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Control of transport phenomena in magnetic heterostructures by wavelength modulation
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We demonstrate the tunability of the ultrafast energy flow in magnetic/nonmagnetic bilayer structures
by changing the wavelength of the optical excitation. This is achieved by an advanced description of the
temperature-based u7 model that explicitly considers the wavelength- and layer-dependent absorption profile
within multilayer structures. For the exemplary case of a Ni/Au bilayer, our simulations predict that the energy
flow from Ni to Au is reversed when changing the wavelength of the excitation from the infrared to the
ultraviolet spectral range. These predictions are fully supported by characteristic signatures in the time-dependent
magneto-optical Kerr traces of the Ni/Au model system. Our results will open up avenues to steer and control
the energy transport in designed magnetic multilayers for ultrafast spintronic applications.
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The increasing demand for storing and processing digi-
tal information with enhanced speed and energy efficiency
has triggered the search for new concepts to control binary
information in condensed matter systems. The most direct
way for pushing information technology to higher frequencies
is to employ ultrashort light pulses to manipulate the spin
degree of freedom in spintronic device structures. The foun-
dation for this approach was laid by pioneering studies [1-6]
demonstrating the optical manipulation of individual ultrathin
magnetic layers on ultrafast, subpicosecond timescales.

In more realistic spintronic multilayer structures, the mag-
netization dynamics is not only governed by local spin-flip
scattering processes within the individual layers [7,8]. It is
also strongly influenced by energy and (spin-dependent) par-
ticle transport between the individual layers. For instance,
spin-dependent transport can strongly increase the speed of
the demagnetization process [5,9—12] of a magnetic layer or
can even alter the magnetic order of a collector layer [13]. In
a similar way, energy transport can alter the recovery process
of the magnetic order (remagnetization) after the optical exci-
tation [14-16]. It is therefore of utmost importance to devise
new concepts to steer and control the strength and direction
of the energy and particle transport in complex multilayer
systems.

From a fundamental point of view, energy and particle
transport in multilayers are directly linked to the spatial ab-
sorption profile of the exciting light field in the multilayer
structure. The resulting gradients of temperature and chemical
potentials across the interfaces are ultimately responsible for
energy and (spin-dependent) particle transport between ad-
jacent layers and thus determine the ultrafast magnetization
dynamics within multilayer structures [12,17].
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So far, only a few experimental studies have reported char-
acteristic changes of the ultrafast demagnetization dynamics
of multilayer stacks for different layer-dependent absorption
profiles [11,14,18], which have been realized by altering the
wavelength of the optical excitation. In this way, Cardin ef al.
demonstrated a correlation between the magnitude of the loss
of magnetic order in a Co/Pt multilayer structure and the
spatial extension of the electromagnetic energy deposited into
the material system [18]. On the other hand, Pudell er al.
uncovered a rapid energy transfer in a magnetic/nonmagnetic
bilayer system that results in an almost identical magnetiza-
tion dynamics independent on the spatial excitation profile
within the bilayer structure [14]. Despite these intriguing ex-
perimental observations, there is no clear theoretical approach
to control the strength and flow direction of these transport
processes between adjacent layers of a multilayer structure.

In this Letter, we build on these intriguing experimental
observations and demonstrate that the direction of the energy
and heat flow in magnetic/nonmagnetic multilayer structures
can be controlled by the wavelength of the optical excitation.
Our conclusions are based on a considerable extension of the
temperature-based u7 model [19] that explicitly considers the
wavelength- and layer-dependent absorption profile as well
as the energy transport and spin-dependent particle transport
within a multilayer structure. The predictive power of our
model simulations is confirmed by time-resolved magneto-
optical Kerr studies of the ultrafast magnetization dynamics
in a Ni/Au bilayer structure. Our findings will open up the
way towards engineering and controlling energy and particle
transfer phenomena in designed multilayer structures for the
next generation of spintronic applications operating on subpi-
cosecond timescales.

In order to simulate the magnetization dynamics of the
optically excited ferromagnet in the bilayer system, we apply
the temperature-based u7 model (uTM) [19]. It extends the
well-known two-temperature model (TTM) [20] by separating
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FIG. 1. Interaction scheme of Ni on top of Au as a substrate.
Solid lines indicate energy transfer and dashed lines particle transfer.
The transport and coupling parameters are defined in Eq. (1). In this
geometry, the laser excites both layers of the bilayer structure.

