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1.  Introduction

The models describing laser-driven ultrafast demagnetization 
[1] can be separated into two groups. The first approach is 
based on spin flips taking place in the bulk of the ferromagn
etic material [2–13] where in particular Mueller et  al [14] 
identified the chemical potentials for minority and majority 
electrons as the driving force for spin flips. The second 
approach describes the demagnetization as a transport effect, 
where a spin current transports the angular momentum away 
from the sample surface. There, spin flips can take place out-
side the view of the observer [15]. The proposed spin current 
has been experimentally observed by several groups [16–21], 
offering the opportunity to generate femtosecond spin current 
pulses. Kimling et al [22] developed a model of laser driven 
spin currents generated by the spin-Seebeck effect.

Spin currents play an important role in the demagnetization 
dynamics. In figure 1, we collected measured demagnetiza-
tion times from the literature. The demagnetization times are 
plotted as a function of the resistivity of the materials inves-
tigated. There is a correlation between the demagnetization 
time τ and the resistivity ρ: materials with a higher resistivity 
tend to demagnetize on a longer time scale than good metals.

In this paper, we discuss the generation of femtosecond 
spin currents in the framework of diffusive transport.  

We discuss the concepts of spin currents in the field of spin-
tronics and the possible implications of extending spin transport 
to the femtosecond time scale. Our approach is a simplification 
and approximation of the super-diffusive transport model by 
Battiato et al [15], aimed at giving an intuitive picture of the 
spin current generation process. It relies solely on three mat
erial specific input parameters: the spin resolved density of 
states, the absorption length, and the macroscopic resistivity.

2.  Diffusive spin transport and the two current 
model

If we define our quantization axis along the magnetization 
direction of our ferromagnet, the electrons can be separated 
into a population of minority (↓)- and majority (↑) electrons 
[24]. In a diffusive description, we can assign an electrochem-
ical potential to each of the two populations µ↓, µ↑. A gradient 
in the electrochemical potentials causes a current density for 
the minority- and majority electrons, which are denoted as ↓j , 

↑j . Using these quantities, we can define a charge current den-
sity = +↑ ↓j j jc , and a spin current density = −↑ ↓j j js . Due 
to charge neutrality in a metal, the charge current density is 
free of sources: ∇ ⋅ =j 0c

→
. However, spin flips can cause a 

coupling between the minority- and majority population. This 
implies, that the spin current can be lost along the path of 
transport, and therefore ∇ ⋅ ≠j 0s

→
.

A spin polarized current can be generated by passing a 
charge current across the interface between a ferromagnet and 
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a copper layer. Due to the different conductivities of the two 
spin species within the ferromagnet, we will obtain a differ-
ence µ µ µ= −↑ ↓s  near the interface (within the ferromagnet as 

well as the copper layer). This spin imbalance can be translated 

into a spin voltage µ µ= −↑ ↓Vs q

1 ( ) with q being the elementary 

charge. It causes an accumulation of spins at the interface and 
a difference between ↑j  and ↓j , causing spin transport along the 
charge current flow. A special case of a spin polarized current 
is the pure spin current: here, ≠j 0s  while jc  =  0. The first time 
a pure spin current has been observed was by Jedema et al [25] 
in a non-local transport experiment. Pure spin currents can also 
be generated by the spin-Hall effect [26].

On the application side, the generation and detection 
of spin currents led to the discovery of the giant magneto-
resistance effect [27–29], which led to a major improvement 
of hard disk read heads. Large spin currents can be injected 
into a ferromagnet. In this case, it is even possible to switch 
magnetic nano-structures by spin-injection [30]. It has been 
observed, that the effective damping of spin waves can be 
altered by spin-injection [31], leading to steady state preces-
sion. This may have applications for nanometer scale, tun-
able microwave oscillators. These findings and the discovery 
of the spin-orbit torque led to a better understanding of spin 
transport and may lead to novel non-volatile memory devices 
based on magnetic nanostructures.

3. Thermalization of the electron gas  
on the femtosecond time scale

We assume, that the electron gas is in a thermalized state 
immediately after the laser pulse. This is required in order 
treat the occupation of states by the Fermi–Dirac function. 

