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1. Introduction

Due to the terahertz (THz) spin dynamics and absence of the net
magnetization, antiferromagnetic (AFM) materials offer unique
advantages for ultrafast and diverse spin-based nanoscale device
functionalities.[1–3] The most widely studied physical

phenomenon is the magnon resonance in
AFM materials, which can be induced by
THz Zeeman torque,[4] optical Raman-type
excitation,[5] and electric dipole-mediated
nonlinear THz-spin coupling.[6] Recently,
coherent spin pumping effects have been
observed in AFM/Pt heterostructure.[7,8]

THz radiation pumps spin currents into
adjacent metals, which convert into charge
currents through inverse spin-Hall effect
(ISHE)[9] and results in an open-circuit
DC voltage. In contrast, an optical genera-
tion of ultrafast spin current was reported
in the NiO (20 nm)/Pt (3 nm).[10] Although
the pure spin current has been demon-
strated via ultrafast spin pumping,[11,12]

the readout of the spin information in
AFM is still difficult as they are generally
not sensitive to the external field, as the
net magnetization of AFM is much smaller
than that of ferromagnetic (FM) materials.

It is worth noting that all-electrical switching of the magneti-
zation in AFM materials with lacking of the local inversion sym-
metry has attracted tremendous interests, which is critical for
potential applications of AFM spintronics.[13–17] In the case of
conductive bimetallic alloys containing Mn, a large anomalous
Hall effect (AHE) and spin Hall effect (SHE) have been
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Recently, ferromagnetic/nonmagnetic heavy metal heterostructures have been
intensively investigated as terahertz (THz) emitters. The interconversion of spin-
to-charge dynamics plays a central role for efficient emission of THz electro-
magnetic pulses. However, a direct observation of spin–charge interconversion
in antiferromagnetic (AFM) materials occurring on the sub-picosecond time
scale remains a challenge. Herein, the magnetic-field-, pump-fluence-, and
polarization-dependent THz emission behaviors by a femtosecond optical pump
in cobalt (Co)/Mn2Au nanometer heterostructure are experimentally investigated.
The Co/Mn2Au bilayer generates sizable THz signals, whereas the Mn2Au/Pt
bilayer does not show any THz emission. In addition, the thickness- and
temperature-dependent THz emission measurements indicate a direct relation
between the THz amplitude and the conductivity of AFMMn2Au layer. The results
obtained will not only promote the fundamental understanding of ultrafast spin–
charge interconversion in Co/Mn2Au heterostructures, but also provide a pos-
sibility of spectroscopic-based spin current detector at THz-frequency range.
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theoretically proposed, due to the large spin-orbit coupling of
heavy atoms and the Berry phase of the noncollinear spin tex-
tures.[18,19] In contrast to insulating AFM materials, magneto-
optical Kerr effect in the Mn3Rh, Mn3Ir, and Mn3Pt can be attrib-
uted to the nontrivial off-diagonal optical conductivity.[20] Due to
the high Néel temperature, the mechanical hardness, and resis-
tant to oxidation, metallic AFM materials have been considered
as promising candidates for the exchange bias layer in spin
valves,[21,22] the magnetoresistance in nonvolatile memories,[23]

and the tips of scanning tunneling microscopy.[24]

The deep understanding of dynamical generation and detec-
tion of ultrafast spin currents is not only of fundamental interest
in conductive AFM spintronics, but also of practical relevance for
THz photonic applications.[25,26] To date, what has been mea-
sured in bilayers of YIG/Ir20Mn80

[27] and YIG/Mn2Au
[28] is that

the steady-state spin currents accumulation in the heterostruc-
tures, detected by sensing peaks or dips in the DC voltage.
Nevertheless, the electrical measurements require microstruc-
turing of the samples, which is costly, time consuming, and
may complicate data interpretation due to additional electric con-
tacting. In addition, the microwave rectification and heating-
related thermoelectric electromotive force are unavoidable in
the microwave spin pumping effect[29] and spin Seebeck effect[30]

measurements, respectively. A crucial missing is a direct experi-
mental observation of ultrafast spin–charge conversion of AFM
within the THz-frequency range, although it has been widely
investigated in paramagnetic heavy metals,[31–34] 2D MoS2,

