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Modeling spintronic terahertz emitters as a function of spin generation and diffusion geometry
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Spintronic THz emitters (STE) are efficient THz sources constructed using thin heavy-metal (HM) and
ferromagnetic-metal (FM) layers. To improve the performance of the STE, different structuring methods
(trilayers, stacked bilayers) have been experimentally applied. A theoretical description of the overall THz
emission process is necessary to optimize the efficiency of STE. In particular, geometry, composition, pump laser
frequency, and spin diffusion will be significant in understanding the pathways for further research developments.
This work will apply a generalized model based on a modified transfer matrix method. We will consider the
spin generation and diffusion in the FM and HM layers and explain the spintronic THz emission process. This
model is suitable for calculating emitted THz signal as a function of FM and HM thicknesses for different
geometrical configurations. We will investigate a bilayer geometry as a test case, but the extension to a multi-layer
configuration is straightforward. We will show how the different configurations of the sample will influence the
THz emission amplitude.

DOI: 10.1103/PhysRevB.107.144407

I. INTRODUCTION

THz (0.1–30 THz) is a frequency range that is gaining
popularity because of its enormous potential in basic pro-
cess studies of materials as it is able to resonantly couple to
conduction-electron transport, plasmons, excitons, phonons,
or magnons [1–3]. It is also an effective tool in imaging, sens-
ing for biomedical purposes, and security applications [2,4,5].
THz radiation can be generated using various methods,
including photoconductive antennas and nonlinear optical
crystals [2]. Spintronics THz emitters (STE), a new type of
THz source, based on spin-to-charge conversion, have gained
popularity in recent years due to their high efficiency, broad
bandwidth, and ease of manufacture. STE is usually con-
structed using two simple layers of ferromagnetic-metal (FM),
and heavy-metal (HM)[6–8]. The mechanism at the core of
THz emission first involves the photoexcitation of the FM
layer. This induces a spin population that diffuses to the HM
layer in a process called superdiffusive spin transport [9–15].
Here, due to the high spin-orbit-coupling of the HM, inverse
spin Hall effect [7] will take place and produce a transverse
charge current responsible for the THz emission [as shown in
Fig. 1(a)].

The study of STE optimization has recently received much
attention in order to broaden their applications. As a result,
there have been different experimental studies carried out to
test the THz generation efficiency based on different mate-
rials of the structure [7,16–18], different thicknesses of the
layers [8,17,19,20], and even different stacks of layers [7,21–
25]. To analyze the performance of the STE based on the
above approaches, a theoretical model to describe the STE
geometry and THz emission process is needed. Models based
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on basic THz emission processes involving the pump-pulse
absorption, spin generation, and spin to charge conversion
have been developed and used in different analysis [7,20].
These models usually calculate the THz emission amplitude
assuming the spin current amplitude to be proportional to
the excitation energy deposition [2] and at the same time
assuming the FM/HM interface is transparent to spins and
electrons [2,7]. However, no general model has considered the
detailed geometry of the excitation laser and spin current with
specific STE structures in the THz emission process.

In a typical experimental setup, STEs are constructed by
combining substrate, FM, and HM layers in a number of
different arrangements. The ordering of the layers, their thick-
nesses, and the side illuminated by the laser pump will impact
the geometry of the spin generation, the spin diffusion, and
the energy profile of the laser pump. The model we ap-
plied here addresses all of the above properties on the same
footing. Specifically, we want to describe the three funda-
mental processes that characterize any STE: the propagation
of the laser excitation pump through the system, the gener-
ation and diffusion of spins in the HM and FM layers, and
the generation and propagation of the THz pulse throughout
the system. These processes are controlled by a number of
parameters, namely, the type of materials, their thicknesses,
the arrangement of the layers, the frequency of the pump,
the spin diffusion length, and the degree of spin reflections
between interfaces. Figures 1(b) and 1(c) show schematics
of the processes mentioned above in both bilayer and trilayer
systems. The dependence of the outgoing THz pulse strongly
depends on the choice of these parameters. Our findings show
that properly fitting the material properties in optical and THz
regions is necessary to achieve quantitative predictions.

