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The effect of the cobalt layer thickness on the magnetic characteristics in a series of spintronic terahertz emitters is

analyzed. Both single-layer Co(d) films, where d is a variable thickness from 3 to 10 nm, and two-layer structures of

Co(d)/W(3 nm) and W(3 nm)/Co(d) with uniaxial magnetic anisotropy are considered. The results emphasize the

critical role of structural parameters, especially in thin layers, where an increase in magnetic stiffness and coercive

field is observed due to an increase in the density of defects at the interfaces. It is shown that optimal magnetic

characteristics and energy efficiency are achieved in ferromagnetic films with a thickness of about 10 nm, which is

important for the development of THz emitters with high polarization controllability. The study demonstrates that

the structure of Co(10 nm)/W(3 nm) provides a better balance between the efficiency of THz emission and the

coercive field, due to a combination of mechanisms of ultrafast demagnetization and the reverse spin Hall effect
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1. Introduction

THz spintronics in recent years has demonstrated sig-

nificant achievements having offered the brand new ap-

proaches to efficient generation of THz-emission via a

superfast control of magnetization and spin dynamics in thin

ferromagnetic (FM) and FM/nonmagnetic (NM) metallic

films. Special attention was paid to the films with

thickness of several nanometers where these processes are

clearly manifested. The key breakthrough in this area was

achieved by Kampfrath group in 2013 [1], that was first to

demonstrate a spintronic THz-emitter functioning based on

the inverse spin Hall effect. This discovery provided new

opportunities for creation of simple and high-energy THz-

emission sources generating intensive and wideband (up
to 10 THz) THz-emission pulses comparable with organic

crystals in terms of peak electrical fields [2,3]. The

concept of spintronic THz-emitter itself allows to control

the polarization of THz-emission due to the change of

orientation of ferromagnetic layer magnetic moment [4].
Due to these features the spintronic THz-emitters are

distinguished among the variety of THz-sources and become

perspective for use in a wide range of applications, from

biomedicine to telecommunications.

Since the spintronic THz-emitters have been discovered a

lot of efforts were made for their improvement to reach

the most efficient THz-generation. The main strategy

for improvement is based on solving the following tasks:

1) selection of the best materials, 2) improvement of their

thicknesses. An overview summarizing major achievements

in this area for the last 10 years is given in paper [3] Not

only a wide range of ferromagnetic materials used as a

spin current source are considered here, but also a wide

group of materials that can be used for transformation

of the spin current into charge current. Materials used

in THz spintronic emitters for a spin-charge transformation

are featuring a wide range of various properties and include:

heavy non-magnetic metals [3,5] and magnets [4], including
anti-ferromagnetic materials [6–8] with high value of Hall

spin angle, topological insulators [9–12] and semiconduc-

tors [13–18].

When it comes to the analysis of metal layers thickness

influence on THz-emission efficiency, also many studies

have been performed [5,19–21]. The correlation between

the thickness of FM- and NM-layers and amplitude of the

generated THz-wave in classic spintronic emitters based

on the inverse spin Hall effect are analyzed in details

in paper [19]. Complying with the model presented in

paper [19] when selecting the metal layers thickness it

is necessary to strike a compromise between three basic

parameters [19]: 1) optical power Pabs absorbed by the

structure and directly influencing the value of generated

THz-field 2) critical thickness of FM-layer d0 (∼ 0.8 nm

for iron) defining the spin current generation threshold for

its further transport to HM-layer and, hence, defining the

initial THz-generation threshold, 3) parameter character-

izing exponential attenuation of THz-signal when passing

through metal layers and determining the reverse ratio of

THz-intensity versus total thickness of spintronic emitter.
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Parameters of the fabricated group of samples

Sample description Layer thickness, nm
Hc (E.A.), Oe Hc (H.A.), Oe
[MOKE]/[THz] [MOKE]/[THz]