[35]

and topological insulators of Bi2Se3 and Bi2Te3.
[36–38]

In this work, we use ultrafast laser pumping-induced THz
emission, as an method to investigate the ultrafast spin–charge
conversion in Co/Mn2Au bilayer on a femtosecond timescale.
A series of experiments have been carried out to reveal that
laser-induced spin transport plays a dominant role in the THz
emission from Co/Mn2Au nanofilms. We study the temperature
dependence of the THz emission from 10 K to room tempera-
ture. A continuous decrease is observed as temperature decreas-
ing, which is opposite to the temperature-dependent
magnetization of Co/Mn2Au. By analyzing different contribu-
tions, we found the conductivity of Mn2Au plays a dominant role
at low temperature, probing by THz transients. The insights into
the mechanisms underlying the THz generation in FM/AFM are
crucial for developing THz photonic-based rapid screening of
AFM materials in terms of spin-to-charge conversion.

2. Results and Discussion

The schematic of THz emission experiment is shown in
Figure 1a. Fabricated by magnetron sputtering, 5 or 8 nm metal-
lic Mn2Au layer on the single crystal MgO (100) substrate was
capped with the 3 nm Co film. The MgO substrate thickness
is 500 μm. To avoid oxidation of the sample, the bilayer sample
was covered by 1.5 nm Al, which oxidizes in ambient atmosphere
and serves as a capping layer (see Experimental Section). The lin-
early polarized ultrashort optical beam (center wavelength,
800 nm; repetition rate, 1 kHz; pulse duration, 120 fs) was

(a) (b)

(c) (d)

Figure 1. a) An 800 nm pump laser pulse is normally incident from the Co layer side and the emitted THz signals are detected along the z axis with a
transmission geometry. b) Magnetic hysteresis loops of the Co (3)/Mn2Au (5) and Co (3)/Mn2Au (8). The values in parentheses indicate the thickness of
the layers in nanometers. c) The THz waveforms of Co/Mn2Au bilayers in comparison with ZnTe, Co, and Mn2Au single layers; Co/Pt and Mn2Au/Pt
bilayers, obtained from the similar experimental conditions. Signals’ strengths are scaled by the amounts for better comparability. d) Fourier-transformed
spectra for Co/Mn2Au, Co/Pt, and ZnTe, which are normalized to peak amplitude 1.
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collimated with the excitation laser spot (diameter of 4mm) on
the sample. Figure 1b shows the in-plane magnetic hysteresis
loops of the Co (3)/Mn2Au (5) and Co (3)/Mn2Au (8), measured
by a vibrating sample magnetometer. The inset (right below)
shows an angular remanence magnetization (ARM) curve, the
magnetization versus the field angle with respect to the x axis.
The normalized ARM curve of the Co (3)/Mn2Au (5) exhibits
a twofold symmetry with a small remanence ratio, indicating
a relatively weak uniaxial magnetic anisotropy. The magnetiza-
tion (M) of the Co/Mn2Au heterostructures was set by applying
external magnetic fieldH¼ 2000 Oe (sufficient to saturate the Co
film) parallel to the x axis. The forward-propagation high-
frequency THz electric field, E(t), is inaccessible to the electrical
measurement technique, but can be collected with electro-optical
sampling (EOS) in the time domain, EEOS

THzðtÞ (see Experimental
Section).

Before we proceed with the results of measurement and inter-
pretation, we noted again the idea of our experiment. When the
Co/AFM heterostructures are illuminated by femtosecond
pumping pulses, a strongly out of equilibrium carrier distribu-
tion is easily created in the FM Co layer. On the one hand,
the ultrafast demagnetization and coherent spin pression are
often accompanied by the transient magnetic moment.[39,40]

Such a response is analogous to a straightforward Hertzian
dipole leading to a purely THz ultrafast magnetic dipole radiation
(UMDR), EM(t).

