mzuriCh ETH Library

Ultrafast demagnetization by hot
electrons: Diffusion or super-
diffusion?

Journal Article

Author(s):
Salvatella, Gerard; Gort, Rafael; Biihimann, Kevin; Daster, Simon (); Vaterlaus, Andreas; Acremann, Yves Marc

Publication date:
2016-09

Permanent link:
https://doi.org/10.3929/ethz-b-000122883

Rights / license:
Creative Commons Attribution 4.0 International

Originally published in:
Structural Dynamics 3(5), https://doi.org/10.1063/1.4964892

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.



https://orcid.org/0000-0003-2026-7784
https://orcid.org/0000-0002-4109-3544
https://doi.org/10.3929/ethz-b-000122883
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/1.4964892
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use

Ultrafast demagnetization by hot electrons:
Diffusion or super-diffusion?

Cite as: Struct. Dyn. 3, 055101 (2016); https://doi.org/10.1063/1.4964892
Submitted: 28 July 2016 . Accepted: 04 October 2016 . Published Online: 12 October 2016

C. Salvatella, R. Gort, K. Bihlmann, S. Daster, A. Vaterlaus, and Y. Acremann

D @ & ®

QRGN View Online Export Citation CrossMark

ARTICLES YOU MAY BE INTERESTED IN

Perspective: Ultrafast magnetism and THz spintronics
Journal of Applied Physics 120, 140901 (2016); https://doi.org/10.1063/1.4958846

The influence of the excitation pulse length on ultrafast magnetization dynamics in nickel
Structural Dynamics 2, 024501 (2015); https://doi.org/10.1063/1.4914891

7))
.2
(0]
-
P
A
I
-
- |
ajd
O
-
u
ajd
(7))

Erratum: “Ultrafast demagnetization by hot electrons: Diffusion or super-diffusion?” [Struct.
Dyn. 3, 055101 (2016)]

Structural Dynamics 4, 019901 (2017); https://doi.org/10.1063/1.4975037

[ AVS Quantum Science

vz Ahigh impact interdisciplinary
AP '==  journal for ALL quantum science

ACCEPTING SUBMISSIONS

JAY |

Publishing

Struct. Dyn. 3, 055101 (2016); https://doi.org/10.1063/1.4964892 3, 055101

© 2016 Author(s).



https://images.scitation.org/redirect.spark?MID=176720&plid=1003521&setID=378399&channelID=0&CID=324397&banID=519753383&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=1f7a8370e10c1571ad2c6426d14311766f301d0f&location=
https://doi.org/10.1063/1.4964892
https://doi.org/10.1063/1.4964892
https://aca.scitation.org/author/Salvatella%2C+G
https://aca.scitation.org/author/Gort%2C+R
https://aca.scitation.org/author/B%C3%BChlmann%2C+K
https://aca.scitation.org/author/D%C3%A4ster%2C+S
https://aca.scitation.org/author/Vaterlaus%2C+A
https://aca.scitation.org/author/Acremann%2C+Y
https://doi.org/10.1063/1.4964892
https://aca.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.4964892
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.4964892&domain=aca.scitation.org&date_stamp=2016-10-12
https://aca.scitation.org/doi/10.1063/1.4958846
https://doi.org/10.1063/1.4958846
https://aca.scitation.org/doi/10.1063/1.4914891
https://doi.org/10.1063/1.4914891
https://aca.scitation.org/doi/10.1063/1.4975037
https://aca.scitation.org/doi/10.1063/1.4975037
https://doi.org/10.1063/1.4975037

STRUCTURAL DYNAMICS 3, 055101 (2016) @ G

Ultrafast demagnetization by hot electrons: Diffusion
or super-diffusion?

