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Using THz emission spectroscopy, we investigate the elementary spin dynamics in ferromagnetic single-layer

Fe on a sub-picosecond timescale. We demonstrate that THz radiation changes its polarity with reversal of the

magnetization applied by the external magnetic field. In addition, it is found that the sign of THz polarity excited

from different sides is defined by the thickness of the Fe layer and Fe/dielectric interface. Based on the thickness

and symmetry dependences of THz emission, we experimentally distinguish between the two major contributions:

ultrafast demagnetization and the anomalous Hall effect. Our experimental results not only enrich understanding

of THz electromagnetic generation induced by femtosecond laser pulses but also provide a practical way to access

laser-induced ultrafast spin dynamics in magnetic structures.

DOI: 10.1088/0256-307X/41/4/044203

In recent years, laser-induced ultrafast magnetiza-

tion dynamics in matter has attracted strong basic the-

oretical and technological interest. [1–7] Indeed, the abil-

ity to efficiently modify the magnetization of ferromag-

netic (FM) metals on a femtosecond timescale paves the

way to practical applications for ultrafast optical writ-

ing of magnetic memories and magnetic data storage and

manipulation. [8,9] Although many interesting theories and

experimental explanations have been presented, a clear

physical picture of the processes occurring during the in-

teraction of ultrashort laser pulses with spin order remains

unclear. [10–14]

THz radiation is the part of electromagnetic spec-

trum that lies between microwave and far-infrared

radiation. [15–18] In general, the THz frequency range spans

from 0.1 to 10THz. THz radiation has become an increas-

ingly important area of research owing to its potential ap-

plications in various fields such as biomedicine, security,

and metamaterial sensors. [19–24] Recently, several exper-

iments have shown that THz emission spectroscopy pro-

vides the opportunity for investigating the spin dynamics

in antiferromagnetic [25–27] and FM heterostructures. [28–31]

THz emission spectroscopy is based on the following prin-

ciple: an ultrashort laser pulse excites a transient spin cur-

rent and/or magnetic dipole in the sample, which in turn

acts as a source of electromagnetic radiation emitted from

the sample into free space. In the case of sub-picosecond

dynamics of the laser-induced electronic and/or magnetic

dipole, the frequency of emitted electromagnetic radiation

falls into the THz range. [32,33]

In 2004, Beaurepaire et al. first discovered that ul-

trafast demagnetization (UDM) of Ni can generate THz

radiation, and it is proportional to the second time deriva-

tive of the magnetization and is described by the three-

temperature model. [1,2] In 2020, Zhang et al. demon-

strated a method for ultrafast THz magnetometry which

directly accessed the ultrafast magnetization dynamics in

a single-layer Fe film. [34] Kampfrath et al. discovered

the spin-to-charge conversion mechanisms in FM and non-

magnetic heterostructures for THz emission, [35] including

the inverse spin Hall effect (ISHE) [36] and inverse Rashba–

Edelstein effect. [37,38] In contrast to the mentioned mech-

anisms, the anomalous Hall effect (AHE) was also demon-

strated to generate THz radiation in a single FM layer

without a nonmagnetic layer or Rashba interface. [39–41]

The AHE mechanism involves the generation of back-

flow charge current from the FM layer/dielectric interface

and subsequent conversion to a transverse transient charge

current. [42,43] Recently, Liu et al. analyzed the difference

between the THz emission from the capping and substrate

sides of CoFeB films and demonstrated that the contribu-

tions of AHE and UDM are ∼ 93% and ∼ 7% compared to

the THz emission, respectively. [40] However, for a thicker

FM film, THz emission was found to be dominant due to

the photo-induced UDM. [44] Note that for various sam-

ples with different thicknesses the ratio of UDM and AHE

mechanisms should be different, but a systematic study

demonstrating the relationship between UDM and AHE is

still missing.