Co(10 nm)/W(3 nm) 10.0± 1.5/3.1± 0.5 56/41 19/22

Co(5 nm)/W(3 nm) 5.2± 0.3/3.3± 0.2 106/70 40/47

Co(3 nm)/W(3 nm) 3± 0.3/3± 0.1 141/84 65/62

W(3 nm)/Co(10 nm) 3± 0.1/10.1± 0.1 57/32 2/28

W(3 nm)/Co(5 nm) 3.3± 0.2/5.3± 0.3 37/37 22/22

W(3 nm)/Co(3 nm) 3± 0.01/2.9± 0.1 95/79 1/63

Co(10 nm) 11.6± 1.0 63/46 63/48

Co(5 nm) 4.9± 0.3 229/199 157/137

Co(3 nm) 3.5± 0.3 181/169 110/98

As it comes to THz-emission polarization control, the

design of a inter-plane magnetic anisotropy with a clearly

defined hard magnetic axis during emitters fabrication is

of the key importance [4,22–27]. However, in spite of

extensive research in this area, small attention was paid to

the influence of structural characteristics of thin FM-films

and their interfaces on magnetic properties which, in their

turn, are a key factor for THz-polarization control. Only

in paper [19] a small analysis was performed of spintronic

Fe/Pt emitter’s magnetic characteristics which are critical for

THz-polarization control. The authors demonstrate that with

FM-layer thicknesses of several nanometers the structure is

characterized by a magnetic loop, corresponding to the easy

magnetic axis and with decrease of Fe ferromagnetic layer

below the critical value d0 the structure behavior tends to

be super-magnetic.

In this paper we focus on the analysis of influence of

ferromagnetic Co layer thickness on magnetic characteristics

and efficiency of THz-emission generation in a series of

spintronic emitters, including Co/W and W/Co structures

with a fixed 3 nm thickness of HM-layer. Our main task is

to define how the FM-layer thickness variation impacts the

key parameters of THz-emitters.

2. Experiment description

In this paper we considered three series of samples

of spintronic THz-emitters: single-layer films of Cobalt,

two-layer FM/NM structures, where Co was used as a

ferromagnetic material, and W as a normal metal. We

analyzed two types of two-layer structures differed by

the order of layers sequence: W/Co(d) and Co(d)/W.

Thin films of emitters were fabricated by the method of

magnetron sputtering using DST-3A (VacCoat) system on

SiO2 substrates in the outer magnetic field with intensity

of Hext = 3.5 kOe for generation of a inter-plane uniaxial

magnetic anisotropy. The pressure in the chamber before

deposition was 10−5 Torr. The films were sputtered at

room temperature in argon environment. Argon pressure

during deposition of all samples was 9.7 · 10−3 Torr, power

of RF-source — 210W for Co and 150W for W. In the

fabricated series of samples the thickness of Co films was 3,

5 and 10 nm. Thickness of non-magnetic layer W was

constant — 3 nm. Description of manufactured samples is

given in Table.

Analysis of magnetic characteristics (saturation field,

anisotropy field and coercive force) of the fabricated struc-

tures was carried out using standard method of meridional

magneto-optic Kerr effect (MOKE) along the structure

magnetization axis relative to the incident light on the sam-

ple. Also the films surface characteristics were analyzed by

method of atomic-force microscopy (AFM). The roughness

measurements for a fabricated series of structures didn’t

allow to identify the influence of FM-layer thickness on

the roughness parameters. The values of average roughness

(Ra) corresponded to 0.647 ± 0.2 nm, while root-mean-

square roughness value (Rq) was 1.037 ± 0.4 nm for all

analyzed films.

Within THz-emission study the standard method of

terahertz emission spectroscopy with time resolution was

used (THz-TDS). Ti : Sapphire femtosecond laser with

wavelength 800 nm, pulse frequency 3 kHz and duration of

about 35 fs was used as a source of excitation emission.

To study the influence of magnetic field on generation of

THz-emission the sample was placed in constant magnetic

filed generated by an electromagnet. The system and

THz-emission recording method are given in details in our

papers [4,28].

3. Results and discussion

The thicknesses of metal films in a series of spintronic

emitter samples were confirmed by the method of ellipso-

metry. The results of layers thickness measurements are

given in the Table. The loops of magnetic hysteresis in

”
hard“ magnetic axis and

”
easy“ magnetic axis obtained

by MOKE method are given in Figure 1 The analysis of

measurements results identified the increase of coercive field

Hc with the decrease of Co ferromagnetic layer. Specific

valuesHc for each sample are given in the Table.

From Figure 1 we can see that magnetic hysteresis loops

obtained by MOKE method and THz-hysteresis loops for
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Figure 1. Magnetooptical hysteresis (a) and magnetic THz-hysteresis (b) for Co films, 3, 5 and 10 nm.

a series of Co-based structures coincide in terms of all

ferromagnetic metal thicknesses. As we may see from the

obtained loops the reduction of Co thickness is accompanied

by the growth of coercive field Hc , which is clearly observed

both, for the MOKE-loops, and for magnetic THz-hysteresis

loops. The results of the study proved existence of a distinct

magnetic anisotropy with clearly defined hard and easy

magnetic axes which is crucial for control of THz-emission

polarization. All dataHc obtained from analysis of the loops

are given in the Table.