This approximation is not necessarily justified, as non-thermal 
hot electron distributions have been observed experimentally. 
Rhie et al [32] measured the occupation near the Fermi energy 
by time resolved photoelectron spectroscopy on Ni. They 
report a distribution, which deviates from the Fermi–Dirac 
function even 400 fs after the pump laser pulse. In order to 
estimate the influence of the non-thermal electrons on our 
transport model, we determine the number of non-thermal 
electrons from their experiment. The main result is shown in 
figure 2 of their publication [32]. In the following, the sub-
scripts indicate the curves a to d form their figure  2. The 
measured photoemission intensity Ib(E) for the pump-probe 
delay =t 0b  fs shows clear signs of non-thermal electrons for 
energies E  >  0.5 eV. At =t 200c  fs the electron gas is almost 
completely thermalized, while the temperature (given by the 
slope for E  <  0.5 eV) remains unchanged. Therefore, the mea-
surements at =t 0b  fs and =t 200c  fs give us the opportunity 
to estimate the contribution of non-thermal electrons nnt as

∫= −
+

+
n I E I E Ed .

E

E

nt
0.5 eV

2.0 eV

b c
f

f

( ) ( )
 

 
� (1)

For comparison, we estimate the number of electrons above 
the Fermi energy, which have been excited by the laser pulse 
as

∫ ∫= −
µ µ

+ +
n I E E I E Ed d .

E E

ex

2.0 eV

b

2.0 eV

a
b a

f f

( ) ( )
   

� (2)

Here, I ta( ) is the intensity measured for a negative pump-
probe delay, corresponding to the state at room temperature 
and µa,c are the chemical potentials determined by fitting a 
Fermi–Dirac function to their data. The ratio n nnt ex/  is  ≈8%. 
Based on this small number, we approximate the electron gas 
as being thermalized immediately after the laser pulse.

4. Thermally induced spin current

In the following, we discuss the generation of a spin current 
pulse driven by an ultrafast optical excitation of a ferromagnet. 
Figure  2 shows the section  of a ferromagnetic thin film of 
thickness d deposited on a substrate. The demagnetization pro-
cess is initiated by the absorption of a 800 nm intense ultrafast 
laser pulse, which is linearly polarized and at normal incidence 
to the sample surface. Such a pulse has an absorption length 

Figure 1.  Demagnetization time from literature data, see table 1, 
plotted as a function of the resistivity. A higher resistivity goes 
along with a longer demagnetization time. The colors indicate 
different material classes: transition ferromagnets (red), lantanides 
(green), and half metals (blue). Reproduced with permission from 
[23].

Figure 2.  Schematic representation of the model: the pump laser 
pulse generates a temperature gradient within the ferromagnet 
causing a strong spin-current away from the surface. Spin angular 
momentum can either be dumped into the substrate or flipped at the 
interface. The initial magnetization of the sample points along the 
negative x-direction. Reproduced with permission from [23].

J. Phys.: Condens. Matter 29 (2017) 214002
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of α = 17.3 nm   [33] in iron. Thus, if the electrons at the sur-
face reach a temperature in the order of ≈T 1000 KS    [32], the 
electron gas 20 nm deeper is hundreds of degrees colder. The 
strong electron-electron interaction thermalizes the electron 
gas efficiently [2, 34], wherefore we describe it by a local 
Fermi–Dirac distribution f (T(z)), see section  3. We assume 
the pump pulse to be sufficiently short in order to neglect heat 
transport into the bulk during the action of the pulse. The initial 
temperature profile of the pumped system is now only a func-
tion of the surface temperature and the absorption length α,

= α−T z T e .S
z 2( ) /� (3)

The factor 1/2 in the exponent accounts for the fact that the 
internal energy of an electron gas scales quadratic with its 
temperature. Please note that equation (3) is an approximation 
based on Beers law. Equation  (3) implies that a laser pulse 
always causes a temperature gradient. Therefore, thermoelec-
tric effects will become important:

In the most general way, the interplay between charge-, 
spin-, and heat-current densities ( jc

→
, js

→
, and Q

→
) can be expressed 

for a mono-domain, isotropic, and metallic ferromagnet as a 
matrix equation [35]:

σ
κ σ

µ
µ=
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Here, σ σ σ= −↑ ↓P ( )/  is the conductivity spin polarization, 

σ σ σ= +↑ ↓ and =′
σ

σ

∂ ∂

∂ ∂
P

P E

E

E

E

F

F

( ) /

/
, κ the thermal conductivity, 

q the elementary charge, and S the Seebeck coefficient. 