[41] On the other hand, during the excited hot car-
riers diffuse and relax, the majority-spin electrons are sp-like
band electrons and persist for a longer time at high energies than
the minority-spin electrons in d band,[35] resulting in an ultrafast
spin-polarized current.[30,31] As the spin diffusion length of the
Co layer (38� 12 nm) is much larger than the thickness of Co
layer (3 nm),[42] the spin-polarized current js can penetrate super-
diffusively into the adjacent AFM layers. Based on the ISHE, js
can be converted into the charge current jc, due to the strong
spin-orbit coupling of AFM layer. The efficiency of spin–charge
interconversion can be quantified by the product of the spin Hall
angle θAFM and the spin diffusion length λsd. In addition, the spin
current injection efficiency should be material and interface
dependent. In the direction orthogonal to both the M and js,
the transient jc flowing along the AFM layer is expected to gen-
erate THz emission, EP(t). The UMDR and the ISHE for THz
radiation remain entangled with how an ultrafast laser pulse
can modify the magnetic system. In terms of ISHE, the polarity
of EP(t) changes sign when the sample is flipped about M (“odd”
symmetry). In contrast, the sign of EM(t) does not change for the
case of UMDR (“even” symmetry).

Upon photoexcitation by linear-polarized ultrafast optical
pulses, as shown in Figure 1c, we detected the EEOS

THzðtÞ from
Co (3)/Mn2Au (5) and Co (3)/Mn2Au (8) bilayers fabricated on
MgO (100) substrate. EEOS

THzðtÞ was measured with pump fluence
of 1.4 mJ/cm2 and H¼þ2000 Oe applied along the x axis at
room temperature. In the same figure, we compare the
EEOS
THzðtÞ generated from a nominally identical 3 nm-thick Co sin-

gle layer, a 5 nm-thick Mn2Au single layer, a Co (3)/Pt (3) bilayer,
a Mn2Au (5)/Pt (7) bilayer, and a 1mm-thick (110)-ZnTe, as ref-
erence samples. The THz emission from Co (3)/Mn2Au (5) has
an amplitude�5% of that generated by a 1mm-thick (110)-ZnTe
crystal, and�12.5 % of that generated by an optimal Co (3)/Pt (3)

bilayer, which were measured under identical experimental con-
ditions. Figure 1d shows the normalized frequency-domain spec-
tra EEOS

THzðf Þ after Fourier transform of the time domain EEOS
THzðtÞ

for Co (3)/Mn2Au (5), a mature nonlinear crystal ZnTe, and an
optimized spintronic THz emitter Co (3)/Pt (3). In the covering
frequency range of 0.1–3 THz, we observe that the bandwidth of
EEOS
THzðf Þ from a 1mm-thick ZnTe cover a wider range of frequen-

cies, as compared with Co (3)/Mn2Au (5). The result suggests
that the spectral bandwidth of our Co/Mn2Au bilayer is not lim-
ited by that of the THz detection crystal. The dynamic range of
EEOS
THzðtÞ radiated from Co (3)/Mn2Au (5) is around 30 dB.
To better understand the origin of THz generation from

Co/Mn2Au heterostructures, several control experiments have
been carried out. First, the thickness of Co layer used in this work
was chosen to be 3 nm, which ensures a virtually uniform pump
intensity distribution within the Co film.[41] Thus, the effect
related to hot electron diffusion within the Co film can be safely
excluded. Second, the normal-incidence excitation scheme can
greatly eliminate the contribution of magnetically enhanced sur-
face nonlinearity to the THz emission.[43]

We further carry out the THz emission measurements by the
following four geometrical arrangements, in which 1) inverting
the magnetic field direction and 2) rotating the sign upon sample
flip. As shown the schematics in Figure 2a, ➊ and ➋ indicate the
pump pulse excites the heterostructure from Co layer side withH
fixed parallel and antiparallel to the x axis, respectively. By turn-
ing the sample around, ➌ and ➍ indicate the pump pulse excites
the sample from MgO substrate side with þH and �H, respec-
tively. Figure 2b shows the EEOS

THzðtÞ from Co (3)/Mn2Au (5) with
➊–➍ four experimental geometries.