Figure 2 schematically shows the samples of ferromag-

netic Cobalt film spintronic emitters studied in this paper

(Figure 2, a) and FM/NM bi-layers with W/Co as an exam-

ple (b). For these two types of THz-generators the THz-

generation mechanism will be different. In the first case

the THz-generation occurs due to the process of superfast

demagnetization in the ferromagnetic layer, in the second

case — due to the process of spin-charge transformation as

a result of inverse spin Hall effect. Figure 3, c illustrates

the temporal dynamics of THz-signal for single-layer 3, 5

and 10 nm thick Cobalt samples measured in magnetic field

+2 kOe for two sample orientations relative to the magnetic

field propagation direction: FS — when the structure is

irradiated from the side of magnetic films, BS — when the

structure is irradiated from the substrate side. Time delay

between THz-signals, measured in FS and BS geometries,

occurs because of difference in the refraction indices fro

optical (n = 1.4526) and THz-emissions (n ≈ 2.127) in the

substrate SiO2. The difference in THz-signal amplitude for

the two orientations is explained by different absorption

of THz-emission in the glass substrate. As seen from

Figure 3, c the change of the sample orientation with respect

to the laser beam for FS and BS configurations is not

followed by inversion of THz-signal phase which is the case

for superfast demagnetization.

For bi-layer FM/NM structures the phase of THz-signal

will be defined not only by the direction of applied outer

magnetic field which defines the direction of magnetic

moment in cobalt film but by the direction of spin current

flow as well. The direction of the spin current flow in

such structures, in its turn, will depend on the change of

the sample orientation. Figure 3, a illustrates the temporal

dynamics of THz-signals obtained for W(3 nm)/Co(5 nm)
and Co(5 nm)/W(3 nm) samples in the outer magnetic field

+2kOe oriented parallel to the easy axis. As seen from

Figure 3, a, the change of FS sample configuration into BS

(see Figure 2, b) will result in the change of terahertz pulse

polarity. The change of THz-signal phase when transiting

from the front side to the reverse side in FM/NM like

structures is a confirmation of the spin effect contribution

into THz-emission generation.

The results shown in Figure 3, b, demonstrate the influ-

ence of Co layer in Co/W structures on THz-hysteresis when

the magnetic field is applied along H.A. (top) and E.A. (bot-
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Figure 2. (a) The scheme of THz-emission generation in case of superfast demagnetization in Cobalt ferromagnetic films. (b) Spin-charge
transformation in case of Hall inverse effect in a classic spintronic W/Co emitter. (c) Temporal dynamics of THz-signal generated by a

series of simple emitters on the basis of Cobalt films 3, 5 and 10 nm thick, measured in the outer magnetic field +2 kOe in FS and BS

configurations.

tom), respectively. With the growth of Cobalt thickness a

distinct decrease of the coercive field is observed, as in the

case of Co single-layer spintronic emitters (Figure 1). The

decrease of coercive field with the growth of ferromagnetic

film thickness is a result of a complex interaction between

the domain structure, magnetic interactions in the material

and structural characteristics of the film. The magnet

domains in thin films are distinguished by small sizes and

a more complex structure because of high surface energy

compared to the thick films, which is accompanied by a

much higher magnetic hardness. With the growth of the

ferromagnetic material the size of domains also increases

which makes the process of their re-magnetization easier

and, hence, reduces the coercive field. Moreover, in very

thin films the defects, especially at the interfaces, as well as

at the grain boundaries, may also lead to higher coercivity,

while in the thick films the stresses may be distributed

more evenly, making their re-magnetization process easier.

In particular, in case of bi-layer Co/W spintronic emitters,

the coercive field for the sample with 3 nm thick Cobalt

is 84Oe and it decreases twofold up to 41Oe when the

sample thickness reaches 10 nm, which proves the trend of

coercivity decrease with the layer thickness growth.

Figure 4 illustrates the result of THz-generation efficiency

in the studied structures where THz-emission generation

occurs due to superfast demagnetization processes (single-
layer Co films emitters and double-layer Co/W(3nm))
structures and inverse spin Hall effect (W(3 nm)/Co),
depending on the ferromagnetic layer thickness. The

amplitude of THz-signals, shown in Figure 4, is calculated as

a sum of maximal and minimal values of THz-signal (Peak-
to-Peak amplitude), which corresponds to the full amplitude

of a single THz-pulse oscillations.

For W/Co structure the amplitude of THz-signal drops

evenly with the increase Co layer thickness, which is

consistent with results in other papers [5,19–21]. Such

behavior is predictable, given the model presented in

paper [19], where dependence of generated THz-signal

from the layer thickness in ferromagnetic and non-magnet

materials is described.