In this Letter, we employ a method of THz emission

spectroscopy to investigate the spin dynamics in laser-

excited FM Fe nanometer films. We investigate the ef-
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fect of magnetic field, photo-excitation symmetry, and Fe

thickness dependence on the THz emission. We distinguish

the different contributions to the THz radiation from the

UDM and AHE mechanisms. The THz amplitude with the

UDM mechanism (magnetic dipole) is linearly dependent

on the thickness of the Fe layer. The emitted THz ampli-

tude with the AHE mechanism (electric dipole) increases

with increase in Fe layer thickness up to about 5 nm. When

the thickness is greater than 5 nm, the THz emission de-

creases with increasing thickness. In the present case, the

anomalous Nernst effect (ANE) cannot be directly ob-

served when the sample is pumped by a Ti:sapphire re-

generative amplifier.

Preparation of Samples. Thin films of Fe with differ-

ent thicknesses were deposited on MgO (001) substrates

at room temperature using DC magnetron sputtering. All

the Fe films were covered by a 5-nm-thick SiO2 capping

layer grown by radio-frequency magnetron sputtering. The

base pressure of the sputter chamber was 5× 10−5 Pa.

Experimental Setup. To capture the features of the

emitted THz radiation from single-layer Fe we performed

the THz emission experiment shown in Fig. 1(a). The

Fe layer samples were photo-excited and the THz pulses

were emitted through the sample on a MgO substrate. A

Ti:sapphire laser delivered pulses of 120 fs duration with a

central wavelength of 800 nm and repetition rate of 1 kHz.

A 1-mm-thick ⟨110⟩ ZnTe crystal acted as a detector for

the THz pulses using electro-optic sampling (EOS). A

static in-plane magnetic field of 𝐻 = 200mT (along the 𝑥-

axis) was used to saturate the magnetization of all Fe films.

All measurements were purged with dry air to avoid ab-

sorption of water vapor at room temperature. The normal-

incidence excitation configuration excludes the contribu-

tion of magnetically enhanced surface nonlinearity to the

observed THz emission. [45] Details of the THz emission

spectroscopy are described elsewhere. [46]
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Fig. 1. (a) Schematic of THz emission spectroscopy. (b) THz emission with excitations from the FM side (+𝑛)

and MgO side (−𝑛), respectively. The SiO2 capping layer is omitted for simplicity. (c) Schematic of the AHE-based

THz emission mechanism of single-layer Fe.

Experimental Data Analysis. Figure 2 plots the gen-

erated THz pulses from a MgO/Fe sample with opposite

magnetization directions (±𝐻) and photo-exciting sides

(±𝑛) when the single-layer Fe is irradiated by the amplifier

laser pulse normally. Figure 2(a) shows the typical time-

domain THz emission signals, 𝐸EOS(𝑡), generated from

MgO/Fe (30 nm). Both 𝐸EOS(𝑡) are inverted symmetri-

cally as the direction of sample magnetization 𝑀 is re-

versed with an external magnetic field of ±𝐻 = ±200mT

(sufficient to saturate the Fe film). It is important to note

that the polarization of the emitted THz pulses is along

the 𝑧-axis and the component along the 𝑥-axis is negligible.

The polarization of THz generation follows the direction

perpendicular to 𝑀 . It can be seen that the polarity of the

THz waveform is the same when the sample is flipped from

+𝑛 to −𝑛. The THz waveform is delayed when the sample

is pumped from the Fe side (+𝑛) due to the increase in the

optical path by the 0.5mm thick MgO substrate for THz

pulse propagation. Thus, the THz emission from a 30-nm-

thick Fe film is mainly attributed to UDM, described as

time-resolved magnetic dipole radiation. The polarity of

THz waveforms is expected to be the same, because the

dynamics of UDM does not change for both MgO substrate

and Fe film side pumping when the external magnetic field

is fixed.

It should be noted that the experimental result is dif-
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ferent for the THz emission from 3-nm-thick Fe film, as

shown in Fig. 2(b). The polarity of the THz emission is re-

versed when the magnetization direction is reversed, while

the polarity of the THz waveform is reversed when the

sample is flipped, indicating a feature of in-plane charge

currents resulting from the spin-to-charge conversion. [46]