G. Salvatella, R. Gort, K. Buhlmann, S. Daster, A. Vaterlaus,
and Y. Acremann?®
Laboratory for Solid State Physics, ETH Zurich, 8093 Zurich, Switzerland

(Received 28 July 2016; accepted 4 October 2016; published online 12 October 2016)

Ultrafast demagnetization of ferromagnetic metals can be achieved by a heat pulse
propagating in the electron gas of a non-magnetic metal layer, which absorbs a
pump laser pulse. Demagnetization by electronic heating is investigated on samples
with different thicknesses of the absorber layer on nickel. This allows us to sepa-
rate the contribution of thermalized hot electrons compared to non-thermal elec-
trons. An analytical model describes the demagnetization amplitude as a function
of the absorber thickness. The observed change of demagnetization time can be
reproduced by diffusive heat transport through the absorber layer. © 2016
Author(s). All article content, except where otherwise noted, is licensed under a
Creative Commons Attribution (CC BY) license (http://creativecommons.org/
licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4964892]

1. INTRODUCTION

The ultrafast demagnetization of a ferromagnet (FM)'™ is expected to be caused by both
the hot electron gas™® and the lattice.”” Due to the high diffusivity of electrons, ultrafast trans-
port effects become relevant.”'%!! This is particularly interesting, as it allows for the generation
of intense femtosecond spin current pulses.'™'* Ultrafast transport is also of interest as a ferro-
magnet can be demagnetized by a pulse of hot electrons, as observed by Eschenlohr et al.®
They demonstrated that a ferromagnet can be demagnetized indirectly by illuminating a (non-
magnetic) metallic absorber film (NA) in contact with the ferromagnet (FM). The pump laser
light is absorbed in the NA and heats the electron gas. The initial non-thermal electron gas ther-
malizes and excites the magnetization of the ferromagnet. They have observed that the ferro-
magnet is still demagnetized without being directly exposed to the pump laser light. Recently,
there was a debate, to which extent the ferromagnet is affected by hot electrons or by visible
light transmitted through the absorber layer.'>™'” In addition, it is not clear if the electrons
affecting the ferromagnet are diffusive or show super-diffusive or ballistic properties.

In this paper, we investigate hot-electron induced demagnetization by measuring the
demagnetization as well as the non-magnetic polarization contrast as a function of the absorber
layer thickness. This way, we can distinguish the effect of electron-mediated, lattice-mediated,
and optically induced heating on the demagnetization.

Il. EXPERIMENTAL SETUP

We employ the magneto optical Kerr effect (MOKE) in longitudinal geometry to access
the optically induced magneto-dynamics of a 10nm nickel film grown on top of an aluminum
film of thickness da;, see Figure 1. The sample is grown by e-beam evaporation on a glass sub-
strate. The layer structure is 3nm Ti/ds; nm Al/10nm Ni/3nm Ti. dya; is varied between 0 nm
and 60nm. The experiment is performed in a pump-probe setup.' An amplified femtosecond
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laser system provides 800nm pulses with a repetition rate of 10kHz. The pulses’ length is
approx. 25 fs FWHM.

The MOKE is measured by frequency doubled probe pulses (400nm) to circumvent state
blocking effects."®!” In order to observe ultrafast transport, the pump pulses excite the sample
from the backside through the glass substrate, whereas the probe pulses detect the magnetization
on the front side of the sample. The angle of incidence is 45° for the pump- and probe beam.
During the experiment, a magnetic field H = =100 Oe is applied. This field is sufficient to fully
saturate the magnetic film in either the up or down direction (T, ]) in the plane of the sample.
Lock-in detection is used to measure the pump-induced change of the polarization rotation
A0; | (¢) by a balanced photodiode detector. Therefore, the pump beam is mechanically chopped
at a frequency of 83 Hz. In addition, a A/4-plate is used before the balanced detector to suppress
spurious elliptic contributions. The pump-induced change of the magnetization is determined as

AM(1) < A0 () — AG,(1). )

At the same time, we can detect the non-magnetic contribution of the pump-pulse-induced
polarization rotation as