In addition, although our current model focuses primarily
on the study of THz emission, we believe that its potential
applications extend beyond this area. In particular, we see
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FIG. 1. (a) Schematic of a spintronic THz emitter and the THz
emission process. (b) and (c) Schematics of a bilayer and trilayer
systems with the spin diffusion profile in the FM layer (purple line),
the spin current diffusion and reflection in the HM layer (blue line),
and the energy distribution profile of the laser pump along the system
(red line and shaded area).

opportunities for our model to serve as a geometric framework
for a variety of multilayer systems, including the spin transfer
torque system, as well as for the further study of the key
parameters that influence the generation of spin waves and
magnons. By providing a more complete understanding of
the physical mechanisms underlying spintronic THz emission,
our model can help to advance related studies of ultrafast
laser-induced magnetization dynamics and contribute to the
development of more accurate and predictive models for spin
waves in complex multilayer systems [26–28].

II. METHODS

To properly model STEs, we have to describe the three
subprocesses that occur in the THz emission: (1) Propagation
and absorption of the optical pump into the STE’s layers; (2)
Production of the spin current, its propagation through the
STE’s layers and the eventual conversion into a transversal
charge current; and (3) Production, propagation and extraction
from the STE of the THz electromagnetic radiation. The fol-
lowing sections will address each of these tasks individually.

A. Pump laser absorption profile

We describe the optical EM waves propagation and ab-
sorption using a transfer matrix method (TMM) [29,30].The
system is composed by three layers: a substrate, a FM layer
and a HM layer, in different stacking orders. According to the
standard TMM, the transmission and reflection of the waves

throughout an layer sample can be expressed as[
f >
∞

f <
∞

]
= ¯̄T[0,∞]

[
f >
0

f <
0

]
, (1)

where ¯̄T[0,∞] is the frequency-dependent 2 × 2 transfer matrix
that propagates the fields from the beginning to the end of the
multilayer, and f0, f∞ represent the field amplitudes at the be-
ginning and the end of the multilayer. The superscripts > and
< represent the right and left propagating waves, respectively.
Assuming the pump pulse is impinging on the sample from
the left, f >

0 is the time profile of the pump (which we assume
known). Generally, there will be no second pump incoming
from the right, so f <

∞ = 0. The two remaining field amplitudes
f >
∞ and f <

0 , which represent the transmitted and reflected
waves, respectively, are the unknowns in the system in Eq. (1).
We remind the reader that the system of two equations in Eq. 1
is to be solved for every frequency independently.

The generation of the spin currents and the subsequent
diffusion of the spins in the FM and HM layers strongly
depends on how the energy deposited by the laser pump
is partitioned through the system [19,20]. According to the
Poynting theorem, the total energy loss due to Joule effects
can be expressed as

Qloss = −
∫ +∞

−∞
dt

∮
S
(E × H) · dS. (2)

Here, Qloss is the total energy dissipated by a system enclosed
by the closed surface S. Because of the planar symmetry of
STE, the surface S can be chosen to be a parallelepiped en-
closing the layer. At normal incidence, only faces of S parallel
to the interfaces between layers contribute to the integral in
Eq. 2. Hence, we can define the energy per unit area that
crossed a surface Sz at position z (or the residual laser fluence
at position z) as

�(z) = −
∫ +∞

−∞
E [t, z]H[t, z]dt, (3)

where z is the position of the surface Sz. Thus, if we assume
the two interface positions of a layer with thickness d in a
multilayer system as z0 and z0 + d , and assuming the initial
input of the pump laser as Qin, the net absorption for this layer
will be

Alayer = Qloss

Qin
= �(z0) − �(z0 + d )

Qin
, (4)

where Qin can also be calculated using Eq. 3 with fields at
the initial surface of the system by ignoring the reflected
fields ( f <

0 in Eq. 1). This net absorption can be used when
simulating STEs with fixed FM thicknesses. Similar ideas can
be used to obtain the energy distribution profile. If we assume
a local axis within one single layer, the energy distribution
profile can be expressed as

D(z) = −d (�(z)/Qin)

dz
. (5)

The energy distribution profile of Eq. 5 is schematically dis-
played at the bottom of Figs. 1(b) and 1(c) with a red solid
line.
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B. Spin generation in the FM layer

We now address how the absorbed energy in the FM layer
produces a spin current profile over the whole sample. We
focus first on how energy deposited between z and z + dz
within the FM layer propagates through the whole sample. We
assume that the spin current spatial distribution generated by
an infinitesimally thin layer and in the absence of interfaces is
in the form of an exponential decay, with an effective spin
diffusion length λ, both towards the left and the right of
the emission plane (See Fig. 1). However, due to the finite
thickness of the FM layer, as well as the presence of the
other layers, we must explicitly consider the reflections and
the transmissions of the spins at the layers’ boundaries.