It can also be found that the polarities of THz emission

in the 30 nm and 3 nm samples are opposite when pumped

from the FM side while keeping the magnetization direc-

tion the same. The THz emission result depends sensi-

tively on both the pumping configuration and the thick-

ness of the sample. Note that the THz emission due to the

ISHE mechanism is expected to be neglected since there

is no heavy metal with high spin-to-charge conversion effi-

ciency in our samples. Figure 2(c) shows the results for the

THz waveforms of the 3-nm-thick sample with laser excita-

tion varied from 0.2mJ·cm−2 to 4.1mJ·cm−2. Figure 2(d)

shows the linear dependence of the peak amplitude of THz

emission on the pump fluence for different Fe single layer

thicknesses (3 nm, 4 nm, 5 nm, 7 nm, 10 nm, and 12 nm). It

should also be noted that the THz peak amplitude varia-

tion with respect to the pump fluences for samples with dif-

ferent thickness shows different proportional trends, which

suggests that the measured THz emission originates from

a combination of UDM and the AHE, as explained later.
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Fig. 2. (a) THz emission waveforms from 30-nm-thick Fe film. (b) THz emission waveforms from 3-nm-thick Fe

film. The blue waveforms are for FM side pumping (+𝑛); the red waveforms are for MgO side pumping (−𝑛); solid

lines are for a positive magnetic field (+𝐻); dashed lines are for negative magnetic field (−𝐻). (c) Measured THz

waveforms as a function of pump fluence. (d) THz peak amplitude for Fe films as functions of pump fluence.

Let us discuss the distinctive features of THz genera-

tion from UDM and the AHE. Upon excitation by 800 nm

pump light, the laser-excited hot electrons in Fe excite

nonequilibrium magnons and generate a transient spin

voltage 𝑀̇ ∝ 𝑗s ∝ 𝜇↑ −𝜇↓, where 𝜇↑ and 𝜇↓ are the chem-

ical potentials of majority- and minority-spin electrons in

the FM layer, respectively. [47,48] These processes in turn

drive ultrafast demagnetization, which induces THz gen-

eration, 𝐸UDM
THz (𝑡) ∝ 𝜕2𝑀(𝑡)

𝜕𝑡2
. The polarity of 𝐸UDM

THz (𝑡) is

independent of the FM side and MgO side pumping. For

AHE-induced THz emission it was attributed to the con-

version of the laser-excited net backflow current (longitu-

dinal) to a transient transverse current. [39] As shown in

Fig. 1(c), due to the different interfaces, the backflow cur-

rents of 𝑗bf1 and 𝑗bf2 from the Fe/SiO2 capping layer and

MgO substrate/Fe interfaces, respectively, will not be can-

celed out. This leads to a net backflow longitudinal current

𝑗bf = 𝑗bf1 − 𝑗bf2 along the film thickness direction. Ac-

cording to the AHE, 𝑗bf(𝑡) can be converted to a transient

charge current 𝑗c(𝑡) = 𝜃AHE(𝑗bf(𝑡)× 𝑀
|𝑀| ), where 𝜃AHE and

𝑀
|𝑀| are the anomalous Hall angle and the magnetization

direction of Fe films, respectively. Thereby, 𝑗c(𝑡) emits a

THz pulse, 𝐸AHE
THz (𝑡) ∝ 𝜕

𝜕𝑡
[𝑗c(𝑡)]. The polarity of 𝐸AHE

THz (𝑡)

is reversed upon flipping the pumping side from the MgO

side to the FM side. 𝑗bf(𝑡) depends on the dielectric prop-

erties of the interfaces, such as roughness, crystal structure

and interface intermixing.

To distinguish the contributions of UDM and the AHE

to THz emission in single-layer Fe film, we performed

thickness-dependent measurements under four different
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configurations (i.e., ±𝑛 and ±𝐻) in Fig. 3. The pump

fluence was fixed at 0.8mJ·cm−2. Figures 3(a) and 3(b)

depict the THz waveforms from Fe films (thickness vary-

ing from 2nm to 30 nm) with FM side pumping for +𝐻

and −𝐻, respectively. Figures 3(c) and 3(d) show the THz

waveforms from Fe films with substrate side pumping for

+𝐻 and −𝐻, respectively. Below a thickness of 3 nm, the

laser-induced THz emission is barely noticeable. It is im-

portant to see that the amplitude and phase of the emitted

THz waveforms are strongly dependent on the thickness of

sample. The 5-nm-thick film has the maximum THz emis-

sion amplitude. The polarities of the THz waveforms in

5 nm and 30-nm-thick films are reversed for comparison,

as shown in Figs. 3(a) and 3(b).
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The THz waveforms from Fe thin films include con-

tributions from both UDM and the AHE. As mentioned

above, the polarity of the THz emission by the AHE is op-

posite for pumping from the substrate side and from the

FM layer side, while the contribution from UDM does not

change under the same magnetization. Thus, 𝐸+𝑛
EOS(𝑡) =

𝐸UDM
EOS (𝑡) + 𝐸AHE

EOS (𝑡) and 𝐸−𝑛
EOS(𝑡) = 𝐸UDM

EOS (𝑡) − 𝐸AHE
EOS (𝑡).