As the raw data shown in Figure 2b, change the direction of
the magnetizing field (þH to �H) inverts the THz pulse, that is
reversing the phase of the THz pulse. It confirms the spin-based
origin of THz emission in the Co/Mn2Au heterostructure. The
polarization of emitted THz pulses (along z axis) is always per-
pendicular to the M (along x axis). Compared the THz emission
in the cases of➊ and➌ (➋ and➍), the polarity of EEOS

THzðtÞ is found
to be reverse sign. In addition, as shown in Figure 1c, the ampli-
tude of THz radiation arising from Co/Mn2Au is significantly
stronger than that from Co single layer with a same thicknesses
of 3 nm. All observations are in agreement with the spin trans-
port model.

Figure 2c shows the peak-to-peak value (Epeak
THz) of the THz sig-

nal as a function of pump fluence for Co (3)/Mn2Au (5) and Co

(3)/Pt (3). Epeak
THz was defined as the difference between the ampli-

tude maximum and minimum of the THz EOS signal. Epeak
THz ini-

tially increases with an increase in the pump fluence, and then
shows a saturating trend. The experimental data are well fitted by
the saturation formula, with the best-fit saturation fluence
Fsat¼ 1.52 and 1.13mJ cm�2 for Co (3)/Mn2Au (5) and Co
(3)/Pt (3), respectively.

To distinguish the THz generation mechanism of Co (3)/
Mn2Au (5) from nonlinear optical effect, we investigate the
azimuthal angle and pump polarization dependences of
the THz generation.[44] Under the experimental geometry of ➊,
Figure 2d shows the THz generation from Co (3)/Mn2Au (5) as a
function of the sample azimuthal angle at a fixed pump
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polarization. The THz peak value shows a onefold dependence.
Figure 2e shows the THz emission peak amplitude as a function
of the linearly pump polarization angle, which can be fitted by a
cosine function. The experimental result indicates that both iso-
tropic term and anisotropic term contribute to the THz emission
signal. However, the fitted results indicate the anisotropic and
isotropic terms have 3.3% and 96.7% contributions to the
THz peak amplitude, respectively. Therefore, the THz emission
by the anisotropic optical rectification term is negligible, com-
pared with the isotropic ISHE term.

To further verify the contribution of the inverse Faraday effect
(IFE),[5,45] inverse spin–orbit torque effect (ISOT),[46] spin-
dependent photogalvanic effect (SDPGE)[38,47] to the THz gener-
ation, the pump pulse helicity-dependent excitation are carried
out. As shown in Figure 3a, by pumping the Co (3)/Mn2Au (5)
with linearly polarized (LP), left circularly polarized (LCP), and
right circularly polarized (RCP) pulses, the THz emission gives
almost the same result. Figure 3b shows the 3D THz emission
waveforms (Ez and Ex components) for LP, LCP, and RCP pump-
ing. We found that Ex is much smaller than Ez. The electric field
of Ex does not change sign upon reversal of the helicity.
Our results indicate that ISHE is dominantly responsible for
THz generation from the sample, and the contributions from
ISOT and SDPGE are negligible.

We may also point out that based on the spin–charge conver-
sion for THz emission, it is expected that both AFM/HM and
AFM layers will produce negligible THz signal. As shown in
Figure 1c, we do not observe any THz emission from
Mn2Au/Pt bilayer and pure Mn2Au thin film, in which both

samples have zero net magnetization. This is consistent with
the results obtained from IrMn/Pt bilayer.[48] Thus, we can fur-
ther rule out the ultrafast demagnetization in the AFM layer as
the possible THz emission mechanism.

