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Metallic heterostructure as promising terahertz (THz) spintronic emitters has promoted the development of
both spintronics and THz science. However, the underlying physics at the metallic interface, such as the nonlinear
optical effect, remains unclear. Herein, we present interface magnetization induced THz generation from
metallic heterostructure consisting of Heusler alloy CoFeMnSi (CFMS) and Pd thin films. THz generation is
ascribed to 35% contribution from the magnetization-induced optical rectification (MOR) and 65% contribution
from inverse spin Hall effect (ISHE) based on the pump polarization and sample azimuthal angle dependent
measurement. Furthermore, the contribution ratio of the MOR decreases to 12% via lowering the CFMS grown
temperature, which is due to the reduced crystalline quality and possible metal to semiconductor transformation
in CEMS. Our results not only clarify MOR and ISHE in metallic heterostructure for the scientific field, but they
also benefit THz source optimization for the technology field.
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I. INTRODUCTION

Spintronic THz emitters have stimulated extensive atten-
tion due to their qualities of high intensity and broadband
THz generation [1], which have been developed as potential
ultrabroadband emitters (0.1-30 THz) for THz applications.
Most of the spintronic emitters are metallic interfaces con-
sisting of ferromagnetic metal (FM) and nonmagnetic metal
(NM) layers, where ultrafast photocurrent and the induced
THz emission arise from the spin to charge conversion by
inverse spin Hall effect (ISHE) [2]. The intensity of THz
generation by ISHE was then optimized by carefully selecting
the NM material [3], layer thickness [3], external magnetic
field [4], crystal structure [5], and chemical doping [6]. Aside
from ISHE, several physical processes based on spintronics
also have important contributions to THz wave generation at
the FM/NM interface, such as inverse the Rashba-Edelstein
effect [7,8]. However, there is an open question of whether
the nonlinear optical process happens at the FM/NM inter-
face. Since the nonlinear optical process plays a key role for
THz generation in most nonmagnetic materials, this question
is important for unveiling the interfacial physics as well as
enhancing the THz emission efficiency of the spintronic THz
emitter. Although the nonlinear optical process in a FM metal
thin film was suggested to be an important contribution to THz
generation [9], it has not been fully understood in FM/NM
metallic heterostructures.
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As an emerging half-metallic ferromagnetic Heusler alloy,
CoFeMnSi (CFMS) provides access to investigating interfa-
cial physics at FM/NM interfaces for THz generation. CFMS
with half-metallic energy band structure has an open band
gap of 1.7 eV in the minority spin subband and a zero
band gap in the majority spin subband [10]. The unique band
structure gives rise to a high and tunable spin polarization
[11,12]. Although Heusler alloys were present to generate
either broadband THz signal by ultrafast demagnetization [13]
or narrow-band THz signal by coherent spin precession [14],
their interfacial physics of the nonlinear optical process still
remains to be uncovered. Therefore, constructing metallic in-
terfaces with Heusler alloys and large Hall conductivity NM
metals for THz generation is a key step toward unveiling the
interfacial physics of the nonlinear optical effect and ultrafast
photocurrent in metallic heterostructures based on Heusler
alloys.

In this letter, we have studied the THz generation from
a metallic interface based on Heusler alloy CFMS and NM
metal Pd. At an external magnetic field, magnetization-
induced optical rectification (MOR) and ISHE are dominant
mechanisms for THz generation from CFMS/Pd. Among
them, ~35% of THz generation amplitude is ascribed to MOR
and ~65% to ISHE. Both MOR- and ISHE-induced THz
generation amplitudes are closely related to the CFMS grown
temperature that changes the crystalline quality. Among them,
the MOR contribution can be further tuned from 35% to
12% by reducing the grown temperature with the potential
metal to semiconductor phase transition. Our results present
a clarification for MOR and ISHE in metallic interface based
on Heusler alloy for THz generation.
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FIG. 1. (a) Schematic of THz generation from the CFMS/Pd interface at an external magnetic field. (b) AFM root mean square roughness
of CFMS surface with respect to 7. Insets are the AFM images of CFMS surface with 7; = 500 °C, 600 °C, and 650 °C, respectively.