AN(t) = A0, (1) + A0 (1). 2)

lll. RESULTS

In Figure 2, we show the relative demagnetization AM(t)/AM.x as well as the relative
non-magnetic polarization change AN(#)/ANp,x within the first 1.5 ps for different absorber
film thicknesses. In order to be able to compare details of the magnetic response, the pump
pulse energy was adjusted such that the ultrafast demagnetization amplitude is within the linear
response regime (< 10%)?° but reaches at least 4% of the saturation magnetization. The linearity
has been verified on the samples used in this experiment. The pump pulse energy per area as
well as the resulting demagnetizations is shown in Table I. The shape of the ultrafast part of
AN(#)/ANpax, (t < 200fs) is independent of da;. On the other hand, the demagnetization
AM (1) /AM ax is faster for thinner Al film thicknesses. In order to determine the demagnetiza-
tion time, M(f) was fitted by a double exponential function. Then, the demagnetization time
from 10% to 90% of the AM,,x is determined from the fit. There is a significant increase of
the demagnetization time f; with increasing aluminum thickness, as shown in the inset of
Figure 3.

As the experiment was performed on individual samples, it was necessary to determine the
temporal overlap between the pump and probe pulses experimentally. For temporal alignment,
we use the point, where AN(t)/ANy. = 0.5, as the shapes of the rising edges are independent
of da;. The demagnetization times strongly depend on the sample thickness; however, we can-

not see a significant delay in the onset of AM as described by Vodungbo et al.'”
substrate Al Ni polari;ation
detection

/

pump (800 nm) | probe (400 nm)

FIG. 1. Experimental setup: The sample is excited from the backside by the pump beam through the fused silica substrate.
The pump pulse illuminates an Al layer of variable thickness da;. The ferromagnet on the front side of the sample is probed
by the magneto-optical Kerr effect in longitudinal geometry.
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FIG. 2. (a) Non-magnetic contrast AN(¢) for different absorber film thicknesses, scaled to the maximum amplitude of each
trace. (b) Demagnetization AM(z) scaled to the maximum amplitude of each trace. The temporal overlap has been deter-
mined for each sample by the time where AN(7)/ANpax = 0.5.

In order to identify the causes of AM(¢) and AN(¢), we investigate their amplitudes as a
function of da;. In Figure 3, ANmax/Epump,a and AMax /Epump,a are plotted as a function of the
Al layer thickness daj (Epump,a is the pump pulse energy per unit area). In comparison, the opti-
cal transmission through the film is shown (at an incident angle of 45°). Notice that
ANmax, AM ., and the absorption of the sample are in arbitrary units. They have been scaled
in amplitude for comparison. The optical transmission matches the decay of ANp,x(daj) on a
length scale of 10.5nm for all measured sample thicknesses. In contrast, the demagnetization
AM 4k (day) first follows the non-magnetic contrast for da; < 30 nm. At larger thicknesses, it
decays on a longer length scale of 23.5 nm.

IV. SIMULATION OF THE DEMAGNETIZATION TIMES

The demagnetization time has been simulated by solving the heat diffusion equation within
the electron gas, coupled to the lattice?'

O(yT2) = k(x)AT, — G(x)(T. — T)) + P(t,x), 3)

C]()C)@,T[ = G(x) (Te — Tl). (4)

TABLE I. Pump pulse energy per area (Epymp,4) and the resulting demagnetization AM /M.

da; (nm) Epump.a (mJ/cm?) AM /M (%)
0 0.21 8.8
10 0.35 5.5
20 1.55 5.2
30 2.97 5.5
40 6.43 53
50 8.59 49

60 10.77 4.1
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FIG. 3. Amplitude dependence of the ultrafast demagnetization (red) and the non-magnetic contrast (blue) as a function of
the absorber film thickness dyj, scaled by the pump pulse energy. The non-magnetic contribution follows the optical trans-
mission. The demagnetization initially follows the non-magnetic signal but decays on a longer length scale of 23.5 nm for
da; > 30nm. The inset shows the demagnetization time as a function of d; for the measurement and the simulation.