We call α and β the probabilities for a spin to be transmit-
ted over interfaces to the right and the left of the considered
spin current emission point z. Such probabilities depend on the
materials and the quality of the interfaces. We assume that the
probability of transmission at the interface with air or with the
substrate (assumed insulating, with sufficiently large bandgap
to prevent injection of the excited spin currents) to be 0. The
rate at which the spin population is transmitted to the left
or to the right can be calculated by exploiting the properties
of geometric series [31]. See Supplemental Material for a
detailed derivation. By summing up the contributions of all the
multiple reflections at the boundaries, we obtain the following
expressions:

ζR(z) = α

N

[
e− d−z

λ + β̄e− d+z
λ

]
, (6)

ζL(z) = β

N

[
e− z

λ + ᾱe− 2d−z
λ

]
, (7)

where N = 1 − ᾱβ̄e− 2d
λ , ᾱ = 1 − α, β̄ = 1 − β. Equations 6

and 7 measure the number of spins (generated at position z)
that have crossed (transmitted) the right or left interfaces of
the FM layer, respectively. We call ζ (z) the spin generation
efficiency profile function (solid purple lines in Fig. 1).

Finally, to compute the effective number of spins that are
injected from FM to HM, we must consider the effects of the
laser pump. We assume that the spin density is proportional to
the laser fluence at the point z times the left or right spin gen-
eration efficiency profile. The total spin population becomes

S(d ) =
∫ zi+d

zi

D(z)ζ (z)dz, (8)

where D(z) is the energy (per unit area) deposited by the
laser pump (Eq. 5), zi is the position of the FM layer, and
ζ (z) must be chosen either to be right or left, depending on
the geometrical configuration of the system. For example, if
we consider the bilayer THz emitter shown in Fig. 1(b), we
need to calculate only the transmittance to the right interface.
However, if we want to model the trilayer case shown in
Fig. 1(c), then the transmittance for both the left and right
interfaces has to be considered.

C. Spin current profile in the HM layer

After the laser pump has excited the spin population in the
FM layer, spins start diffusing and are eventually injected at
the edge of the HM layer. We again assume an exponentially
decaying spatial distribution with an effective spin diffusion

length λ. We call γ and μ the probabilities for a spin to be
transmitted over the right and the left interfaces, respectively.
We want to calculate the average number of spins at a given
position z inside the HM layer. Again, by exploiting the prop-
erties of geometric series, we can sum up the contributions of
the multiple reflections and obtain the following [32]:

σ (z, d ) = 1

N

[
e− z

λ + γ̄ e− 2d−z
λ

]
, (9)

where N = 1 − γ̄ μ̄e− 2d
λ , d is the thickness of the HM layer

and γ̄ = 1 − γ , μ̄ = 1 − μ. The above equation measures the
spin current density at position z for a given HM layer of
thickness d (see Fig. 1 light blue curves). The transversal
charge current density is finally obtained by multiplying by
the inverse spin Hall coefficient of the HM, similar to our
previous work. [33,34]

Two other mechanisms of generation of transversal charge
current are also possible. The first one is caused by spin-to-
charge current conversion in the FM layer. This contribution
is usually much smaller than the HM layer contribution due to
the low spin-to-charge conversion efficiency of the FM layer
[2] and will be neglected in this work. A second mechanism
involves the creation of hot electrons in the HM layer. These
hot electrons will diffuse back to the FM layer and act as a
secondary excitation of the FM layer. This enhancement will
become large when the HM layer is thick [32]. We stress
that the above contributions, even if ignored in most cases,
can be described by our model (but it is not included in this
work for simplicity). The FM contribution can be included by
adding a source layer to the modified TMM model developed
in Sec. II D. The secondary enhancement from the HM layer
can also be added by specifically calculating the absorption
of the pump-pulse in the HM layer, which can be calculated
using Sec. II A. As we are more interested in the performance
of the main contribution, we show the results of the HM layer
emission only in the following section. We stress that the full
model of including all three contributions is straightforward.
However, specifying the percentage of each contribution in
the experiment requires detailed material data fitting (both
THz frequencies and pump laser frequencies) to increase the
accuracy.

