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Separation of emission mechanisms in spintronic terahertz emitters
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Spintronic thin films were shown to be promising high-performance broadband terahertz (THz) emitters.
For spintronic ferromagnet/heavy metal heterostructures, THz emission arises from three mechanisms: the
magnetic dipolar radiation due to the ultrafast demagnetization, the transient current radiation due to spin-
charge conversion, and anomalous Hall effect. Here, we demonstrate that the three mechanisms show distinct
dependences on the thickness of the ferromagnetic layer. With the insertion of an ultrathin Al2O3 layer
between the ferromagnetic and heavy metal layer, the spin-charge conversion is suppressed when the Al2O3

thickness exceeds 1 nm. Our results agree with the theoretical predictions based on a simple spin-diffusion
model.
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I. INTRODUCTION

Since the discovery of the ultrafast demagnetization in Ni
by Beaurepaire et al. [1], the interaction between femtosecond
laser pulses and magnetic materials has allowed magnetic
moments to be manipulated on the subpicosecond timescale
[2–4]. This discovery brings the speed of the spintronic de-
vices to terahertz (THz) frequencies [5]. In 2004, Beaurepaire
et al. reported that the ultrafast demagnetization in Ni results
in the emission of a THz pulse proportional to the second
derivative of the magnetization (d2M/dt2) [6]. This phe-
nomenon is explained with Maxwell’s electromagnetic theory
by considering a time-dependent magnetic dipole. Although
the magnetic dipole radiation cannot be considered an ef-
ficient THz radiation mechanism, the THz spectrum is still
of great significance for revealing ultrafast spin dynamics of
ferromagnets [7], ferrimagnets [8], and even antiferromagnets
[9]. Recently, Huang et al. [10] experimentally investigated
the THz emission behaviors in thick Co films and confirmed
a direct relation between the THz emission and the photoin-
duced magnetization dynamics.

Kampfrath et al. proposed a different spintronic THz
emission mechanism through spin-charge conversion (SCC)
[11,12]. It is demonstrated that the ultrafast spin current could
be effectively converted into an ultrafast charge current at the
ferromagnet/heavy metal interface or in the bulk of the heavy
metal layer. Femtosecond laser heating excites superdiffusive
spin-polarized hot electrons in the ferromagnet layer [13–16].
In the presence of an adjacent heavy metal layer with strong
spin-orbit coupling, the spin-polarized hot electrons diffuse
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into the heavy metal layer and form an ultrafast spin current
that flows in the normal direction of the film plane [17–19].
Later, various types of materials with strong spin-orbit cou-
pling were studied, such as heavy metals [20,21], Rashba
interfaces [22,23], and topological insulators [24], etc. The
ultrafast spin current can be converted to an ultrafast charge
current via SCC mechanisms, such as the inverse Edelstein
effect or the inverse spin Hall effect [25–27]. For ferro-
magnet/heavy metal bilayers, Huisman et al. demonstrated
the helicity-dependent THz emission, which results from a
helicity-dependent femtosecond laser-induced rotation of the
ferromagnet magnetization [28,29]. The SCC mechanism dra-
matically enhances the THz emissions from spintronic THz
emitters.

More recently, Zhang et al. demonstrated the THz emis-
sion from a single-layer ferromagnet via the anomalous Hall
effect (AHE) [30]. For metallic ferromagnet films, hot elec-
trons are reflected at the ferromagnet/dielectric interface to
form backflow nonthermal charge currents. The backflow cur-
rents from the two interfaces are not completely canceled
out, leading to a net backflow current. The backflow current
is converted to a transverse transient charge current via the
AHE.

Although the three THz radiation mechanisms have been
proposed independently to explain the spintronic THz emis-
sion, a direct comparison of these mechanisms is still lacking.
This paper presents a systematic study of the THz radiation
generated from the three emission mechanisms. The paper is
organized as follows: the samples and the experimental setup
are described in Sec. II. In Sec. III, we present the role of the
Al2O3 buffer layer, the ferromagnet thickness dependence for
the three THz emission mechanisms, and the effect of a thin
Al2O3 insertion layer. In Sec. IV, we analyze the magnetic
dipole contribution and the SCC contribution from typical fer-
romagnet/heavy metal spintronic THz emitters quantitatively.
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FIG. 1. Schematic of a spintronic bilayer Al2O3 (1 nm)/CoFeB
(8 nm)/W (4 nm)/Al2O3 (3 nm) grown on glass substrates. The near-
infrared laser is incident on the film side: (a) front excitation or the
substrate side (b): back excitation).

