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Analysis and control of terahertz radiation parameters

in the CoFeB/(Pt, W, Ta) structures
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This paper presents the results of studying a series of spintronic terahertz emitters based on bilayer structures
consisting of layers of ferromagnetic CoxoFesoB2o and heavy metals Pt, W, and Ta. The structures were fabricated
in one and the same process cycle on a common substrate. The results confirm that the mechanism of terahertz
generation in the investigated series is related to the inverse spin Hall effect. It is shown that the terahertz emitter
with a non-magnetic Pt layer produces terahertz radiation with an amplitude an order of magnitude higher than that
in structures based on W and Ta, which is due to a larger spin Hall angle. In addition, the study has demonstrated
the possibility of controllable manipulation of the terahertz radiation polarization in the developed series by using
external magnetic field applied in the direction of the hard magnetization axis.
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Terahertz (THz) radiation (~ 0.1-30THz) -exhibits
unique properties making it promising for a large number
of applications [1-3]. Regardless of a significant progress
in THz technologies, creation of efficient, inexpensive and
compact THz radiation sources still remains a relevant
task. Recent discoveries in the field of THz spintronics
have led to creating conceptually and technologically simple
spintronic THz emitters (STEs) based on structures made
of ferromagnetic (FM)/non-magnetic (NM) materials [4].
The STE operation is based on the processes of ultrafast
laser-induced demagnetization in FM films [5,6] and spin-
charge transformation: inverse spin Hall effect (ISHE) [5,7]
and inverse Rashba—Edelshtein effect [8].  STEs are
characterized by high efficiency and wide range of operating
frequencies [9]; they also open up new opportunities for
controlling the THz radiation polarization, amplitude and
frequency [10-12]. A significant part of the currently per-
formed studies is devoted to optimizing the STE design so as
to achieve maximum efficiency of THz generation [7,13,14].
At the same time, one of the STE advantages is the
possibility to control the THz radiation characteristics, e.g.
polarization, by using magnetic fields. Development of
controllable STEs implies providing the necessary magnetic
characteristics of spintronic structures. For instance, an
efficient tool for rotating the polarization in a wide angle
range are structures with uniaxial magnetic anisotropy
whose magnetization perpendicular to the anisotropy axis
leads to spin reorientation and rotation of THz polarization
in a wide range of angles [10,11].
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This paper presents the results of studying the THz
radiation emission from a set of THz emitters based on
bilayer FM/NM structures fabricated in one and the same
technological cycle on a common substrate. The main goals
of the study were as follows: (i) obtaining comparative
data on the THz emission efficiency in structures with
various NM layers (Pt, W and Ta); (ii) analysis of the
THz generation mechanisms in the set of emitters under
study;(iii) creation of uniaxial magnetocrystalline anisotropy
in FM layers of the structures under consideration for
the purpose of controlling the THz radiation polarization;
(iv) investigation of the structuresmagnetic characteris-
tics (magnetic THz-hysteresis loops, coercivity, anisotropy
fields).

Magnetic structures were grown on a sapphire substrate
by cathode sputtering at a LEYBOLD Z550 setup. To create
uniaxial magnetic anisotropy in the plane of the structure,
the CoyoFegoByo FM film 1.8nm thick was deposited in
magnetic field from a target with the same stoichiometric
composition. The substrate surface was divided into four
sections. In three sections there were fabricated bilayer
FM/NM structures containing non-magnetic metals of three
types (Pt, W and Ta); the NM layers were 1.8 nm thick. The
fourth section was a single-layer CoyoFegoBag structure free
of a non-magnetic layer. Thicknesses of ferromagnetic and
non-magnetic materials were selected based on the research
results presented in [7]. The authors have demonstrated that
in the case of a bilayer STE the emitted THz pulse amplitude
reaches its maximum at the total structure thickness of
~ 3.6nm. The sample schematic view is given in Fig. 3, a.



Analysis and control of terahertz radiation parameters in the CoFeB/(Pt, W, Ta)...

71

x5

CoFeB/Pt |

1
2— CoFeB/W ]
3 —CoFeB/Ta 1
: 4—-CoFeB 0
IR R SR B [ 1
-1 0 1 2 3 4 o 1 2 3 4 5 6 7

Time delay, ps

Frequency, THz

Figure 1. a — schematic diagram of the experimental sample and geometry of the THz spectroscopy experiment time-resolved from
the laboratory frame of reference xyz. b — time dynamics of THz radiation generated by spintronic emitters under the applied external
magnetic field of +2kOe. The inset presents a histogram illustrating the dependence of maximum amplitude of the generated THz
radiation (for the delay time of 0ps) on the NM layer material. ¢ — frequency spectra of generated THz pulses obtained by the Fourier

transform method.
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Figure 2. Analysis of the THz generation mechanisms in bilayer CoFeB/(Pt,W,Ta) structures. a — investigation of the effect of the
external magnetic field H polarity on the THz signal temporal dynamics; b — investigation of the effect of direction of the structure
irradiation with a laser pulse on the generated THz signal phase under the applied magnetic field with the same polarity.