II. EXPERIMENTAL SETUP AND SAMPLE PREPARATION

As illustrated in Fig. 1(a), the THz generation experiments
were performed in a transmission configuration. As shown
in Fig. 1(a), the infrared pump beam propagating along the
z direction was at normal incidence onto the sample with
a spot diameter of ~3 mm. The magnetic field B = 24 mT
was applied along the x axis [Fig. 1(a)], which is parallel to
the sample surface and perpendicular to the wave vector of
the pump beam. According to the in-plane hysteresis loop
behavior of the CFMS, the applied magnetic field in this
work can efficiently introduce large in-plane magnetization
in CFMS [15]. Further increasing of the magnetic field will
not introduce additional effect for the THz emission from
the CFMS sample. The experiment was carried out at room
temperature and in ambient atmosphere. Since the delayed
signal caused by the second reflection in the substrate is too
weak as compared to the main signal, we only focus on the
main signals in the measurements. More experimental details
can be found in our previous work [16].

The 40 nm thick polycrystalline CFMS films were grown
on a 0.5 mm thick double side polished MgO (001) sub-
strate by dc magnetron sputtering with 30 W dc power at
3 x 107 Pa in an Ar atmosphere using a CFMS target (Hefei
Kejing Materials Technology Co., LTD.). A 5 nm palladium
(Pd) cover layer was then deposited onto the CFMS film.
The samples with growing temperature 7; = 650 °C, 600 °C,
and 500°C are named CFMS/Pd-650, CFMS/Pd-600, and
CFMS/Pd-500, respectively. Atomic force microscopy (AFM)
measurements in Fig. 1(b) suggest the gradually increasing
CFMS surface roughness with 7. Our previous study indi-
cates that the crystallization quality of CFMS increases with
the growing temperature 7; and reaches to the best epitax-
ial growth with the largest grain size on the substrate MgO
(001) at Ty = 650 °C [15]. Furthermore, CFMS thin films with
T, = 650°C, 600°C show metallic characteristics at room
temperature, while they exhibit semiconductor behavior with
T, = 500°C [15]. More details of material preparation and
characterization can be found in our previous report [15].

III. RESULTS AND DISCUSSIONS

A p-polarized THz time-domain signal is generated from
CFMS/Pd-650 under 0.71 mJ/cm? p-polarized illumination

as shown in Fig. 2(a), corresponding to a peak to valley
value of 11 V/cm, which is 20 times less than that from a
2 mm thick ZnTe (110). The corresponding broadband THz
spectrum in the frequency domain is shown in Fig. 2(b). We
also measured the THz generation from the bare 40 nm thick
CFMS film without Pd covering, of which the THz amplitude
is comparable with other Heusler alloys [13] but negligible
as compared to the CFMS/Pd. These results suggest that the
interfacial effect is the main contribution for THz generation
from CFMS/Pd instead of the ultrafast demagnetization effect
in bulk. In order to further clarify the THz generation mecha-
nism of CFMS/Pd, we investigate the pump polarization and
azimuthal angle dependences of the THz generation, which
are effective routes to distinguish nonlinear optical effect from
other processes [17]. As shown in Fig. 2(c), the p-polarized
THz generation amplitude shows a onefold dependence on the
sample azimuthal angle at a fixed pump polarization and ex-
ternal magnetic field direction. The dependence can be fitted
by a cosine function, which suggests an isotropic term and
an anisotropic term in THz generation. The THz signals from
the isotropic and anisotropic contributions have similar band-
widths and central frequencies, but the isotropic THz signal
has larger amplitude than that from the anisotropic signal.