µ =
µ µ+↑ ↓

c 2
 is the driving potential for the charge current, 

whereas µ =
µ µ−↑ ↓

s 2
 drives the spin current. The charge cur

rent density =j 0c
→

 vanishes due to charge neutrality and effi-
cient screening [22] which leads to a spin current density of

⎛
⎝
⎜

⎞
⎠
⎟σ

µ
=

∇
− + − ∇′j

q
P P P S T

2
1 .s

s 2( ) ( )
→

� (5)

The last term in equation (5) describes the spin-Seebeck effect. 
In section 5, we show that the temperature induced shifts of 
the chemical potentials dominate over the Seebeck effect for 
high temperatures. However, the Spin-Seebeck effect can 
be significant at interfaces as well as at lower electron gas 
temperatures [21, 22, 36]. Neglecting the Seebeck term, equa-
tion (5) simplifies to

µ
σ

= ∇ −j
q

P
2

1 .s s
2( )

→

� (6)

js
→
 is only dependent on the difference of the electrochemical 

potentials, which is equal to the difference of the chemical 
potentials. Therefore, µ↑ ↓,  denote the chemical potentials for 
the rest of this manuscript.

In order to estimate the initial spin current density in a 
laser-induced demagnetization experiment, we assume that 
the generated temperature profile does not change with time. 
This decouples the spin current from heat transport. However, 
this approximation is only valid for the first  ≈100 fs [37].

We focus on the case of iron, but the arguments can likewise 
be used for the other transition metal ferromagnets nickel and 
cobalt. The large electron temperature at the surface causes a 
local change of the chemical potentials µ↑ ↓ T, ( ) for minority 
and majority electrons, respectively. The chemical potentials 
are acquired by numerically solving the implicit equations for 
the density of majority ( ↑n ) and minority ( ↓n ) electrons

µ µ= = =↑ ↓ ↑ ↓ ↑ ↓ ↑ ↓n T E n T T0 K, , .f, , , ,( ) ( ( ))� (7)

For the validity of these equations, we neglect spin flips during 
the heating pulse. In addition, we rely on strong electron-elec-
tron interaction to equilibrate the temperatures of the minority 

Figure 3.  The density of states ↑ ↓w ,  for majority (↑) and 
minority (↓) electrons and the corresponding chemical potentials 
µ↑ ↓, . ( ) = ↑ ↓N E w f,  represents the density of occupied states at a 
temperature of =T 3600 K  , highlighted with different colors for 
each spin direction. The dashed lines represent the Fermi statistics 
f (T ) for each spin population. The ↑ ↓w ,  are from [38]. Reproduced 
with permission from [23].

Figure 4.  The shifts of the chemical potentials as a function of the 
temperature for Ni, Fe and Co, calculated by numerically solving 
equation (7). The dashed lines show the shifts of the majority 
chemical potentials µ↓ whereas the solid lines show the shifts of 
µ↑. The colors indicate the elements Fe (black), Ni (blue) and Co 
(red). The density of states was taken from [38]. Reproduced with 
permission from [23].

J. Phys.: Condens. Matter 29 (2017) 214002
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and majority electrons. Notice, that there can be a temperature 
difference between the two spin populations at the interface 
to the substrate [22], which is neglected in our model. The 
electron densities are:

∫ µ=↑ ↓
−∞

∞

↑ ↓ ↑ ↓n T f T E T w E E, , d ., , ,( ) ( ( )) ( )� (8)

Here, ↑ ↓w E, ( ) are the spin dependent densities of states, which 
are assumed to remain unaffected by the rise in temperature 
and f being the Fermi–Dirac function.