Consequently, the distinct contributions of UDM- and

AHE-based THz emission can be extracted by

𝐸UDM
EOS (𝑡) =

1

2
[𝐸+𝑛

EOS(𝑡) +𝐸−𝑛
EOS(𝑡)], (1)

𝐸AHE
EOS (𝑡) =

1

2
[𝐸+𝑛

EOS(𝑡)−𝐸−𝑛
EOS(𝑡)]. (2)

In Figs. 4(a) and 4(b) we decompose the two waveforms,

𝐸UDM
EOS (𝑡) and 𝐸AHE

EOS (𝑡) for Fe films with different thick-

nesses. The solid lines and dashed lines correspond to

the measurements with +𝐻 and −𝐻, respectively. We

notice that the polarity of the waveform for the UDM

contribution is opposite to that for the AHE contribu-

tion. Figures 4(c) and 4(d) show the peak amplitudes of

𝐸UDM
EOS (𝑡) and 𝐸AHE

EOS (𝑡) plotted as functions of Fe thickness.

For both ±𝐻 the THz emission via the UDM mechanism,

𝐸UDM
EOS shows a linear dependence on the Fe thickness. The

evolution of amplitude and frequency of 𝐸UDM
EOS can be a

probe for the varying demagnetization processes of the Fe

film. [49] In terms of the THz emission via the AHE mech-

anism, 𝐸AHE
EOS reaches a maximum for 5-nm-thick Fe and

then decreases monotonically when the thickness further

increases. The thickness dependence of THz emission is a

combined effect of optical/THz absorption, backflow cur-

rent generation and conversion. [39]

Finally, we notice that the THz waveforms for 4-nm

and 5-nm-thick Fe films have the same polarity, which is

different from the THz emission driven by a femtosecond

Ti:sapphire oscillator. THz emission changes the polar-

ity sign for 4-nm and 5-nm-thick Fe, consistent with the

DC ANE voltages. This provides experimental evidence

of the ANE mechanism THz emission due to the ultrafast

temperature gradient created by the oscillator femtosec-

ond laser. [50] It is noted that the AHE voltages have the

same sign for the 4-nm and 5-nm-thick samples, which

is in line with the unchanged sign of the THz emission

signals. Based on the calculation results in our previous

work, [50] the electron temperature gradient∇𝑇 via ANE is

proportional to the pump fluence below 0.2mJ·cm−2, but

deviates from the linear dependence and becomes smaller

at high pump fluences (see Fig. S7 in Ref. [50]). Thus,

the relative contribution to the THz emission from ANE

is small at high pump fluences. Our experimental results

and calculations are also consistent with the observation

of unchanged THz polarity of Fe (10 nm) upon sample flip-

ping, in which a pump fluence of 1.1mJ·cm−2 was used. [34]

Our measurement demonstrates that both UDM and AHE

mechanisms dominate THz emission from Fe films driven

by a Ti:sapphire regenerative amplifier.

To summarize, by using THz emission spectroscopy

and an associated symmetry analysis we have demon-

strated UDM- and AHE-driven THz emission in single-

layer Fe films. Based on the magnetic field, pumping ge-

ometry and thickness dependences of THz emission from

single-layer Fe films, we separate the AHE and UDMmech-

anisms. We compare the polarities of THz emission from

4-nm and 5-nm-thick samples: they have the same polar-

ity, which indicates that the contribution from the ANE

is unobservable for pumping by a Ti:sapphire regenerative

amplifier. Our results not only enrich understanding of

THz electromagnetic emission but also provide a practi-

cal way to access laser-induced ultrafast spin dynamics in

magnetic structures.
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