For the contribution of the isotropic term, the inverse
Rashba-Edelstein effect and Rashba effect are excluded as
they mainly display at a trilayer sample containing a Rashba
interface or surfaces with Rashba-like splitting [7,8,18],
which we did not include in our experiment. ISHE was
demonstrated to trigger an ultrafast photocurrent for high
intensity THz generation in Fe/Pd interfaces [3]. In our ex-
periment, as CFMS is a ferromagnetic semimetal, ISHE is
expected to be the dominant contribution for the isotropic term
in THz generation.

In-plane anisotropic THz emission has been ascribed to
nonlinear optical effects in various materials. Among them,
optical rectification is a second-order nonlinear effect for
THz generation at semiconductor surfaces and interfaces with
centrosymmetric breaking [19]. At the FM/NM interface, an
external magnetic field can cause a second-order nonlinear
effect by introducing an in-plane magnetic dipole to break
the centrosymmetry [20]. Therefore, optical rectification from
either structural- or magnetization-induced centrosymmetric
breaking at the CFMS/Pd interface is supposed to be the main
contribution to the anisotropic THz generation.
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FIG. 2. Comparison of THz generation from CFMS/Pd-650, ZnTe (110) in (a) time domain and (b) frequency domain. THz generation
from bare CFMS film [blue line in (a) has been magnified by 40 times] is negligible in our measurement. (c,d) THz generation amplitude from
CFMS/Pd-650 with respect to (c) azimuthal angle, and (d) pump polarization angle and external magnetic field direction (+B and —B). Dots
are experimental results, and solid lines are the fitted results by cosine function. A; and A, refer to isotropic and anisotropic THz generation

terms, respectively.

The THz generation from CFMS/Pd as a function of
the pump polarization angle under opposite external mag-
netic field directions is shown in Fig. 2(d). The p-polarized
THz generation amplitude shows anisotropic dependence with
the pump polarization, which can be fitted by a cosine
function [16]:

E™% = A; 4 Ay cos 20, (D

where A; refers to the pump independent isotropic term; Agp;
refers to the pump dependent anisotropic term; ¢ refers to
the pump polarization angle. The contribution ratio from the
anisotropic term can be obtained by n = A,ni/(A; + Aani)- The
fitted results shown in Table I suggest the anisotropic and
isotropic terms have 35% and 65% contribution ratios to the
THz generation amplitude, which indicates a significant non-
linear optical effect in CFMS/Pd. Furthermore, after reversing
the applied magnetic field, both the isotropic and anisotropic
THz amplitudes flip over without changing the absolute value.
These experimental results further confirm the ISHE based on
spin superdiffusive transport as the dominant contribution for
the isotropic term as reversed magnetic field leads to opposite

TABLE 1. Fitting parameters for Fig. 2(d) by Eq. (1).

+B -B
Isotropic term 6.86 —6.86
Anisotropic term 3.64 -3.64

direction of spin to charge conversion and the consequent
ultrafast photocurrent [3]. The mechanism of spin injection
in CFMS/Pd is spin superdiffusive transport like the one in
conventional Fe/Pt or Co/Pt heterostructures. Spin superdiffu-
sive transport emerges at the material with different electron
behaviors between the two spin channels [21] The two spin
channels in half-metallic Heusler alloys (such as CFMS) pos-
sess zero band gap and open band gap, respectively [11].
This special band structure gives rise to the different electron
behaviors between the two spin channels. Therefore, spin su-
perdiffusive transport exists in the CFMS. Other possible spin
injection processes are ruled out in CFMS/Pd. (1) Optically
induced spin transfer effect happening at a fast timescale
(<200 fs) is not a dominant spin injection process in full
Heusler materials such as CEMS [22]. (2) Zeeman splitting in
the band structure is also excluded due to the small magnetic
field (24 mT). (3) Drift photocurrent injection can be excluded
due to the lack of external electric field.