II. METHODS

In this study, the following four series of samples have been
prepared by magnetron sputtering on glass substrates:

Series 1: W (4 nm)/CoFeB (1, 2, 4, 8, 16 nm)/MgO (1
nm)/Ta (2 nm)

Series 2: Al2O3 (1 nm)/CoFeB (2, 4, 8, 16 nm)/Al2O3 (3
nm)

Series 3: Al2O3 (1 nm)/CoFeB (8 nm)/Al2O3 (0–4 nm)/W
(4 nm)/Al2O3 (3 nm)

Series 4: Al2O3 (1 nm)/CoFeB (8 nm)/Al2O3 (0–4 nm)/Pt
(4 nm)/Al2O3 (3 nm)

For all the samples, Al2O3 (1 nm) and Al2O3 (3 nm) serve
as the buffer layer and the capping layer, respectively. The
role of Al2O3 (1 nm) will be further discussed in Sec. III A.
All the CoFeB layers show an in-plane magnetic anisotropy.
Atomic force microscopy (AFM) analysis shows that the thin-
film roughness is less than 0.8 nm (see Fig. 7 in Appendix A).

The THz emission spectra were carried out in a home-built
THz time-domain spectrometer. During the whole experi-
ment, a static in-plane field of 1000 Oe is applied to fix the
CoFeB magnetization. A femtosecond laser pulse is generated
by an amplified Ti:sapphire laser with a central wavelength
of 800 nm, a pulse duration of 35 fs, and a repetition rate
of 1 kHz. We use a fluence of ∼0.42 mJ/cm2 to pump the
spintronic THz emitter, and the THz pulse is detected with a
2-mm-thick ZnTe crystal via electro-optical sampling. When
the pumped laser is incident from the film (substrate) side, it
is referred to as front- (back-)side excitation. [Figs. 1(a) and
1(b)]. We add another glass substrate in front of the film to
minimize the impact of the substrate on the THz signal. The
humidity is lower than 2% during all the measurements.

III. RESULTS

A. Emission mechanisms in single CoFeB layer

We first investigate the THz emission from a single ferro-
magnet layer. Figure 2(a) shows the THz signals generated
from Glass//CoFeB (8 nm)/Al2O3 (3 nm) without an Al2O3

buffer layer. We observe opposite waveform polarities with
front and back excitations. After inserting a thin Al2O3 layer

FIG. 2. THz waveforms from glass//CoFeB (8 nm)/Al2O3 (3 nm)
(a) and glass//Al2O3 (1 nm)/CoFeB (8 nm)/Al2O3 (3 nm) (b) hetero-
junctions with front and back excitations.

between the CoFeB layer and the glass substrate, the THz
signal is greatly reduced, and the waveform polarities are the
same for front and back excitations [Fig. 2(b)]. We observe
similar THz waveforms for the thickness of the Al2O3 buffer
layer ranging between 1 and 3 nm (data not shown).

The THz emission strongly depends on the two
CoFeB/dielectric interfaces, which agrees with the AHE-
induced THz emission in single-layer ferromagnets proposed
by Zhang et al. In the absence of the thin Al2O3 layer, the two
interfaces of CoFeB are asymmetric. The backflow currents
from the two interfaces will not be canceled out due to the
two different interfaces, leading to a net backflow current.
The net backflow current is then converted to a transverse
transient charge current via the AHE. After inserting a thin
Al2O3 buffer layer, the two interfaces of CoFeB are simi-
lar, leading to a reduced net backflow current. It should be
noted that even in the case of symmetric interfaces such as
Al2O3/CoFeB/Al2O3, the bottom interface is smoother than
the upper interface. Therefore, the net backflows cannot be
fully compensated. The AHE radiation should always exist in
single-layer CoFeB.

Moreover, the ultrafast demagnetization of CoFeB can be
described as a time-dependent magnetic dipole, leading to
magnetic dipole radiation. According to the electromagnetic
theory, magnetic dipole radiation depends solely on mag-
netization dynamics. Because the ultrafast demagnetization
dynamics are similar for both the front and back excitations,
THz waveform polarities are expected to be the same, which
agrees with the results in Fig. 2(b).

