parameter decreases with
the increase of 7,. The total longitudinal relaxation parameter
A¢(T,), which includes the spin part, increases with 7, but this
increase is slowed down for high temperatures. The dashed line
in Fig. 4 shows the demagnetization time obtained from the
numerical integration of the system of Eq. (3), considering only
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this scattering mechanism. The agreement between modeling
(dashed line in Fig. 4) and experimental data holds until
To ~ 170 K, a value close to ®p = 163 K.

Considering the pronounced change in dt,, /97y near ®p,
we add to the LLB equation the spin-phonon relaxation
mechanism, coupling the magnetization dynamics also to 7).
Note that this coupling is also indirect and occurs through
5d electrons. The Raman process, where a phonon k is
absorbed and a phonon q is emitted in combination with a
spin flip, is adequate to describe the spin-lattice relaxation
As-ph ~ D? [ doxolng(ng + 1), where D is defined by the
spin-orbit coupling.”’ We use the Debye model for the phonon
frequency wy for the calculation of A_py,. Its time dependence
is defined by T, in each layer in the following way:??

hspn(®) = 10y (Ton/ ©p) G6(Op/ Tpp), (5)

where G,(y) = fo\ dxx"e* /(e — 1)%. For T <« ©p the rate
grows as leh, whereas for T > ©p it does as T2, with a
transition between the two regimes at T,, > 0.20p. Thus,
the coupling to the phonon subsystem is negligible at 7, <
®p but starts to increase with temperature in the vicinity of
®p. When only the phonon mechanism was considered, the
demagnetization time was found in our model to be of the order
Ty ~ 50—100 ps, in agreement with theoretical predictions,?’
and is found to decrease with temperature. This process alone
cannot account for the observed ultrafast demagnetization.

IV. DISCUSSION AND OUTLOOK

The results of the integration of the LLB equations with
the two coupling mechanisms are shown in Fig. 6. The
magnetization decay takes place in the time scale up to 50 ps
and is not single exponential. Similar to the experiment, we
focus our attention to the time scale of several picoseconds
and fit the modeling results to single exponential function
with a characteristic time scale t,,,. The modeling results are in
perfect agreement with those presented in Fig. 3. The resulting
values of T, also show a good quantitative agreement with the
experimental data [see Fig. 4 (black line)]. We note that the
phonon-mediated demagnetization is intrinsically slower than
the electronic one. Thus the observed behavior is different at
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FIG. 6. (Color online) The relative magnetization decay AM /M,
for various equilibrium temperatures obtained through the integration
of the Landau-Lifshitz-Bloch model (symbols). The line indicates
fitting to a single exponential function.
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different time scales. At t < 4 ps (neglecting the first 0.2-ps
interval) the dynamics is dominated by 7,. In agreement with
the slowing down of A.(T,), the value t,, increases (indicated
in the main panel of Fig. 4) and the experimentally determined
demagnetization amplitude |AM /M;|(4 ps) changes weakly
as a function of Ty (see inset of Fig. 4). At longer time
scales >10 ps, the electron and phonon temperatures have
equilibrated and the coupling to the phonon system starts to
dominate. As aresult, | AM /M|, measured at 60 ps, increases
with Ty (Fig. 4, inset), contrary to the behavior at 4 ps.

The analysis of experimental and theoretical data also
shows that there is a contribution of phonons to t, at
Ty > ®p, when the coupling to the phonon system increases
considerably. The contribution of both relaxation mechanisms
decreases m(t) in this time scale and thus additionally slows
down the demagnetization via the nonlinearity of the response
in Eq. (3).

As the LLB equations correctly take magnetic fluctuations
at temperatures close to Tc into account®® and explicitly
include the critical slowing down effect, we also discard
mechanisms based on such fluctuations'® as responsible for
the observed increase in 9t,,/37p for Ty 2 170 K. Finally, in
contrast to the widely used Matthiessen’s rule, the scattering
rates I' = 1/ty of different processes do not add up I' #
Iy_pn + Ty, due to the nonlinear dependence of the relaxation
rates in Eq. (3) on m.