Optical rectification is a prevailing method for intense THz
generation [23], which is expressed as [19,24]

ETHz o P(Z)OR(Q) — Xs(tzr)E(w + Q)E(w)

+ X E (@ + QE@M,  (2)

where Ppr is the nonlinear polarization; 2 is the THz
frequency; E(w) is the incident pump electric field; Xs(é)
and X.%)g are nonlinear susceptibility from structural-
and magnetization-induced centrosymmetric breaking, re-

spectively; M is the in-plane dipole moment induced
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FIG. 3. Comparison of THz generation from CFMS/Pd-650, CEFMS/Pd-600, and CFMS/Pd-500 in (a) time domain and (b) frequency
domain. (c,d) Comparison of THz generation amplitude as a function of (c) pump fluence, and (d) pump polarization angle. Dots are experiment

results and lines are fitted results.

magnetization that is closely related to the external magnetic
field. Based on the nonlinear polarization analysis, the THz
emission as a function of the pump polarization angle due
to the anisotropy from Eq. (2) can be a cosine function as
indicated in Eq. (1) [24,25]. According to the fitted results
in Table I, the anisotropic THz electric field flips over at
the reversing external magnetic field, indicating the dominant
contribution from the MOR process i.e., the second term in
Eq. (2). Since the THz amplitudes are reversed with identical
absolute values under opposite magnetic fields, we conclude
that the E™? is proportional to the M in Eq. (2), and the con-
tribution from structural-induced centrosymmetric breaking is
negligible. Therefore, ISHE and MOR are identified as main
contributions for THz generation from CFMS/Pd. The separa-
tion of the isotropic and anisotropic signal contributions is not
dependent on certain material systems. This method can also
be used to distinguish isotropic and anisotropic THz signal
contributions of other magnetic and nonmagnetic materials
and structures [9].

In order to gain a deeper insight into the ISHE and
MOR at the CFMS/Pd interface, we perform a comparison
of THz generation from CFMS/Pd-650, CFMS/Pd-600, and
CFMS/Pd-500 with different 7;. As shown in Fig. 3(a), the
THz generation amplitude from CFMS/Pd-650 is slightly
larger than that from CFMS/Pd-600, while it is significantly
larger than that from CFMS/Pd-500. These results are valid in
broadband spectra as depicted in Fig. 3(b). The THz amplitude
of all CFMS/Pd samples present linear dependences with the
pump fluence as shown in Fig. 3(c), which indicate the main

contribution of ISHE and MOR in the whole pump fluence
range [2,26]. Since the THz generation from CFMS/Pd ex-
hibits anisotropy with the incident polarization [Fig. 2(d)], we
compare the THz amplitude from three CFMS/Pd samples
with respect to the pump polarization angle. As shown in
Fig. 3(d), the THz generation amplitudes from CFMS/Pd-650
are slightly different from CFMS/Pd-600, but significantly
different from CFMS/Pd-500 in the whole pump polarization
range. To understand the difference, we fit the results by
Eq. (1). As shown in Table II, both ISHE- and MOR-induced
THz generation amplitude smoothly decreases with reducing
T, from 650°C to 600°C, while a sharp decrease of THz
amplitude appears with 7 decreasing from 600 °C to 500 °C.
Moreover, the MOR contribution decreases from 35% at T, =
650°C to 12% at T; = 500 °C, which suggests the close re-
lation between the crystalline quality of the FM film and the
MOR contribution to THz generation at FM/NM interfaces
according to the surface roughness shown in Fig. 1(b).

The ISHE-induced THz generation with respect to the
growing temperature can be understood based on the

TABLE II. Fitting parameters for Fig. 3(d) by Eq. (1). MOR
contribution is obtained from AMOR/(AISHE + AMOR)'

CFMS/Pd-650 CFMS/Pd-600 CFMS/Pd-500

AISHE 6.86 6.74 1.24
AMoRr 3.64 2.68 0.17
MOR contribution 35% 28% 12%

L201404-4
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theoretical model of ISHE as [3]