As shown in Figure 1c, the Co (3)/Mn2Au (5) heterostructure
shows around 2.37 times larger THz emission than that from Co
(3)/Mn2Au (8) bilayer. As the sample thickness is much smaller
than the wavelength of the THz radiation, the THz emissions can
be understood by[31]

ETHzðωÞ ¼ eZðωÞIc (1)

where e is the fundamental charge. ZðωÞ is the measured bilayer
impedance, quantifying the efficiency of charge current to THz
field conversion. ZðωÞ ¼ Z0

n1ðωÞþn2ðωÞþZ0∫
dtot
0 σðy,ωÞdy, where n1ðωÞ

and n2ðωÞ are the refractive indices of air and the MgO substrate,
respectively. For simplicity, we ignore the frequency dependence,
n1 ¼ 1 and n2 ¼ 3:2. Z0 ¼ 377Ω is the impedance of vacuum.
σðy,ωÞ is the in-plane conductivity of the Co/Mn2Au at depth y.
Figure 4a,b shows the real (σ1) and imaginary (σ2) parts of
the THz sheet conductivities for Co (3)/Mn2Au (5) and Co
(3)/Mn2Au (8), respectively, measured by contact-free THz time
domain spectroscopy (THz TDS, see Experimental Section). The
complex sheet conductivity can be fitted well by a Drude–Smith
model, σ̃sheetðωÞ ¼ σs, DC

1�iωτ ½1þ c
1�iωτ�, where σs,DC is the sheet DC

conductivity, τ is the momentum scattering time, c (between �1
and 0) represents the localization degree of carrier’s scattering.
Drude–Smith model is used to fit the real and imaginary parts of

(a) (b) (d)

(c) (e)

Figure 2. a) Schematics of the emitted THz radiation depends on the direction of the magnetic field (þH /�H) and layer directionality (þn/�n: the pump
is incident from the side of AFM layer or the side of MgO substrate, respectively). b) EEOS

THzðtÞmeasured from Co (3)/Mn2Au (5) at room temperature with
four experimental geometries. The zero-time delay corresponds to an arbitrary starting position. The time-delay between the cases of➊ and➌ (➋ and➍)
is due to the group velocity mismatch of 800 nm optical pulse and THz pulse propagating in the MgO substrate. c–e) THz peak values as functions of the
pump fluence (c), the azimuthal angle (d), and the pump polarization angle (e).
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σ̃sheetðωÞ, yielding the sheet DC conductance σs, DC ¼ 2.2 and 4.8
mS for Co (3)/Mn2Au (5) and Co (3)/Mn2Au(8), respectively.

In contrast, the in-plane sheet charge current Ic in the AFM layer
can be described by, Ic ∝ j0s ½TFM=AFM � θAFM � λsd � tanhðdAFM2λsd

Þ�,
where j0s is the spin current density injected through the FM/
AFM interface into the AFM layer. The factor TFM/AFM represents
the spin–angular-momentum transfer at FM/AFM interfaces.[49]

The spin Hall angle θAFM ¼ 0.035 for Mn2Au.
[28] The spatial

distribution of j0s is determined by the spin diffusion length
λsd ¼ 1.6 nm and the thickness of AFM layer dAFM. We then cal-

culate the ratio of ETHz Co 3ð Þð =Mn2Au 5ð ÞÞ
ETHz Co 3ð Þð =Mn2Au 8ð ÞÞ ¼ 2.22, which is normalized

by the saturation magnetization of two samples. Although the
result shows a good correlation between the experimental ratio
and analytical model. It should be noted that the interface factor
TFM=AFM plays an important role, which might be connected to
the spin- and energy-dependent interfacial electron transmis-
sion,[50] crystalline mismatch and roughness at the interface,[51]

and exchange coupling of the FM/AFM interface.[52]

Next, Figure 5a shows the temperature-dependent THz emis-
sion signals from the Co (3)/Mn2Au (5) bilayer. The sample was
magnetized at 300 K in advance and cooled under zero magnetic

field. Figure 5b shows a decreasing of Epeak
THz upon cooling the sam-

ple from 300 to 10 K. Subsequently, Epeak
THz recovers as the sample is

heated back to room temperature. As the amplitude spectra shown
in Figure 5c, the bandwidth of the THz pulse is almost constant
with different temperatures. In contrast, at lower temperatures,
both the reduction of phonon absorption in optical rectification crys-
tals[53,54] and increase in mobility in photoconductive switches[55]

contribute to the enhanced THz radiation.
Based on the aforementioned analytical model, in the exact

same excitation configuration, the THz-wave amplitude depends
on both in-plane M and conductivity of the sample. To check

whether the temperature dependence of Epeak
THz is due to the j0s ,

we measure the magnetization of Co (3)/Mn2Au (5) by quantum
design superconducting quantum interference device (MPMS3)
(see Experimental Section). In Figure 5d, we show a slight