B. CoFeB thickness dependences for THz emission mechanisms

Figure 3(a) shows THz waveforms from CoFeB (16 nm)
with front and back excitations. We identify a clear loss in
amplitude for back in comparison to front excitation. This
can be understood by considering the waveform polarities
driven by AHE and magnetic dipole effect. In the case of front
excitation, the waveform polarities are the same for the two
mechanisms, resulting in an enhanced THz signal; in the case
of back excitation, the waveform polarities are different for
the two mechanisms, and the total THz signal is reduced.

For further clarifying the two mechanisms in single-layer
CoFeB, we analyzed the THz emission as a function of
CoFeB thickness. Figure 3(b) shows the waveforms from front

064419-2



SEPARATION OF EMISSION MECHANISMS … PHYSICAL REVIEW B 104, 064419 (2021)

FIG. 3. (a) THz waveforms from CoFeB (16 nm) without any
heavy metal layer with front and back excitations. (b) THz wave-
forms from CoFeB (2, 4, 8, and 16 nm) with front excitation. (c)
The peak amplitudes are extracted at 4 ps for front and back ex-
citations. The average (magnetic dipole) and the difference (AHE)
are calculated and plotted as a function of the CoFeB thickness.
(d) THz waveforms from CoFeB (8 nm)/W (4 nm) with front and
back excitations. (e) THz waveforms from W (4 nm) /CoFeB (1, 2,
4, 8, and 16 nm). (f) The peak amplitudes are extracted at 4 ps and
are plotted as a function of the CoFeB thickness. The buffer layer
Al2O3 (1 nm) and the capping layer Al2O3 (3 nm) are omitted for
simplicity.

excitation. (Back excitation results are not shown.) The peak
amplitudes of THz waveforms are extracted at 4 ps for front
and back excitation. Considering the waveform polarity for
the two mechanisms, we conclude that the average and the
difference correspond to the magnetic dipole contribution and
the AHE contribution, respectively. The magnetic dipole con-
tribution and the AHE contribution are shown as functions
of CoFeB thickness in Fig. 3(c). For the magnetic dipole
contribution, the THz signal increases monotonically with the
CoFeB thickness, which can be explained because the mag-
netic dipole field increases as the CoFeB thickness increases.
For the AHE contribution, the THz emission reaches its maxi-
mum value at ∼6 nm of CoFeB and then decreases gradually,
which is consistent with the result reported by Zhang et al.
[30].

Figure 3(d) shows the THz signals generated from CoFeB
(8 nm)/W (4 nm) with front and back excitations. The polarity
of the emitted THz pulses reverses when the pump beam is
incident on the opposite side of the heterostructure. The oppo-
site polarities indicate that the in-plane charge currents have a
180° phase shift in oscillations of the transient charge pulse.

According to the SCC mechanism [11], the transient charge
currents generated by inverse spin-Hall effect jc ∝ js × σ ,
where jc is the charge current, js is the spin current, and σ

is the direction of the spin polarization. By pumping in the
opposite direction, the ultrafast spin current js flows in the
opposite direction and reverses the polarity of the ultrafast
charge current jc [31,32].

Figure 3(e) shows the waveforms from W (4 nm)/CoFeB
(1, 2, 4, 8, 16 nm). The peak amplitudes of THz waveforms are
extracted at 4 ps and plotted as a function CoFeB thickness.
[Fig. 3(f)] The THz emission reaches its maximum value at
2 nm of CoFeB, which is similar to previous studies [21].
The thickness dependence is related to the laser-induced spin
diffusion and the optical absorption in the ferromagnet layer
[33,34]. (See Sec. IV and Fig. 9 in Appendix C for the
spin-diffusion calculation.)

C. CoFeB/Al2O3/heavy metal

The THz emission should arise from the three mechanisms
in a typical spintronic THz emitter based on the ferromag-
net/heavy metal heterostructure. The THz signal due to the
SCC is usually much stronger than the other mechanisms. To
distinguish the three emission mechanisms, we insert a thin
Al2O3 layer between the heavy metal layer and the CoFeB
layer. The spin current reaching the heavy metal layer can be
effectively controlled by varying the thickness of the Al2O3