ETHz APVNM)\rel tanh(fnm/2Are1)
tim  ny+m+Z " 0 (2)dz

3

where A, is the absorption fraction of the pump laser; ynm
is the spin Hall angle of the NM material; A, is the carrier
relaxation length; g1, is the thickness of the stacking metal
film; Ny is the thickness of the NM layer; n; and n, refer
to the refractive index of substrate and air, respectively; Z; is
the vacuum impedance; o is the photoconductivity. More im-
perfect structure and defects are present in poorly crystallized
CFMS with reducing 7 from 650 °C to 600 °C, which gives
rise to a higher carrier scattering rate, smaller A, and thus
a lower THz generation amplitude according to Eq. (3). With
reducing 75 to 500 °C, the CEMS thin film exhibits a semicon-
ductor characteristic, while CEMS at T, = 650 °C and 600 °C
exhibits metallic behavior according to our previous study
[15]. Spin-polarized photocarrier injection from CFMS to Pd
is partially blocked by the Schottky barrier at CFMS/Pd-500
with the semiconductor-metal interface [27]. The same block-
ing effect is eliminated at CFMS/Pd-600 and CFMS/Pd-650,
which are metal-metal interfaces without a Schottky barrier.
Hence, ISHE-induced THz generation sharply decreases at
T, = 500°C.

Some factors are demonstrated to remarkably influence the
second-order nonlinear optical effect induced THz generation,
such as sample orientation [26], pump intensity [26], incident
angle [17], material thickness [9], symmetry breaking [28],
surface roughness, and material band structure [29]. In our ex-
periment, the pump condition and sample position were fixed,
and materials were grown with the same thicknesses. The dif-
ference in symmetry breaking between the CFMS/Pd samples
mainly comes from the differences in surface morphology and
crystallographic quality [24,30]. Surface roughness has been
demonstrated to increase the out of plane magnetic dipole
moment and decrease the in-plane magnetization by chang-
ing the local coordination of FM atoms [24]. Since the THz
generation is only sensitive to the in-plane magnetic moment
in our experiment; increasing surface roughness ought to re-
duce the THz generation amplitude from MOR. However, the
highest degree of surface roughness appears at CFMS/Pd-650
as indicated in Fig. 1(b), which has the largest MOR am-
plitude as shown in Table II. Therefore, surface roughness
is excluded as a main contribution for enhancing the MOR
effect at higher T;. Except for surface roughness, enhanced

crystallization along a certain orientation is able to increase
the phase matching efficiency of the second-order nonlinear
effect in polycrystalline isotropic materials [31]. As shown in
Table II, MOR-induced THz generation amplitude gradually
increases with T, indicating a gradually enhanced crystalliza-
tion with 7; [15]. However, MOR-induced THz generation
amplitude sharply diminishes to almost zero by reducing T to
500 °C, which is incompatible with the prediction by surface
roughness, crystallization, and average grain size. With the
decrease of T, to 500°C, the introduction of surface states
and chemical element disorders during the sample preparation
process may significantly change the CFMS band structure
[32-34], which transforms the CFMS from metal to semi-
conductor behavior [15]. Consequently, the variation of the
CFMS band gap changes the second-order nonlinear effect
at the CFMS/Pd interface [35], which is reasonably inferred
as the main mechanism for the sharp difference in MOR
amplitude between CFMS/Pd-600 and CFMS/Pd-500.

IV. CONCLUSION

We have observed THz generation from a metallic interface
consisting of a 40 nm thick Heusler alloy CFMS and 5 nm
thick Pd. The THz generation amplitude from CFMS/Pd is
dependent on the sample azimuthal angle and pump polar-
ization angle, which suggests a 35% contribution ratio of
THz generation from MOR and 65% from ISHE. The THz
generation from both MOR and ISHE closely relates to the
crystal growing temperature, which changes the crystalline
quality and causes the transformation from metal to semicon-
ductor behavior in CFMS. As a result, the MOR contribution
decreased from 35% to 12% with the decreasing growing
temperature. Our results not only clarify MOR and ISHE as
the mechanisms for THz generation from a metallic interface
based on a Heusler alloy, but also raise the potential of THz
emission spectroscopy for exploring the interfacial physics
including magnetization, spin to charge conversion, nonlinear
optical processes, and so forth.
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