the temperatures of spin-up and spin-down electrons and ad-
ditionally traces the chemical potentials of both spin systems
as illustrated in Fig. 1. Kinetic calculations strongly suggest
the equilibration of the chemical potentials after distortion by
laser excitation as the driving force for ultrafast magnetization
dynamics [21], and this effect is captured in the w7 M. For the
description of a bilayer, the ©7M is well suited, because it can
be extended to particle and energy transport across interfaces.
The uTM then consists of an equation system that describes
the changes of the energy density u of spin-resolved electrons
and phonons and the particle densities n of the electronic
subsystems due to different equilibration processes between
all subsystems. It reads

d;‘? = —yu(Tg = T9) — & (T — T)) + s5,(0)

+ max (), ) vur (185 — 1)

- S ) - S ), 0
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where the superscript o € {1, |} denotes the spin direction of
an electronic subsystem, o the opposite direction, and p the
phonons. Quantities labeled by M € {Ni,Au} refer to either
one of the two materials. M refers to the other material.
The optical excitation of the electronic subsystems is mod-
eled by the laser source term s§,(¢) which acts both on the
magnetic (Ni) and the nonmagnetic (Au) layer. The equili-
bration processes of temperatures 7" and chemical potentials
u within one layer are driven by an exchange of energy and
particles between the subsystems. Similar to the conventional
uTM, they are determined by the electron-phonon coupling
parameter g and the energy and particle coupling between up
and down electrons, y and v, respectively [19]. The trans-
port across the interface is described by the terms containing

the transport parameters «. Transport of quantity a due to a
gradient or difference of quantity b is determined by the cor-
responding transport parameter , . All transport parameters
can be derived theoretically [22-24], which is shown in the
Supplemental Material [25]. The particle transport appears in
Eq. (1c) as current j§,, which consists of spin and charge cur-
rents and dy, is the thickness of the layer of material M. The
spin-polarized current jg; being injected from the magnetic
into the nonmagnetic layer is defined as

Jini = (= Ry 7 (TG — Ty + k7, (1 — ma)], (2)

applying spin- and material-dependent interface reflectivities
Rj; based on first principles to account for the partial reflec-
tion of the currents at the interface [26]. To conserve charge
neutrality, a current of the same amount has to flow back into
the magnetic layer. This charge current is given by
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3)
Together, we denote the total interface current for the mag-
netic material by j¥; = j§ i — J& n;» and for the nonmagnetic
layer by j%, = — ;- We assume that energy and particles in
both layers are distributed homogeneously over the respective
material. This is justified for thicknesses smaller than the bal-
listic range. In the case of nickel, the thickness dy; = 10 nm
almost equals the mean free path of 7nm [27], leading to a
fast homogeneous spatial energy distribution. For gold, the
ballistic range is about 100 nm [28,29], which we choose for
the thickness of the nonmagnetic layer with da, = 100 nm.

One of the key ingredients of this study is the wavelength-
and layer-dependent absorption profile of the laser light in the
bilayer system. It determines the energy content sy (¢), i.e., the
strength of the optical excitation, in each individual layer. To
that end, we numerically solve the Helmholtz equation for a
sample consisting of a 10-nm nickel layer on a 100-nm gold
film, grown on an insulating substrate (MgO, 500 nm thick-
ness) [25,30]. The refractive indices entering the Helmholtz
equation have been obtained with density functional theory
(DFT) calculations for Au and Ni [31] and from experiments
for MgO [32]. Figure 2(a) shows the calculated absorption
profiles in nickel and gold for three different wavelengths in
the visible range. The energy distribution within the bilayer
strongly depends on the applied laser wavelength.

To determine the deposited energy in the individual layers,
we integrate the depth-dependent absorptivity dA(z) in the
individual layers. This yields the total absorbed energy pro-
portional to A = fod dfl—(zz‘)dz. Figure 2(b) shows the fraction
of the integrated absorptivity in the nickel layer, Ay;, nor-
malized to the total absorption of the bilayer, An; + Aay. At
small wavelengths in the ultraviolet regime, only 50 % of the
light’s energy is absorbed in the nickel layer. This fraction in-
creases up to almost 90 % for 800 nm, i.e., for the wavelength
most frequently employed in ultrafast magnetization dynam-
ics studies. Beyond that, the absorption decreases again for
even larger wavelengths in the infrared regime. This layer- and
wavelength-dependent light absorption allows us to formulate
a much more realistic description of the optical excitation
processes in magnetic multilayer structures. Considering a
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FIG. 2. (a) Calculated absorption profiles of a
Ni[10 nm]|Au[100 nm]|[MgO[500nm] heterostructure for the
three wavelengths marked in (b). The spatial absorption profiles are
integrated to determine the ratio between the absorptivity of Ni and
the total absorptivity of the Ni|Au bilayer for various wavelengths
which is plotted in (b) and was used as the input parameter for our
uTM calculations. In the visible range, a larger fraction of energy is
absorbed in Ni for longer wavelengths. The line is a guide to the eye.