For the single-layer Co and Co/W samples described

earlier in this paper it was demonstrated that super-fast

demagnetization in such structures is the basic (prevailing
for Co/W) mechanism of THz-emission generation, which

is also in line with other papers, e. g. for Cobalt [29]. The

growth of THz-signal amplitude in these emitters with the
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Figure 3. (a) Temporary profiles of terahertz signal for W/Co and Co/W structures for BS and FS configurations obtained in magnetic

field +2 kOe. (b) Magnetic THz-hysteresis obtained for structures Co(3,5,10 nm)/W(3 nm) during magnetization along H.A. and E.A.

growth of thickness of ferromagnetic film is associated with

the increase of inter-plane magnetization component in the

Cobalt layer as its thickness grows [29]. Here we rely on

the assumption that an optical pumping pulse coherently

excites the elemental magnetic dipoles causing the change

of magnetization with time and leading to generation

of electrical field emitted in the fa zone and polarized

inx direction, where Ex(t) is proportional toMx , x — a

component of the ferromagnetic layer magnetization vector.

The inverse relation between THz-emission and Cobalt

layer thickness in the series of Co/W samples is some-

what an unexpected case since, as mentioned earlier, the

mechanism of THz-emission generation shall be related

to the inverse spin Hall effect. However, monotonous

growth of THz-emission amplitude with the growth of Co

layer thickness for this sample indicates a prevailing role

of super-fast demagnetization in the mechanism of THz-

generation. At the same time, the results shown in Figure 3

for Co(5 nm)/W(3 nm) sample prove that THz-signal is

inverted due to a change in the charge current flow direction

for FS and BS configurations which is consistent with the

inverse spin Hall effect. Thus, we may conclude that

for Co/W samples the THz-emission generation includes

simultaneously two mechanisms: super-fast demagnetization

and spin-charge transformation due to the inverse spin Hall

effect, the first mechanism being prevailing which is seen

from the ratio of THz-signal amplitude versus Cobalt layer

thickness (Figure 4). This, in its turn, explains the higher

value of THz-amplitude compared to the pure Cobalt films

as seen in Figure 4.

Magnetic hysteresis loops studied for thicknesses of

Cobalt layers of 3 and 5 nm (Figure 3, b) show a significant

increase in coercive field as expected because of such

inhomogeneities as surface roughness of Cobalt film and

other structural defects peculiar to the thin films. It was

found that the thinnest Co film of 3 nm among Co/W

samples, where the impact of surface effects is maximal,

demonstrates the lowest amplitude of THz-emission, thus,

indicating the influence of the micro-structural characteris-

tics on the emission efficiency.

Summarizing all the above, it shall be emphasized that

the most perspective structures for creation of THz-emitters
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with controlled polarization are the structures like Co

(10 nm)/W(3 nm). This configuration is featuring high

amplitude of THz-emission comparable with those observed

in classic double-layer thin-film W(3 nm)/Co(3 nm) emitters

operating based on the inverse spin Hall effect. In addition,

the Co(10 nm)/W(3 nm) structure outpaces the thin-film lay-

ers of Cobalt in terms of efficiency of THz-emission which is

in favor of the use of complex multi-layer systems compared

to the single-layer ones which rely on the super-fasting

demagnetization effect only. Thus, the results of out study

focus on the importance of ferromagnetic films structural

singularities to be taken into account in development and

improvement of spintronic THz-emitters with a purpose to

provide THz-emission polarization control.

4. Conclusion

This paper outlines the study of a series of THz-

emitters based on thin Cobalt films of various thicknesses

(3, 5, and 10 nm): Co, W(3 nm)/Co and Co/W(3 nm).
A detailed analysis of THz-generation mechanisms in these

structures allowed to identify that in the single-layer Co

films the generation of THz-emission is closely related to

the process of super-fast demagnetization. This was proved

by observing the increase of THz-emission intensity with

the growth of Cobalt thickness, as well as by the absence

of dependence of THz-signal phase from the direction of

structure irradiation by laser pulse. In double-layer W/Co

structures, functioning based on the inverse spin Hall effect,

the highest amplitude of THz-emission was registered at

minimal Cobalt thickness (3 nm), which proves the critical-

ity of the interface effects and best spin current distribution

for the effective spin-charge transformation. In Co/W

structures we found a reverse dependence of THz-emission

amplitude indicating a more complex generation mechanism

which includes both, the super-fast demagnetization and

the spin-charge transformation due to the inverse spin Hall

effect. Ultimately, the study focuses on the criticality

of structural and interface characteristics of ferromagnetic

films for improvement of THz-emitters. This influence

is most noticeable in the films of small thickness, where

complex interactions at microscopic level can greatly modify

the magnetic and, as a consequence, terahertz properties.

Thus, our studies not only expand the understanding of

fundamental physical processes in the spintronic systems,

but also provide practical guidelines for improvement of

their efficiency and functionality, including control of THz-

emission polarization.
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J. Tignon, T. Boulier, N. Reyren, R. Lebrun, J.-M. George,
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