Co(3)/Mn2Au(5)

Co(3)/Mn2Au(8)

(a)

(b)

Frequency (THz)

)s
m(

ytivitcudno cteeh
S

Figure 4. The real and imaginary parts of the complex conductivity spectra
of a) Co (3)/Mn2Au (5) and b) Co (3)/Mn2Au (8) at room temperature.
The Drude–Smith model fits are also plotted in the figures. The error bars
are the standard deviations calculated from multiple measurements.

(a)

(b)

Figure 3. a) THz emission waveforms of Co (3)/Mn2Au (5) in the time domain at room temperature, measured for linearly polarized (LP) pump pulse
and circularly polarized pump pulses with opposite helicities (RCP: right circularly and LCP: left circularly polarized pump pulses). The THz signals are
shifted horizontally for clarity. b) The measured 3D temporal THz emission waveforms with LP, LCP, and RCP pumping.
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increase in theM as the sample is cooled, and reaching a plateau
between 70 and 200 K.M significantly increases below 70 K. This
is consistent with previous observed temperature-dependent
magnetization of Mn2Au.

[56] Furthermore, previous study
reported that the demagnetization dynamics are temperature
independent for Co film.[57] Therefore, the temperature depen-

dence of Epeak
THz cannot be simply explained in terms of the mag-

netization varied with temperature.
In contrast, we measured the transmitted THz waveforms

through a 5 nm-thick Mn2Au layer by THz-TDS. Figure 5d shows
the temperature-induced change in the real part of sheet conduc-
tivity Δσ1 (green circles), which indicates an general increasing
trend of THz conductivity with decreasing temperature.
The experimental results suggest that the metallic nature of
the Mn2Au film and the negligible impurity contribution to the
THz conductivity.[58] This experimental results reveal that the
conductivity of Mn2Au plays an important role in the tempera-
ture dependence of THz emission. Our observation is basically
consistent with recent reports on the temperature dependence of
spin Hall resistivity of Pt layer.[57,59] We also would like to men-
tion that with decreasing the temperature, the exchange coupling
of FM/Mn2Au bilayer builds up, which was observed by an asym-
metric shape of the hysteresis loops at low temperature.[52]

A small modulation of the exchange-coupling strength at the
interface between FM and AFM might lead to notable changes
in magnetic properties. Therefore, further optical control of FM/
AFM by optical/THz probing is highly intriguing, as the
exchange-coupling torque in Fe/CoO heterostructure has been
demonstrated at picosecond timescale.[60]

3. Conclusion

Wehave experimentally laser stimulated the THz emission from the
Co/MnAu bilayer, using electro-optic sampling in the time domain.
Our results are consistent with the explanation that light launches a
spin current pulse into the AFM Mn2Au, wherein it interconverts
into a radiative charge transient current due to the ISHE. It is found
that Mn2Au is not a good spin current emitter, but an effective spin
sink in THz emission. In addition, a general trend of THz ampli-
tude decreases with decreasing the temperature is associated with
the temperature-dependent conductivity of the Mn2Au layer. Our
results demonstrate not only the sub-picosecond spin–charge inter-
conversion in Co/Mn2Au heterostructures, but also a possibility of
spectroscopic-based spin current detector at THz-frequency range.