Figure 3 shows the computed chemical potentials for the 
Fe, Ni and Co band structure. At zero temperature, the Fermi 
energy EF is equal to the chemical potentials for both spins, 
µ µ= =↑ ↓ EF. At non-zero temperatures, the chemical poten-
tial of the majority and minority electrons deviate from the 
Fermi energy. Figure 4 shows the temperature-induced shifts 
of the chemical potentials as a function of the temperature 
for Ni, Fe and Co. The chemical potentials for the majority 
electrons (solid lines) dominate over the shifts of the minority 
electrons (dashed lines).

The laser-induced temperature gradient therefore causes a 
gradient in the chemical potentials along the z-direction. Thus, 
we have all the ingredients to calculate the initial spin current 
based on equation (6). If the thickness d of the ferromagnet is 

smaller than the penetration length of the pump light, we can 
approximate equation (6) to

σ
µ µ µ µ= − − − +↑ ↓ ↓ ↑j

q
P d d

2
1 0 0 .s

2( )( ( ) ( ) ( ) ( ))� (9)

5.  Comparison with experimental evidence

For an iron film of 10 nm thickness and an absorbed pulse 
energy of −1.3 mJ cm 2    , we obtain a surface temperature of 
approx. 2000 K. According to equation (3), the temperature at 
the interface to the substrate is 1500 K. This leads to a shift of 
the chemical potentials of µ µ= − = =↑ ↑z z d0 30 meV( ) ( )    
and µ µ= − = ≈↓ ↓z z d0 0( ) ( )  meV. In comparison, we esti-
mate the Seebeck term as follows: Hatami et al [39] calcu-
late ′P  for various magnetic interfaces. Typical values for | |′P  
are below 2. The Seebeck coefficient of Fe is 0.4 µ −V K 1   at 
1000 K [40]. The spin voltage generated by the Seebeck effect 
is

∫= − ∇ ≈ − ∆′ ′U S P P T z S P P Tds

d

0
( ) ( )� (10)

which is on the order of 0.5 mV. However, if the temperatures are 
lower, the Seebeck term can be larger: µ= −S 300 K 14 V K 1(   )      

Table 1.  Compilation of literature data for figure 1. Reproduced with permission from [23].

Sample d (nm)  (τ fs) T  (K) ρ  (  µΩ cm) On insulator

Gd 10 ±760 250 [46] 140 ±66 0.7 [50] No
Tb 10 ±740 250 [46] 140 ±64.5 0.6 [51] No
Fe 10 ±98 26 [52] 293 9.61 [42] No
Fe 7 ±66 7 [48] 298 9.87 [42] Yes
Ni 15 ±177 16 [2] 298 7.12 [42] No
Ni 10 ±157 9 [52] 293 6.93 [42] No
Ni 2.5 ±25 25 [53] 323 ±8.26 0.1 [42] No
Ni 15 ±120 70 [8] 298 7.12 [42] No
Ni 10 150 [54] 298 7.12 [42] No
Ni 17 ±130 40 [55] 298 7.12 [42] No
Ni 35 ±250 100 [56] 298 7.12 [42] No
Ni 15 ±184 20 [57] 298 7.12 [42] No
Ni 20 ±155 19 [17] 298 7.12 [42] No
Ni 10 ±121 44 [58] 293 6.93 [42] No
Ni 7.5 ±77 26 [59] 298 7.12 [42] Yes
Ni 10 ±74 4 [49] 298 7.12 [42] Yes
Co 15 ±199 16 [2] 298 ±6 0.1 [60] Yes
Co 0.8 ±25 25 [53] 323 6.81 [60] No

Fe Ni80 20 10 ±89 8 [52] 293 ±14 1 [61] No
Fe Ni80 20 12 ±176 12 [62] 298 ±14 1 [61] No
CrO2 — 84 000 [63] 298 ±250 5 [64] —
La Sr MnO0.66 0.33 3 55 ±525 000 125 000 [57] 298 1000 [57] Yes

Sr FeMoO2 6 Bulk ±95 000 85 000 [57] 300 ±350 20 [65] Yes

SrRuO3 600 ±9000 6000 [57] 140 ±135 10 [66] No

Fe O3 4 15 >106 [57] 298 ±5000 500 [67] Yes

CoMnSb 100 18 000 [63] 298 ±170 10 [68] No
Co MnSi2 15 297 [63] 298 ±19 1 [69] No

J. Phys.: Condens. Matter 29 (2017) 214002
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[40]. In addition, the chemical potential shifts are significantly 
smaller, as shown in figure 4. Therefore, the Seebeck term will 
dominate the spin current generation at low temperatures.