layer.
Figure 4(a) shows the THz waveform of CoFeB

(8 nm)/Al2O3 (0.9 nm)/W (4 nm). The THz waveforms show
clear asymmetry for front and back excitations: the signal
from the front excitation is much smaller than that of back
excitation. It has been shown that the waveform polarity
from magnetic dipole radiation remains the same for front
and back excitations, while the waveform polarity from the
other contributions, i.e., the contributions due to anomalous
Hall effect and spin-charge conversion, become the opposite.
Therefore, we are able to decompose the two waveforms in
Figs. 4(b) and 4(c) into the average part (the magnetic dipole
contribution, pink dashed lines) and the difference part (the
SCC contribution and the AHE contribution, green dashed
lines). Similarly, The THz waveform obtained from CoFeB
(8 nm)/Al2O3 (0.9 nm)/Pt (4 nm) are asymmetric for front
and back excitation [Fig. 4(d)]. In Figs. 4(e) and 4(f), the two
waveforms are decomposed into the average part (the mag-
netic dipole contribution, pink dashed lines) and the difference
part (the SCC contribution and the AHE contribution, green
dashed lines).

We notice that the average part in Fig. 4, which stands for
the magnetic dipole contribution, is more or less the same for
the two samples and/or the two excitation directions. How-
ever, the difference part depends on the competition between
the SCC contribution and the AHE contribution. Note the
waveform polarities are different for the two samples, because
the signs of the spin Hall angle are different for W and Pt.

To tune the intensity of the THz signal arising from
SCC, we vary the thickness of the Al2O3 insertion layer in
CoFeB/Al2O3/W and CoFeB/Al2O3/Pt. The peak intensities
are plotted as a function of the thickness of the Al2O3 insertion
layer in Figs. 5(a) and 5(b). When the Al2O3 layer is very thin,
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FIG. 4. (a) THz waveforms from CoFeB (8 nm)/Al2O3 (0.9
nm)/W (4 nm) with the front and back excitations. For the case
of back excitation (b) and front excitation (c), the total signal is
decomposed into a superposition of the difference part (green dashed
line, SCC and AHE contributions) and the average part (pink dashed
line, magnetic dipole contribution). (d) THz waveforms from CoFeB
(8 nm)/Al2O3 (0.9 nm)/Pt (4 nm). The difference part and the average
part are shown for the back (e) and front (f) excitations. The buffer
layer Al2O3 (1 nm) and the capping layer Al2O3 (3 nm) are omitted
for simplicity.

it is discontinuous, and the spin current is able to propagate
through the pinholes of the Al2O3 layer. As the thickness
of the Al2O3 layer increases, the intensity of THz signals
decreases gradually since the amplitude of the transient spin
current is related to the thickness of the Al2O3 insertion layer.
When the thickness of the Al2O3 layer approaches ∼0.9 nm,
the Al2O3 layer becomes continuous and blocks the spin cur-
rent at the ferromagnet/heavy metal interface.

FIG. 5. (a) Peak intensity is shown as a function of the Al2O3

thickness for CoFeB (8 nm)/Al2O3 (x nm)/W (4 nm). (b) The peak
intensity is shown as a function of the Al2O3 thickness for CoFeB
(8 nm)/Al2O3 (x nm)/Pt (4 nm). The buffer layer Al2O3 (1 nm) and
the capping layer Al2O3 (3 nm) are omitted for simplicity.

FIG. 6. Magnetic current density (a) and electric current density
(b) are shown as a function of time. The current densities are aver-
aged over the total film thickness.

The insets of Fig. 5 show the peak amplitude variation with
the Al2O3 thickness above 1 nm. In the inset of Fig. 5(a),
we observe both the magnetic dipole effect and AHE for the
sample CoFeB/Al2O3/W, which is consistent with the previ-
ous results of a single CoFeB layer [Fig. 3(c)]. However, for
CoFeB/Al2O3/Pt, the magnetic dipole contribution remains
the same while the AHE contribution disappears [inset of
Fig. 5(b)]. It might be due to some structural change at the
CoFeB interfaces after the deposition of the Pt layer.

IV. DISCUSSION

In this section, we present a quantitative analysis for the
THz emission mechanisms. For the THz emission via AHE,
the current pulse cannot be easily evaluated because it strongly
depends on the interfacial properties. For the magnetic dipole
radiation and SCC-type radiation, the driving sources are ul-
trafast magnetic current pulses and ultrafast electric current
pulses, respectively. According to the electromagnetism the-
ory, an electric dipole and a magnetic dipole can be described
as Il and Kl , respectively, where I is the electric current, K
is the magnetic current, and l the length of the two dipoles.
Assuming the oscillation frequencies of the two dipoles are
the same, the ratio of the electric dipole field and the mag-
netic dipole field follows ηI/K , where η is the free-space
impedance.