4. Experimental Section

Fabrication and Structure of the Co/Mn2Au Heterostructures: The experi-
ments were conducted in high-quality Co/Mn2Au heterostructures
fabricated on the single crystal MgO (100) substrate. The 5 nm- and
8 nm-thick (103) oriented Mn2Au films were grown by magnetron sputter-
ing at 573 K. The growth rate was 0.07 nm s�1 and the base pressure was
2.5� 10�5 Pa. A 3 nm-thick ferromagnetic Co layer was then grown on the
top of the Mn2Au layer. The Co/Mn2Au heterostructure was finally covered
by 1.5 nm Al, preventing the sample from oxidizing in the atmosphere.

THz Emission Spectroscopy: We excited the Co/Mn2Au bilayers with fem-
tosecond optical pulses and measured the emitted THz radiation. The ultra-
fast laser beam (800 nm wavelength, 1 kHz repetition rate, diameter 4mm,
duration 120 fs) from a Ti:sapphire laser amplifier was irradiated on the sam-
ple with normal incidence. The magnetization direction of Co was aligned by
an external magnetic field (�2000Oe). We used a gate pulse (120 fs, 800 nm
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Figure 5. a) THz emission signal in time domain EEOS
THzðtÞmeasured at various temperatures from the Co (3)/Mn2Au (5) bilayer (þn andþH). The arrows

represent the temperature direction for cooling and heating process, which are shifted horizontally. b) EpeakTHz as a function of temperature. The blue
squares and red circles show the cooling and heating process, respectively. c) The corresponding temperature-dependent Fourier transform spectra.
d) Left:M–T curve of Co (3)/Mn2Au (5); Right: the temperature-induced change in the real part of sheet conductivityΔσ1, calculated from the transmitted
THz waveforms measured by THz-TDS.
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laser pulses) that traveled along with the THz pulse in <110> ZnTe (1mm
thick) crystal. By using the balanced detection, the elliptical polarization
impressed onto the gate beam by Pockels effect sampled the transient electric
field of THz pulse, which was contact-free electro-optic sampling detection.
Throughout the experiments, to guarantee comparable experimental condi-
tions, the alignment of the THz spectroscopy and detector system were not
changed during the exchange the samples. All experiments were carried out in
the drying air environment. The absorptance, transmittance, and reflectance
of pump beam for Co (3)/Mn2Au (5) were 2.7%, 62.6%, and 34.7%,
respectively.

THz Transmission Spectroscopy: THz conductivity spectra of Co/Mn2Au
were measured by a standard THz time-domain spectroscopy (THz-TDS).
THz-TDS was driven by a mode-locked, centered wavelength at a 800 nm
Ti:sapphire oscillator. The output beam was split into two laser beams,
one was used to generate the THz pulse and the other was applied to
detect the THz transient. The THz pulse produced by the photoconductive
antenna focused on the sample by a polyethylene lens. The THz wave was
collected by a detector antenna. The time-resolved THz signals could be
detected by moving the optical delay. As the thicknesses of conducting
films were much smaller than the wavelength and the skin depth, the thin
conduction film approximation could be used to extract the complex con-

ductivity, EMgOþCo=AFMðωÞ
EMgOðωÞ ¼ 1þnMgO

1þnMgOþZ0σðωÞd, where Z0 ¼
ffiffiffiffiffiffiffiffiffiffiffi

μ0=ε0
p ¼ 377Ω is the

impedance of free space, d is the thickness of Co/AFM film, and the sheet
conductivity σsheetðωÞ ¼ σðωÞd. The refractive index of MgO, nMgO� 3.2,
was measured within 0.4–1.6 THz.

Low-Temperature Magnetization Measurements: The magnetization of
Co (3)/Mn2Au (5) at different temperature was measured by the
Quantum Design Superconducting Quantum Interference Device
(MPMS3). The area of testing sample was about 1 mm2, fixed on the
quartz rod by low-temperature glue. The magnetization along the surface
of the sample was measured. First, the thin-film sample was premagne-
tized by applying a 2000 Oemagnetic field along the surface of the sample.
Then, the magnetization of the sample was measured by 50 Oe probe
magnetic field after removing the premagnetization magnetic field.
The field-cooled cooling curve and the field-cooled warming curve of
the sample overlapped with decreasing and increasing temperature.
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