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Strain-induced Anisotropic Terahertz Emission From a Fe(211)/Pt(110) Bilayer
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Terahertz (THz) emission from a Fe(211)/Pt(110) bilayer grown on MgO(110) is systematically inves-
tigated. The intensity of the emitted THz wave strongly depends on the magnetization (M) orientation, and
the measured THz field is 11% larger for M||Pt[11̄0] than for M||Pt[001]. Using first-principles calcula-
tions combined with the superdiffusive spin-transport model, we reveal that the lattice distortion induced
by epitaxial strain causes anisotropic behavior of the electronic conductance and spin Hall conductivity,
which eventually lead to the aforementioned experimental observations. Our studies thus provide a route
to modify THz emission utilizing the intrinsic crystal-structure degree of freedom.
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I. INTRODUCTION

Terahertz (THz) electromagnetic waves, which lie in the
gap between microwave and infrared radiation in spec-
troscopy [1–3], offer great prospects for imaging, sensing,
and security applications. The ferromagnetic (FM) and
heavy metal (HM) heterostructure has recently attracted
extensive attention since it was demonstrated to be an effi-
cient and broadband THz source [4–11]. In this type of
heterostructure, photoexcitation of the FM layer with fem-
tosecond (fs) laser pulses first generates nonequilibrium
carriers that are transmitted into the neighboring HM layer,
consequently leading to an ultrafast spin current. At the
same time, due to the inverse spin Hall effect (ISHE), such
a spin current can be converted into a transient charge
current, which finally generates a short terahertz pulse
with its polarization perpendicular to the magnetization
in the FM layer [4]. In addition to ISHEs, other spin-to-
charge conversion (SCC) mechanisms, such as the inverse
Rashba-Edelstein effect (IREE), have also been shown
to generate THz emission [12–14]. Therefore, the FM-
HM heterostructure is often referred to as the spintronic
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THz emitter (STE).To date, research on STEs has mainly
focused on controlling two properties of the THz wave:
intensity and polarization. For the former, high THz emis-
sion efficiency has been found in newly designed STE
structures, such as FM-HM multilayer stacks [6,10] and
Pt/(Co, Fe)B/W sandwiches, which utilize the opposite
spin Hall angles of Pt and W [9]. For the latter, a linearly
polarized broadband THz wave from a STE can be conve-
niently manipulated by rotating the magnetic field, while
the intensity of the emitted THz wave is nearly unchanged
[6,15]. In fact, manipulation of these two properties as
well as the bandwidth can be simultaneously realized in
patterned stripe structures [6,16,17].

In most of the studies in the literature, STEs are made
of polycrystalline films [7,18–21], and hence some char-
acteristics uniquely associated with single-crystal films
do not arise, e.g., the crystal structure dependence of
spin-orbit-coupling- (SOC) induced effects. In particular,
(1) nonmagnetic (NM) materials with the hexagonal close-
packed (hcp) structure [22] and antiferromagnets, such as
PtMn [23], exhibit a strong anisotropy in the spin Hall
effect (SHE); and (2) the anisotropic magnetoresistance
and Gilbert damping coefficient in single-crystal CoFe
films show a strong dependence on the crystalline orien-
tation of the magnetization and/or the electrical current
[24,25]. Therefore, the ISHE in systems with a lower
symmetry is supposed to have a strong anisotropy. As a
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result, the THz emission may show its dependence on
the magnetization orientation. Therefore, a key question is
whether manipulation of the emitted THz wave could be
achieved by tuning the intrinsic crystal symmetry.

In this work, we investigate the THz emission from
Fe(211)/Pt(110) single-crystal film grown on MgO(110)

substrates and demonstrate that the intensity of the emitted
THz wave strongly depends on the magnetization orienta-
tion M. Specifically, the measured THz electric field for
M||Pt[11̄0] is 11.0% larger than that for M||Pt[001]. Our
experimental data and first-principles calculations indicate
that both the spin-current generation and its subsequent
injection into the Pt layer are independent of the M ori-
entation, but the SCC efficiency in the Pt layer as well as
the associated THz wave radiation can be greatly affected
by the M orientation due to the anisotropic SHE and longi-
tudinal conductance in the Fe/Pt bilayer, which gives rise
to the anisotropic THz emission. Our theoretical results
clarify that this anisotropic THz emission can be mainly
attributed to lattice distortion in the film induced by epitax-
ial strain. Therefore, our findings not only demonstrate the
intrinsic crystal-structure degree of freedom to manipulate
the THz emission, but also show the possibility of modify-
ing the SOC-related properties in the films by applying the
strain.