The majority conductivity is larger than the minority con-

ductivity as σ σ≈↓ ↑
1

4
 [41] with σ = ⋅ −1.0 10 A Vm7 1     [42]. For 

iron, we obtain a spin current density of −10 A cm9 2    .
The most direct measurement of the spin current has been 

performed by Kampfrath et al [18]. Here, the spin current gen-
erated by the ferromagnet is measured by taking advantage of 
the spin-Hall effect: the spin current is injected into a gold 
film, where it is transformed into a lateral charge current pulse. 
The current pulse causes the emission of electromagnetic 
radiation in the THz range. The THz field is measured and 
used to determine the temporal evolution of the spin current. 
Kampfrath et al detected a maximum spin current density of 
⋅ −1.3 10 A cm9 2    , which is reached approx. 50 fs after the laser 

pulse. Our simple thermodynamic model is in good agreement 
with this measurement.

Other groups have used a different approach to measure 
the laser-induced spin current: they inject the spin current into 
a second ferromagnet with magnetization M2

→
. There, the spin 

torque changes M2
→

. If the injected spin direction is parallel or 
anti-parallel to the magnetization | |M2

→
 is altered [19]. If there is 

an angle between M2
→

 and the spin direction, the magnetization 
starts to precess [36, 43].

These spin injection experiments are conceptually similar 
to current induced switching in giant magnetic resistance 
nanopillars [30]. However, the pure spin current generated by 
the laser-excited ferromagnet does not generate an Oersted 
field, which simplifies the dynamics [44]. In addition, the time 
structure of the laser generated spin current pulses reaches the 
femtosecond time scale, which is not achievable for electri-
cally driven devices.

6. The role of the interface for the demagnetization

The transport of the spin current from the ferromagnet to the 
substrate requires passing the interface. However, the inter-
face may not be transparent for the spin current. As indicated 
in section  2, the spin current can change along its path of 
transport due to spin flips. Some spin flips occur in the bulk 
of the ferromagnet and the substrate. The interface itself can 
also act as a very effective, localized spin flip scatterer. The 
reason is that the symmetry is broken along z, leading to an 
enhanced spin-orbit coupling. The spin-orbit coupling is the 
root cause for transferring angular momentum from the spin 
system to the lattice. One indication of this effect has been 
found by Erekhinsky et  al [45] in a transport experiment. 
Another indication is the fact, that for gadolinium, the surface 
demagnetizes within  <100 fs (measured by second harmonic 
magneto-optical Kerr effect [46]), whereas the bulk needs 
approx. 1 ps [47]. This effect may strengthen the contribution 
of transport for ultrafast demagnetization. This is even the 
case on insulating substrates [48, 49]: here, the interface can 
act as a spin flip scatterer, although there is no spin current 
present in the substrate.

7.  Conclusions

The generation of spin currents caused by ultrafast demag-
netization has been proposed theoretically by Battiato et  al 
[15]. Their model is based on a Monte-Carlo simulation of 
individual electrons flowing in a super-diffusive manner. 
Here, we have presented an easily understandable thermody-
namic model capable of describing the magnitude of spin cur
rents in a purely diffusive manner. The absorbed pump laser 
light causes a temperature gradient of the electron gas. In the 
framework of thermodynamics, we can estimate the shift of 
the chemical potentials due to the increased temperature. As 
the density of states is spin split, the chemical potential shifts 
are spin dependent. The gradient of these potentials are the 
driving forces for a spin current. The magnitude of the spin 
current is in agreement with experimental data from other 
groups. The spin currents are not only a relevant contribution 
for ultrafast demagnetization, but can also be utilized to bring 
the femtosecond time scale to the field of spintronics.
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