D. THz radiation production and propagation

The final step is computing the THz radiation extracted
from the STE. This requires the computation of the production
of the THz within the HM layer as well as its propagation
through the multilayer. In this case, standard TMM cannot be
used. In the case when one of the layers acts as a source of
electromagnetic radiation (by means of a time and position-
dependent volume current) we use the modified TMM, which
we call TMM-with-source, that we developed in Ref. [34].
The expression that we obtained maintains the structure of the
TMM but includes a source term[

f >
∞

f <
∞

]
= ¯̄T[0,∞]

[
f >
0

f <
0

]
+

[
J>

J<

]
, (10)

where J> and J< are the amplitudes of the right and left
propagating fields generated in the source layer and account
for time and position-dependent charge currents within the
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FIG. 2. The schematic of the four different configurations of STE and its corresponding emission map. (a-1)–(d-1) Different configurations
of STE structure and a schematic show of the energy distribution profile [red shaded, Eq. (5)], overall spin generation efficiency profile [blue
shaded, Eq. (7)], and spin current diffusion profile [green shaded, Eq. (9)] for each configuration. (a-2)–(d-2) The THz emission map with
changing Pt(HM) (0–15nm) and Co(FM)(0–15nm) thicknesses for four different configurations. The yellow dashed line represents the peak
position of the THz emission profile as a function of HM thickness, while the blue dashed line represents the peak position of the THz emission
profile as a function of HM thickness.

multilayer. In this work, the position-dependent profile used
for the construction of the source term is taken as Eq. 9.
The time-dependent profile refers to the spin current density
change in time, which is taken as the same as in Refs. [34] and
[6]. However, we have tested that different time profiles have
only negligible impact on the conclusions we will be drawing
in the rest of the work.

It should be noticed that, while in the case of TMM ap-
plied to the absorption of the optical pump laser, in the case
of TMM-with-source for the emitted THz radiation the con-
straints on the field amplitudes on the right and left of the
sample are different. In this case, no external THz pulse is sent
to the multilayer, and therefore f <

∞ and f >
0 are to be set to zero.

This means that in a THz emission process, the only source
is the THz generated from the HM layer and Eq. 10 can be
solved for the f >

∞ and f <
0 amplitudes. It should be noted that

if we want to describe a trilayer system with two HM layers
acting as sources [case shown in Fig. 1(c)], the calculation will
be straightforward with two additional terms describing fields
coming from two different layers.

III. RESULTS

In the following, we present the calculated THz amplitudes
as a function of geometry, layer arrangements, materials, and
laser pump frequency. In Figs. 2(a-1)–2(d-1), we show the
four different layer arrangements we considered in this work
and label them C1, C2, C3, and C4, respectively.

We start with a simple STE structure constructed with
quartz (substrate, 1 mm), Co (FM), and Pt (HM, 0–15 nm).
The material properties of Co and Pt at THz frequencies are
taken from Ref. [35], while at optical frequencies taken from
Ref. [36]. The optical properties for quartz are taken from
Ref. [37] and at the THz range are taken as the experimentally
measured dielectric constants in Ref. [32]. We take the Pt

and Co spin diffusion length to be 1.1 and 1 nm, respectively
[7,19,20,38], as a test case.

Figures 2(a-2)–2(d-2) show the calculated THz emission
peak amplitude for different HM and FM thicknesses for the
C1, C2, C3, and C4 configurations. One can notice that at
parity of FM thickness, the emitted THz intensity increases
at first, as more HM thickness allows for more efficient spin-
to-charge conversion. However, eventually, further increases
do not provide further gain in the THz intensity but become
detrimental as larger metallic regions lead to absorption of
the generated THz radiation within the sample itself. This
reproduces the known fact that the THz intensity peaks for
relatively thin layers for both changing HM thickness and FM
thickness [2,7,20,22]. The THz emission amplitude depends
on the arrangement of the layers. We observe that exciting
from the substrate side produces stronger THz emission com-
pared to exiting from the active bilayer side (C1 and C2 > C3
and C4). The reason is that in the second case, the produces
THz radiation has to traverse the quartz substrate, which ab-
sorbs in that frequency range. This reproduces experimental
findings on quartz substrates [32]. The situation is reversed in
the case of a sapphire substrate (material properties taken from
Ref. [39] for THz range and Ref. [40] for optical range), where
instead absorption of the pumping radiation in the substrate
becomes more important. Experiments confirm this scenario
[41].