Gaussian laser pulse /(¢) and an equal energy absorption of
minority and majority electrons [33], the source term for the
Ni and Au layer, i.e., M = {Ni, Au}, entering Eq. (1a) can be
expressed as

A
s () = ﬁm). &)

This source term allows us now to calculate the interface
gradients of the temperature and chemical potential of a bi-
layer system. To this end, we solve the coupled differential
equations (1) of the 7 model numerically by applying the
Crank-Nicolson method [34]. Initially, the system is at room
temperature. All parameters of the calculations are taken from
the literature [26,35-39] and are summarized in the Supple-
mental Material [25]. The optical excitation occurs from the
side of the ferromagnetic material using a 50 fs [full width
at half maximum (FWHM)] Gaussian laser pulse centered
at t = 0. The temperatures and the chemical potentials are
determined at each instant in time by the transient energy
densities u and particle densities n. They can be extracted by
a root-finding method, evaluating the zeroth and first moment
of the corresponding Fermi distributions with DFT-calculated
densities of states (DOS) [38]. Figure 3 shows the tempera-
ture difference between the Ni and Au layer right after the
optical excitation for three characteristic photon energies in
dependence on the energy absorbed in the Ni layer. This tem-
perature gradient is directly responsible for the energy transfer
between the layers. Overall, we find striking differences in
the temperature gradients depending on the wavelength of
the optical excitation. For 360 nm, the temperature of the Au
layer exceeds the one in Ni for all excitation strengths despite
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FIG. 3. Difference between spin up temperatures of Au and Ni in
dependence of the energy absorbed in Ni at # = 25 fs. This represents
the energy flow between the two materials. Negative signs indicate
an energy flow from Ni to Au whereas the opposite holds for positive
signs. For 360 nm, an additional backheating of the Ni layer by the
Au layer is clearly present.

the almost identical energy absorption in both layers [see
Fig. 2(b)]. This temperature gradient favors an energy flow
from Au to Ni and hence leads to a counterintuitive heating of
Ni by the Au layer. In contrast, we find a larger temperature of
the Ni layer for all excitation strengths with 800-nm photons
pointing to an energy transport from the Ni into the Au layer.
For the intermediate wavelength of 580 nm, the temperatures
of the Ni and Au layers are almost identical.

The observed wavelength-dependent temperature gradient
across the magnetic bilayer system can be attributed to two
major ingredients: (i) the layer-dependent absorption profile
within the bilayer structure and (ii) the specific electronic
heat capacity of the individual layers. The heat capacity is
a material parameter and hence independent of the wave-
length of the optical excitation. Consequently, the sign and
magnitude of the temperature gradient and the corresponding
energy transport within a magnetic bilayer structure is indeed
solely determined by the wavelength-dependent absorption
within the individual layers. In this way, our model clearly
demonstrates the possibility to tune and control the sign and
magnitude of the interlayer energy transport by changing
the excitation wavelength. At present, we cannot verify our
predictions by directly monitoring the temperature gradients
within a bilayer system experimentally, as these quantities
are extremely challenging to access. Instead, we focus on
characteristic signatures of the wavelength-dependent energy
transport in the ultrafast magnetization traces of optically
excited bilayer structures.

Figure 4 shows time-dependent magnetization traces of
the Ni layer of the Ni/Au bilayer system calculated with the
uTM. We selected magnetization traces for three characteris-
tic excitation wavelengths and the same maximum quenching.

At first glance, all magnetization traces show the typical
line shape known from ultrafast demagnetization of ferromag-
netic materials. They first reveal an ultrafast loss of magnetic
order within the first hundreds of fs followed by a two-step
remagnetization process with a fast, few ps, and a subsequent
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FIG. 4. (a) Comparison of calculated magnetization curves with
the same maximum quenching. The width of the trace around the
minimum increases with decreasing wavelength. (b) Time of the
minimum of the magnetization in dependence on the energy ab-
sorbed in Ni for different wavelengths. Longer wavelengths lead to a
faster quenching. In both cases, the behavior of the bilayer depends
significantly on the wavelengths.

slower remagnetization time of up to several ten ps. However,
these curves also exhibit clear systematic changes when alter-
ing the wavelength of the optical excitation. The most distinct
observation is the increasing quenching time (the time of the
minimum of the magnetization, i.e., maximum quenching)
with decreasing excitation wavelength. This coincides with a
larger width of the magnetization traces around their magneti-
zation minimum for shorter wavelengths. In other words, the
suppression of the magnetic order persists for a longer time
when decreasing the wavelength of the excitation.