Here, T, and T; are the electron and lattice temperatures, P(¢, x) is the absorbed laser power den-
sity, G the lattice-electron coupling constant, 97, the heat capacity of the electron gas, ¢, the heat
capacity of the lattice, and k the electron gas’ thermal conductivity. The values used in this paper
are 7, =91.2x 1072 /nm>*K?, 75, =1077.4 x 1072 J /nm*K?, G5 =2.4 x 10722J /psnm*K  and
Gni= 107217 /psnm? /K, ka; =2.3 x 107" /psnmK, and ky; =0.8 x 10~1J/psnmK for room tem-
perature.’>** As we are only interested in the initial temperature rise, we neglect cooling of the
lattice as well as the lateral heat diffusion. The thickness da; affects the simulation in various
ways. The absorbed pulse energy profile P(x) depends on it, as well as the x dependence of &, G,
and ¢;. The electron gas is heated by two effects: the laser light directly heats the electron gas
through absorption, leading to P(#, x) in Equation (3). We assume this effect to immediately
affect the electron gas temperature as the creation of electron-hole pairs happens on a sub 10 fs
time scale. As dy is increased, the contribution of the directly absorbed laser light within the fer-
romagnet is reduced due to absorption in the Al layer. However, more heat is generated within
the Al layer, which eventually diffuses into the Ni layer. This heat transport process is slower as
the Al thickness increases.

From the solution of the heat diffusion equation, we estimate the resulting demagnetiza-
tion to be proportional to the rise of the heat of the electron gas. This is justified, as, for small
demagnetization amplitudes, the demagnetization is proportional to the pump pulse energy.””
In addition, this proportionality was experimentally verified on the Ni film used in this experi-
ment. This finding is in line with our calculations based on the model from Koopmans® for
type I materials and demagnetization amplitudes up to 10%. In 3d ferromagnets, the demagne-
tization initially follows the heat within the electron gas, as the electron-spin coupling is
strong.” The heat per unit volume V stored in the electron gas is 79T2. The change of the heat
within the electron gas caused by a temperature rise from Ty to T, is AQ/V = y(T? — T3).
Therefore

AM o (T? - T;). 5)
We used the simulated temperature in the middle of the Ni film. From the simulated rising
edge of the demagnetization, we determine the demagnetization time f; as the 10%-90% rise
time. The result is visible in the inset of Figure 3.
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V. ANALYTICAL MODEL OF THE DEMAGNETIZATION AMPLITUDE

The thickness dependence of the demagnetization amplitude can be estimated by a simple
analytical model. Here, we do not intend to study the temporal characteristics of the tempera-
ture rise of the electron gas. Instead, we develop a simple model, which estimates the electron
gas temperature after the experimentally determined demagnetization time #,. The goal of this
calculation is to demonstrate that laser light absorption, temperature equilibration within the
electron gas, as well as heat conduction from the electron gas to the lattice can account for
the observed thickness dependence of the demagnetization amplitude. The heat deposited by the
laser pulse per unit area Qqgep.a is given by

Qdep,A = Epump,Aa- (6)

Here, Epumpa is the pump pulse energy per unit area and a(da;) the absorption of the film.
a(da1) = Eapsorbed, A/ Epump,a has been determined by taking into account the multiple reflections
between the film surfaces.”* We use the refractive indexes for bulk Al and Ni.> Immediately
after the pump pulse (assumed to be infinitely short, ending at # =0), the heat stored in the elec-
tron gas is

d

Quepr = Jy<x><T3<x, (=0)— T2) dx ™
0

with d = da) + dni and Ty = 300K the temperature before the pulse. We assume that heat dif-
fusion thermalizes the electron gas within the observed demagnetization time 7, During this
time, the heat is partially transferred from the electron gas to the lattice. With the electron-
phonon coupling constant G, we get

0iQern = — | G()(Te(x, 1) — To)dx. ®)

o a,

Here, we assume that the lattice heat capacity is much larger than the heat capacity of the elec-
tron gas. Therefore, the lattice temperature does not change. G is a function of the position x,
as G is material-dependent. Assuming thermalization, we obtain