For the magnetic dipole radiation, the magnetic current is
triggered by time-dependent magnetization. [Fig. 6(a)] The
magnetic current density can be evaluated using the ultrafast
demagnetization curve (Fig. 8 in Appendix B). For the laser
fluence used in this study (0.42 mJ/cm2), we observe 40% de-
magnetization, which corresponds to a peak magnetic current
density of 3.8 × 1011 V/m2.

For the SCC-type radiation, we qualitatively analyze the
spin-current density and the SCC in the heavy metal layer.
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For simplicity, we use a spin-diffusion model to describe the
spin diffusion in the ferromagnet/heavy metal heterostructure.
Note that the spin-diffusion model neglects the transport of
superdiffusive hot electrons. For a more accurate description
below several hundreds of picoseconds, one needs to solve the
Boltzmann equation to include the transport of spin-polarized
hot electrons [18]. The spin-diffusion equation is given as
follows:

∂μs

∂t
= D

∂2μs

∂z2
− μs

τs
+ gs

μBNF
,

where μs = μ↑ − μ↓ is the spin chemical potential, D is the
spin-diffusion constant, τs is the spin-relaxation time, gs =
−dM/dt is the spin generation rate, μB is the Bohr mag-
netron, and NF is the electron density of states. The D of
Pt and CoFeB are 200 and 100 nm2/ps, while the τs of Pt
and CoFeB are 0.5 and 0.1 ps, respectively [15]. The spin
generation rate is obtained from the ultrafast demagnetiza-
tion dynamics, which are measured using the time-resolved
magneto-optical Kerr effect. The charge current can be ob-
tained by using the spin Hall angle γ ∼ ±0.05 [35]. Our
calculation shows that the peak charge current density reaches
7 × 1011A/m2. [Fig. 6(b)] Therefore, the ratio between SCC
radiation and magnetic dipole radiation is estimated to be
ηI/K ∼ 33, which is consistent with the experimental data
(Fig. 3).

V. CONCLUSION

In conclusion, we have shown that the THz emission
from spintronic THz emitters arises from three mechanisms:
the spin-charge conversion, the anomalous Hall effect, and
the magnetic dipole radiation. The three mechanisms show
different CoFeB thickness dependences. The THz radiation
generated from the spin-charge conversion is significantly
reduced by inserting a thin Al2O3 layer in the ferromag-
net/heavy metal heterojunctions. It is found that spin-charge
conversion is suppressed if the Al2O3 thickness is above 1 nm.
Our experiment reveals the interplay of the spintronic THz
emission mechanisms in spintronic THz emitters. Using the
magnetic dipole radiation as a reference signal, it is possible
to evaluate the ultrafast electric current pulses in spintronics
THz emitters.
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APPENDIX A: THIN-FILM ROUGHNESS

To quantify the roughness of the Al2O3 layer, we performed the AFM analysis for Glass//Al2O3 (3 nm). The film height is
found to vary between −0.4 nm and +0.4 nm. (Fig. 7).

FIG. 7. (a) A typical AFM image of glass//Al2O3 (3 nm) film. (b) Height profile extracted at the red line, showing a step height of ∼0.8 nm.
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APPENDIX B: ULTRAFAST DEMAGNETIZATION

We analyzed the ultrafast demagnetization dynamics of
CoFeB [Fig. 8(a)]. The magnetic current density can be evalu-
ated using the ultrafast demagnetization curve [Fig. 8(b)]. For
the laser fluence used in this study (0.42 mJ/cm2), we observe
40% demagnetization, which corresponds to a peak magnetic
current density of 3.8 × 1011 V/m2.

FIG. 8. (a) The ultrafast demagnetization curve was measured
via the time-resolved magneto-Kerr effect. (b) In the CoFeB layer,
the spin generation rate per unit volume is obtained by numerical
differentiation of the demagnetization curve.

APPENDIX C: ULTRAFAST SPIN DIFFUSION

Figure 9 shows the spin diffusion in the ferromagnet/heavy
metal heterostructure calculated using the spin diffusion
model.

FIG. 9. Calculated spin-current dynamics in the ferromagnet and
heavy metal layers with respect to time.
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