Apart from intensity, we can also extract the behavior of
the emitted THz with changing layers’ thicknesses. Although
configurations C1 and C2 display similar maximum THz in-
tensities, their behavior with layers’ thicknesses is different.
We can observe that the most relevant characteristic control-
ling these dependences is which one of the two active layers
(HM or FM) faces the pumping laser (see Fig. 2). Each layer
has three key effects in the THz production process. The
FM acts as the generator of spin current, absorber of optical
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FIG. 3. The linear fit of THz emission profile peak positions with changing theoretical Spin diffusion length of FM and HM under different
conditions. The first row, (a)–(c), shows the peak position change of the THz emission profile as a function of HM thickness when the theoretical
spin diffusion length for the HM layer changes from 1-6nm with the plasma frequency of HM layer for THz range material properties is
changing from 3 to 7 eV, and the extinction coefficient for optical range material properties is changing from 4 to 12 eV. The second row,
(d)–(f), shows the peak position change of the THz emission profile as a function of FM thickness when the theoretical spin diffusion length
for the FM layer is changing from 1 to 6 nm with the plasma frequency of FM layer for THz range material properties is changing from 3–7 eV,
and the extinction coefficient for optical range material properties is changing from 4–12 eV.

photons, and absorber of THz radiation, while the HM as the
spin-to-charge converter and, again, as the absorber of both
optical and THz frequencies. The thickness dependence of all
these processes depends on the material properties. Yet the
relative weights of each effect in each layer depend on the
relative positions. For instance, the role of the optical photons
absorber is higher in the first layer traversed by the pump
pulse.

One further interesting finding is that the peak positions of
the THz emission with changing FM (or HM) layer thickness
are not fixed (yellow dashed line for HM peak position, blue
dashed line for FM peak position) and they depend on the
thickness of the adjacent layer. However, the optimal HM
thickness at which the THz emission is maximal is generally
used in experiments as a quick and quantitative estimation of
the spin diffusion length and vice versa [2,7,19,20,25,41,42].
For that to be a meaningful estimation, the peak position
should only depend on the spin diffusion length and not be
affected by other characteristics of the sample. However, this
contradicts our findings.

To understand this better, we performed a larger set of
calculations where we compare how those peak positions
compare with the actual spin diffusion length when other
parameters are changed. In Figs. 3(a)–3(c) we show on the
y axis the thickness of the HM layer for which we obtain the
strongest THz emission, while on the x coordinates the spin
diffusion length in the HM used in the calculations. To really
claim that the peak HM thickness can be used as an estimation
of the spin diffusion length, one should require the points
to be over, or close enough to, the y = x line (blue dashed

line in Fig. 3), or more generally have a stable functional
dependence unaffected by other layer’s properties. However,
while a sufficiently linear relationship can be found between
the two quantities, important deviations can be observed from
the desired correlation.

Yet even more crucially, the relationship between the two
quantities is very strongly dependent on the other parameters
of the system. In Fig. 3(a) the thickness of the FM layer
is shown to impact the peak position. For instance, if the
measured HM peak thickness were 4 nm, the extrapolated spin
diffusion should be 3 nm if the FM is 10 − nm thick, or twice
as large for a sample with a 1 − nm thick FM. One could
still argue that the FM thickness is generally known and one
could couple experimental results to theory to do more reliable
estimations of the spin diffusion length. However, Figs. 3(b)
and 3(c) show that that will require a very careful character-
ization of the sample. A change in the dielectric properties
of the HM (THz plasma frequency ωp and optical extinction
coefficient k) can, in fact, strongly impact the relationship [in
particular Fig. 3(c) shows the huge change in the dependence,
with increasing extinction coefficient].

Similarly, we compute the FM layer thickness at which one
obtains the highest THz emission at parity of HM thickness.
It might be tempting to use that to estimate the spin current
diffusion length in the FM. However Figs. 3(d)–3(f) again
show that the correlation between the two quantities is far too
strongly dependent on other properties of the multilayer.