Qen ~ —Gd(T,(t) — Ty) 9)

with G = (GAldAl + GNidNi)/cZ.
The total heat of the electron gas (Eq. (7)) can be further simplified, assuming equilibration
along x and with the ansatz T,(t) — Ty o e/,

2Ty _ ~
athl,A ~ —TOW(Te(f) - TO) (10)

with 5 = (yudal + Pnidni)/d. Notice, that this is only valid for small T,(z) — To. Combining
Egs. (9) and (10), this leads to

Yardal + Pnidni

T = 2T0 .
Gaidar + Gnidni

(1)

With 1, the known demagnetization time 7; and Equation (5), we can estimate the demagnetiza-
tion amplitude in arbitrary units using
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Qaepar + T2 =Ty | e™/* + T, (12)

yd

3
2

AM o (T? —T}). (13)

The time ¢, is taken from the measured demagnetization time, see Figure 3.

VI. DISCUSSION

The time dependence of the non-magnetic contribution AN(7) is independent of the absorber
thickness (for ¢ < 250fs). If we look at its amplitude as a function of d, it decays on the same
length scale as the optical transmission through the film. It has been demonstrated®®*’ that line-
arly polarized light can temporarily cause birefringence in a metal, causing an all-optical (non-
magnetic) Kerr rotation for the probe beam. This so-called Specular Optical Kerr Effect (SOKE)
is caused by hot electrons, which are far from equilibrium. These carriers are short-lived.?” The
time scale of the first peak of AN corresponds to the results presented by Kruglyak er al®’ As
the amplitude of AN decays with da; the same way as the optical transmission (see Figure 3), we
conclude that AN is mainly caused by electrons, which are excited directly by the pump beam
(and have not been transported from the absorber layer to the Ni layer). Therefore, the SOKE sig-
nal is a good reference for the temporal overlap between pump and probe pulses .

For dx; < 30nm, the ultrafast demagnetization amplitude follows AN,y (daj). For thicker
films, the decay of AM,(da1) happens on a longer length scale of 23.5nm. We interpret this
behavior by considering transport of heat from the Al layer to the Ni layer by the electron gas.
The ultrafast demagnetization time depends on the Al thickness, in contrast to the rise time of
AN. This indicates that heat transport by the electron gas is relevant for the demagnetization.
The increase of the demagnetization time caused by diffusion of the electrons is reasonably
described by solving the diffusion equation, except for larger film thicknesses. The deviation
may be caused by defects in the Al absorber film, which may provide a direct pathway for the
pump beam to the Ni layer.

The demagnetization amplitude is qualitatively reproduced by the simple model based on
total thermalization as well as transport of heat to the lattice (which is described as a reservoir
with constant temperature). The deviation for da; < 20nm is likely caused by the approxima-
tion in Equation (9): for short demagnetization times, the exact shape of the temperature distri-
bution needs to be taken into account.

VIl. CONCLUSIONS

A ferromagnet can be demagnetized indirectly by optical pumping through a normal metal.
Two regimes can be identified: For an Al absorber thickness da; < 30 nm, the optical transmis-
sion through the Al film dominates over heat transport through the electron gas. In contrast, for
da; > 30nm, the Ni film is demagnetized by heat transport through the electron gas. The non-
magnetic, optically-induced Kerr effect (SOKE) can be observed as well, and decays on the
same length scale as the optical absorption. The diffusive transport causes a longer demagneti-
zation time 7, The thickness dependence of 7, can be reproduced by solving the diffusion equa-
tion. The demagnetization amplitude can be calculated by a simple analytical model, assuming
rapid thermalization within the electron gas and heat conduction to the lattice. Superdiffusive
transport effects have been observed in the past,'' but they are not observable in our experi-
ment, as we only see the total effect of heat transport on the magnetization. Diffusion is, at the
thickness range investigated in this paper, a good approximation to describe the indirect demag-
netization through an absorber layer.
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