Parameters of the THz radiation generation in the
FM/NM structures were studied by using time-resolved
Hransmission“THz spectroscopy. Detailed description of
this technique is given in [10]. Fig. 1,5 presents temporal
shapes of THz pulses generated by the CoFeB/(Pt,W,Ta)
structures. THz signals were measured in the geometry
with external magnetic field H 2kOe in strength applied
along the easy magnetization axis (E.A. is the,easy” axis).
The laser pump energy density was 0.5ml/cm?, with the
Gaussian beam full width at half-maximum of 1.28 mm. As
Fig. 1,b shows, the greatest THz peak-to-peak amplitude
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(the difference between the maximum and minimum ampli-
tude values) was observed for the CoFeB/Pt structure; its
value was 17 and 22 times higher than those for CoFeB/ W
and CoFeB/Ta, respectively. Reversal of the THz signal sign
for W— and Ta-based emitters with respect to those with
Pt (the inset to Fig. 1,b) is caused by the difference in the
spin Hall angle signs.

The THz signal amplitude for the CoFeB FM film
failed to be detected (Fig. 1,b). We relate the absence
of this signal to the fact that the main mechanism of
THz generation in ferromagnetics (such as Co, CoFeB,
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Figure 3. Magnetic hysteresis loops of the THz signal in the CoFeB/(Pt,W,Ta) structures.

The insets present polarization-angle

dependences of the THz amplitude Ex, which have been measured in the magnetic field of +2kOe by rotating the THz polarizer.

etc.) is associated with the effect of ultrafast laser-
induced demagnetization [15,16]. This mechanism is clearly
pronounced for thick (~ 10nm) FM films and is almost
fully non-manifestable in ultrathin films [17]. Fig. 1,c
presents the frequency spectra obtained by fast Fourier
transform of temporal THz signals. The detected THz
frequency range does not exceed 5THz, being limited by
the sensitivity threshold of the ZnTe detector crystal 200 um
thick.

Studies performed at the next stage allowed relating
the THz radiation generation by the structures under
consideration to the ISHE mechanism. Charge current
Jjc arising in the NM layer due to ISHE is defined as

jc < Osuljs x M|, where gy is the spin Hall angle of the
NM film, js is the spin current propagating from the FM
film to the NM layer, bf M is the unit magnetization vector
of the FM-film. The charge current direction determines
polarization of the generated THz wave.

We have analyzed the influence of direction of the
external magnetic field oriented in the FM film plane on
the THz wave polarization (phase) (Fig. 2,a). As Fig. 2,a
shows, variations in polarity of the magnetic field of £2kOe
are accompanied by inversion of the THz wave phase, which
confirms the spin nature of the generated THz radiation.
Then the sample was rotated by 180° about the y axis of the
laboratory frame of reference (Fig. 2,5). Changeover of the
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sample side irradiated by the laser pulse is accompanied by a
change in the direction of the spin current propagation from
the FM— to NM-layer. As a result, inversion of the THz
pulse phase takes place (Fig. 2,b). Time delay tqy = 6.4 ps
between THz pulses generated for two different sample
orientations relative to that of laser pumping is caused by
the difference in speeds of the optical and THz beams
propagation in the materials of the substrate and metal films.

Fig. 3 demonstrates the THz-signal magnetic hysteresis
loops obtained by measuring the dependence of the THz
signal amplitude (for ty = O ps in Fig. 2, a) on external mag-
netic field in the CoFeB/(Pt,W,Ta) structures. The magnetic
hysteresis loops were measured in two configurations: with
the magnetic field applied along the easy magnetization axis
(E.A.) and along the hard magnetization axis (H.A. that
is the ,; axis). Projection of the THz radiation electric
field onto axis X in the laboratory frame of reference was
measured. The obtained THz signal hysteresis reflects
variations in direction of the THz-radiation polarization in
the angle range of £180° due to the magnetic moment
rotation in the FM film plane, which is controlled by the
external magnetic field [10].

As follows from the obtained hysteresis loops, coercive
field H; for structures with Pt, W and Ta is 26, 18
and 150e, respectively. Magnitudes of saturation field
Hs for the CoFeB/(Pt,W,Ta) structures are ~ 125, 100
and 50 Oe, respectively. The presence of the pronounced
hard magnetization axis allows us to speak about the
possibility to precisely control the THz polarization by
external magnetic field in the low magnetic field range
of —100 to 100 Oe by the method demonstrated in [10,11].

The Fig. 3 insets present the THz-signal angular depen-
dences obtained by rotating the THz polarizer installed
in the THz beam path under the applied magnetic field
of 2kOe. The position corresponding to 0° on the
angular diagrams corresponds to the position of the THz
polarizer maximally transmitting X component of the THz
field. Angular dependences (red curves; the color version
of the figure is given in the article electronic version)
were approximated by the method described in detail
in [11,18]. Good agreement between the experimental and
approximation results allowed us to conclude that the THz
polarization in the saturation state is linear.

Thus, the THz emission efficiency has been shown to
depend on the NM layer material and spin Hall angle;
the highest efficiency is exhibited by the structure with
Pt. The main THz generation mechanism is ISHE; this
has been confirmed by observing the THz-signal phase
inversion with changover of the external magnetic field
polarity and variation in the sample orientation with respect
to the exciting wave propagation direction. The absence
of a THz signal in the case of a single-layer CoFeB film
is explained by that the main THz generation mechanism
associated with ultrafast laser-induced demagnetization does
not manifest itself in ultrathin films (1.8nm). We have
demonstrated the possibility of precisely varying the THz
polarization in the range of —180 to 180° by using the
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external magnetic field. The control procedure is highly
energy efficient: coercive field He does not exceed 26 Oe,
while saturating fields Hs and anisotropy fields Hy do not
exceed 100 Oe. In this paper, the results obtained for the
studied structures have been explained within the ISHE
model; they are in qualitative agreement with available
experimental data obtained by other authors, and can serve
as a guide in developing spintronic THz emitters with
controllable parameters.
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