We now move on to analyzing the dependence of the THz
emission on the used materials and pump laser frequency. We
choose configuration C1 as the test case and describe three
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FIG. 4. Three different tests of THz emission. (a) THz emission
profile for the same Sub/HM/FM configuration with different FM
material. (b) THz emission profile for the same Sub/HM/FM con-
figuration with different HM material. (c) THz emission profile for
the same Sub/Pt/Fe configuration with different excitation lasers.
(d) Normalized comparison of emission profile from Sub/Pt/Fe with
and without considering spin population.

material combinations. We set the HM material as Pt and Pd
and the FM material as Co and Fe (material properties for
pump laser frequencies taken from Ref. [36] and for THz
frequencies from Ref. [35].) We set the FM thicknesses to
3 nm, the spin diffusion length λ = 1.1 nm for the HM, and
λ = 1 nm for the FM cases. Figures 4(a) and 4(b) show the
calculated THz amplitudes. The changes are the direct con-
sequence of the different optical properties of the materials.
Figure 4(c) shows the dependence of the THz pulse for two
different pump laser wavelengths (400 and 800 nm). We see
that, for the given thicknesses and λ, the THz emission profile
changes. Specifically, the 400 nm emitted THz amplitude is
higher than 800 nm one. This is in qualitative agreement with
experiments [43]. The normalized comparison presented in
Fig. 4(d) illustrates the impact of considering spin injection
from FM on the THz emission profile of Pt/Fe under 800 nm
pump laser excitation. The significant difference in the overall
THz emission profile is apparent when the spin injection pop-
ulation is taken into account. The spin population calculation,
which is based on the absorption of the pump laser and spin
generation and reflection spatial profiles in the FM layer, is
crucial for understanding the contribution of both spin popula-
tion and general THz emission to the overall emission profile.
This is highlighted by the decoupling of the spin population
(green line, as described in Secs. II A and II B) and the THz
emission (pink line, as discussed in Sec. II C and Sec. II D).
For a more detailed understanding of the performance of
the profiles [31], see Supplementary Material for the profile
shapes (see, also, Refs. [19,20,35,44]).

Finally, we show another interesting finding for the THz
emission profile at low HM layer thicknesses, as shown in

FIG. 5. The comparison of THz emission profile with changing
thicknesses of HM between experimental data and theoretical calcu-
lation when spin reflection at FM/HM interface is 20% and 100%.
(a) Comparison for sapphire/Co/Pt structure with data taken from
[19]. (b) Comparison for MgO/Fe/Pt structure with data taken from
Ref. [20].

Fig. 5. From the generalized spin diffusion model [Eq. (9)]
in the HM layer, we know that the spin reflections at the
interfaces will play a more significant role at lower com-
pared to higher thicknesses. To see the influence of the
spin reflections, we calculated two sets of THz emission
profiles as a function of HM layer thicknesses. Then, we
compared them to two different sets of normalized exper-
imental data for Sapphire(1 mm)/Co(3 nm)/Pt(x nm) and
MgO(0.5 mm)/Fe(12 nm)/Pt(x nm) samples taken from
Refs. [19,20]. In these two sets of calculations, we took the
spin reflection percentage as 20% and 100% for the FM/HM
interface and compared them to the experimental data
(μ̄ = 20% and μ̄ = 100% in Eq. 9). We can see that when
20% of spins are reflected (80% spins transmitted), the profile
shows a much better fit to the experimental data at lower thick-
nesses. This can be evidence to show that one possible reason
for the appearance of a positive second derivative at low thick-
nesses in the experiment comes from the spin reflections at the
interfaces in the HM layer. Hence, it is crucial to consider the
spin reflections when dealing with low HM thicknesses.

IV. CONCLUSION

We built a theoretical model that included a spin diffusion
profile in HM, a spin generation efficiency profile in FM, and
an excitation laser energy profile in FM with the modified
TMM to describe the spintronic THz emission. The thick-
nesses of the layers and the substrate, the material choice,
the layer arrangement, and the pump laser frequency all affect
the THz emission profile. Using this model, we showed that
the peak position of the THz pulse as a function of the HM
thickness is dominated by the spin diffusion length. How-
ever, other contributions, such as laser absorption and layer
arrangements, play a non-negligible role. We also showed
that an accurate description of the spin current reflection at
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interfaces is important to achieve accurate predictions at low
thicknesses (dHM < 4 nm). This is important because the THz
signal usually peaks within this thickness range. Finally, we
showed that a proper experimental fitting needs to be done
to extract reliable information about the STE, such as spin
diffusion length for both HM and FM, spin transmission and

reflection percentage at each interface, and THz emission
efficiency.
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