For comparison, we present in Fig. 4 (gray line) the results
of the integration of the M3TM model, recently proposed in
Ref. 8, which is based on phonon-mediated EY scattering. The
M3TM model has been implemented using the same 2T model
as the LLB model. It is equivalent to the LLB model with S =
1/2and Agy ~ (Tpn/T.) (see Ref. 35). The parameter Agy has
been taken from Ref. §, which gave a correct demagnetization
at4 psand T, = 50 K. Although t,, shows a similar behavior as
our LLB results for 7p < 170 K (see Fig. 4), it does not account
for the slower demagnetization at Ty > 170 K. Furthermore,
|AM /M| at 4 ps increases with temperature, contrary to the
experimental observation.

We would like to mention that in principle a separate
equation of motion for the spin polarization of d electrons
can be written similar to Ref. 39. In this case we would
have to consider that 4 f electrons are interacting with the
laser pulse and the environment via 5d electrons only. For a
macroscopic description of such processes, the derivation of
a two-component LLB equation with a correct treatment of
d — f exchange interaction within the mean-field approach is
necessary. This work is now in progress.

Turning back to the question of possible magnetic con-
tributions to k,./kor., We suggest here a scenario for a
consistent explanation of the few hundred femtoseconds
regime, which is still speculative. In Gd, the direct coupling
of 4f spins to the lattice is inhibited by the zero orbital
momentum of the 4 f shell and only the 5d electrons present
the spin-orbit interaction required for an angular momentum
transfer to the lattice. Due to that, the angular momentum is
transferred (i) from 4 f magnetic moments to 5d spins and then
(i1) from 5d spins to the lattice. The efficiency of the last
step could be limited by the available phonons forming a
phonon bottleneck for demagnetization. This effect would
be even larger at early delays when only few phonons are
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excited. Finally, we can suppose that the process (ii) is faster
for higher equilibrium temperature 7 and accelerates with
the increasing pump-probe delay ¢. On the contrary, process
(i) may be accelerated by the elevated electron temperature,*’
i.e., it may slow down with the increasing ¢. Such variations
of relative spin transfer rates of the two processes could lead
to the angular momentum accumulation in the spin subsystem
of 5d electrons at low T, and small ¢ if the channel (i) is fast
enough, which is the case for Gd where the energy of the
intra-atomic-like exchange interaction between 4 f magnetic
moments and spins of 5d electrons is about 700 meV.*! This
transient increase of the conduction-band spin polarization
which primarily influences the MOKE signal is in agreement
with our observation in Figs. 1 and 2 at 50 K within ¢ < 300 fs.
The verification of this scenario and more detailed analysis
of the spin dynamics proceeding before the equilibration of
5d spins and 4 f magnetic moments would require further
experimental and theoretical efforts, which hopefully will be
stimulated by our observations.

V. CONCLUSION

We performed a temperature-dependent analysis of
femtosecond-laser-induced demagnetization of Gd(0001) by
time-resolved MOKE and the Landau-Lifshitz-Bloch model.
We separate the obtained experimental data into two regimes:
(i) several 100 fs after the optical excitation, when the 5d
conduction electrons carry the major part of the excess energy,
and (ii) a subsequent regime until several picoseconds, i.e., the
regime in which the conduction electrons equilibrate with the
phonons. We chose this two-component analysis because we
recognize in the second regime a single exponential variation
of the transient magnetization which was in previous work
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assigned to magnetization dynamics of the 4 f magnetic
moment.

In the picosecond regime we find a transient variation of
the MOKE ellipticity and rotation which agrees well with
each other and we assign them to the magnetization dynamics
dominated by the 4 f magnetic moment. Here, we observe a 2
times increase in the characteristic demagnetization time from
0.8 ps at 50 K to 1.5 ps at 280 K which we explain on the
basis of the results from the Landau-Lifshitz-Bloch model by
microscopic electron- and phonon-mediated demagnetization
processes quantitatively. In general, a temperature increase
results in a slower demagnetization. At low temperature
the demagnetization times observed in the experiment can
be modelled by considering electronic processes only. At
temperatures above the Debye temperature, phonon-mediated
processes have to be taken into account in addition.

We also find indications of processes at time scales
faster than the above demagnetization, which we assign to
5d electrons. Albeit the temperature- and time-dependent
MOKE ellipticity and rotation data exhibit a more complex
behavior, we consider that these indications of magnetic and
nonmagnetic contributions are beyond the above-mentioned
demagnetization process. In general, we expect that under-
standing this very early spin-dependent dynamics sheds light
on the dynamic and microscopic nature of the spin-dependent
interplay of 4 f and 5d electrons.
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