These characteristic differences can be directly linked to
the temperature gradients within the magnetic/nonmagnetic
bilayer system as has been shown in Fig. 3. To this end we
correlate the quenching time to the energy absorbed in Ni [see
Fig. 4(b)]. The quenching time for a negligible temperature
gradient between Ni and Au (excitation with 580-nm pulses)
shows the same behavior as for a freestanding Ni layer of the
same thickness. This hence reflects the intrinsic quenching
time of the Ni layer without a significant energy exchange
with its environment. In contrast, an energy transfer from

Ni to Au (as induced with 800 nm excitation) decreases the
quenching time for all absorbed energies, while an energy
transfer from Au into Ni (as caused by 360 nm excitation)
increases the quenching time. In the latter case, the Au layer
serves as an energy bath that successively provides energy
for the demagnetization process of the Ni layer [40]. Cru-
cially, the difference between the quenching time for the
bilayer system with and without energy transfer increases
with increasing magnitude of the temperature gradient be-
tween Ni and Au. In this way, we can uncover the quenching
time as a characteristic signature of the magnitude and the
sign of the energy transport between different layers of a
magnetic/nonmagnetic bilayer system.

In this context, we cannot detect any wavelength-
dependent signatures in the very early demagnetization
dynamics [compare Fig. 4(a)], that is governed by spin-
dependent particle transport across the Ni/Au interface [10].
Indeed, the wavelength dependence of the gradients in the
chemical potential within the bilayer system is marginal. They
always favor a spin-dependent carrier transport from the Ni
into the Au layer and an unpolarized carrier transport from the
Au into the Ni layer independent of the excitation wavelength.
We therefore conclude that the energy transport alone is re-
sponsible for the observed wavelength-dependent differences
in the magnetization dynamics.

Finally, we demonstrate the predictive power of our
model by comparing our simulated magnetization traces
with experimental data of a Ni/Au bilayer structure for
different excitation wavelengths. The magnetization dynam-
ics is monitored experimentally by the all-optical complex
magneto-optic Kerr effect (C-MOKE) technique. C-MOKE
allows us to determine the layer-specific magnetization dy-
namics of magnetic/nonmagnetic bilayer systems [10,41-43].
More details can be found in the Supplemental Material [25].
In particular, we focus again on the characteristic signature
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FIG. 5. Time of the minimum in dependence on the maximum
quenching for different wavelengths together with experimental data
obtained from C-MOKE. The experimental values were determined
from the position of the global minimum of a fit function and the
error bars are estimated from the variation of the global minimum of
this function within the confidence interval of the fitting parameters.
Experiment and theory show the same order of magnitude and trend
of wavelength ordering.
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of the energy transport between the Ni and Au layer. To this
end, Fig. 5 shows the experimentally determined quenching
time extracted for four different excitation wavelengths of
500, 620, 660, and 800 nm depending on the maximum sup-
pression of the magnetization. These values were extracted
from the position of the global minimum of a dedicated fit
function to the experimental data (see Supplemental Mate-
rial [25]) and are superimposed onto the same quantities as
resulting from the simulations. This additional scaling of the
simulated data is necessary for a reliable comparison with the
experimental findings, since the energy absorbed in Ni needed
for the analysis of the energy transfer between Ni and Au
[Figs. 3 and 4(b)] can experimentally only be determined with
a large uncertainty. Overall, the experimental data confirm the
general trend observed in the theoretical predictions, i.e., the
time of minimum increases in the experimental magnetization
traces at fixed quenching with decreasing wavelength of the
optical excitation. The larger deviations between the experi-
mental and simulated data for larger quenching are attributed
to an imperfect description of the heat capacity in Ni in the
vicinity of the Curie temperature.

In conclusion, our comprehensive extension of the uT
model has uncovered a strong and systematic variation

of the sign and magnitude of the energy transfer in
magnetic/nonmagnetic bilayer systems that depends on the
wavelength of the optical excitation. For the particular case
of the Ni/Au bilayer structure, optical excitation with a small
wavelength in the UV range leads to an energy transfer from
Au to Ni while the direction of the energy transfer is re-
versed for excitation with a large wavelength in the IR range.
Our findings hence clearly demonstrate the potential to shape
temperature gradients in multilayer stacks by modulation of
the excitation wavelength. This creates opportunities to opti-
cally control, for instance, the energy dissipation efficiencies
or the suppression time of the magnetic order of individual
layers in magnetic multilayer structures. Thus, our findings
demonstrate a way to steer and control spin and charge carrier
functionalities in the next generation of spintronic assemblies.
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