II. EXPERIMENTAL METHODS

The Fe(2 nm)/Pt(2 nm)/MgO(110) films are prepared
by molecular beam epitaxy in an ultrahigh vacuum (UHV)
system with a base pressure of 2×10−10 Torr [26]. The
MgO(110) single-crystal substrate is first annealed at
700 °C for 45 min to form an ordered surface, which can be
confirmed by sharp reflection high-energy electron diffrac-
tion (RHEED) patterns. The Pt film is then grown using
a pulse laser deposition (PLD) technique with a 248-nm
KrF excimer laser. The first 1-nm Pt film is deposited at
550 °C, and the remaining Pt layer is grown at room tem-
perature. The Fe film is subsequently grown on top of
the Pt layer at room temperature via thermal evaporation.
The sharp RHEED patterns in Figs. 1(a) and 1(b) indi-
cate that both the Pt and Fe layers are single crystals. The
samples are finally capped with a 6-nm Al2O3 protection
layer before being removed from the growth chamber. The
film thickness is then determined by the deposition rate
(approximately 1.0–2.0 Å/min), which is measured using
a calibrated quartz thickness monitor.

Figure 1(c) shows the XRD measurements on a
Pt(10 nm) layer and a Fe(10 nm)/Pt(2 nm) bilayer. Only
fcc-Pt(220) and bcc-Fe(211) peaks can be observed, in
addition to the diffraction peaks from the MgO sub-
strate. From the RHEED and XRD measurements, the
crystal orientations in every layer can be determined
as Fe[1̄11](211)||Pt [11̄0](110)||MgO[11̄0](110) [27,28].
However, due to the large lattice mismatch between Fe,

(a) (b)

(c) (d)

FIG. 1. Typical RHEED patterns of (a) 2-nm Pt and (b) 2-nm
Fe grown on MgO(110). The electron beam is along MgO[001]
direction. (c) XRD curves of Pt(10 nm)/MgO(110) (black line)
and Fe(10 nm)/Pt(2 nm)/MgO(110) (red line). (d) Kerr hystere-
sis loops of Fe(2 nm)/Pt(2 nm)/MgO(110) with a magnetic field
along the Pt[11̄0] and Pt[001] directions.

Pt, and MgO, there are significant strains acting on both
the Fe and Pt layers. After quantitatively analyzing the
line profiles of the RHEED patterns from a 2-nm-thick Pt
film with the grazing incident electron along the MgO[001]
and [11̄0] directions, we determine that the Pt lattice
expanded by 2.5% along Pt[001] and shrank by 1.5%
along Pt [11̄0] [29]. Based on the structure of the Fe film
of Fe(2 nm)/Pt(2 nm)/MgO(110) from the RHEED pat-
terns, we further determine that the Fe lattice expanded
1.7% along Fe[1̄11] and shrank 2.4% along Fe[011̄] [29].
Therefore, the in-plane strain imposed in both Fe and Pt
films can significantly influence the magnetic properties
of the system. Figure 1(d) shows the magnetic hystere-
sis loops using the longitudinal magneto-optic Kerr effect
for the field along the Pt[001] and Pt [11̄0] directions
[39,40], respectively. There is clearly an in-plane uniaxial
magnetic anisotropy with an easy axis along the Pt[001]
direction [29].

In the time-domain THz spectroscopy measurements,
a Ti:sapphire oscillator is used with a pulse duration of
approximately 35 fs, a central wavelength of 800 nm, and
a repetition rate of 80 MHz. The sample is kept inside a
pair of permanent magnets with a tunable field strength
by varying the separation of the magnets [6,12]. The laser
beam is always linearly polarized and normally incident
from the substrate side of the sample. The spot size of
the laser beam is approximately 150 µm on the sam-
ples, and the typical excitation fluence is approximately
14 µJ/cm2. The THz signals are detected using the electro-
optic sampling technique, where the probe pulses from
the same laser copropagate with the THz wave through
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a 0.5-mm-thick ZnTe (110) crystal. All of the experi-
ments are performed at room temperature in a dry-air
environment with a humidity less than 4%.

The time-resolved magneto-optical Kerr effect (TR-
MOKE) measurement is performed in a longitudinal
geometry with a pump laser wavelength of 400 nm and a
probe laser wavelength of 800 nm. Detailed information
on the TR-MOKE setup can be found in Refs. [41,42].
The laser fluence in the TR-MOKE measurement is fixed
at 0.35 mJ/cm2.

III. EXPERIMENTAL RESULTS

Figure 2(a) is a schematic of the STE made of the
Fe(211)/Pt(110) bilayer. Under the excitation of the fs
laser pulses, a nonequilibrium spin-polarized current is
generated in the Fe film and subsequently superdiffuses
into the adjacent Pt film [43], where the injected spin
current from the Fe layer into the Pt layer will be con-
verted to an ultrafast charge current via ISHE and then
generate a picosecond pulse as a source of THz waves
[4,5,7]. Figure 2(b) shows the typical measured THz sig-
nals ETHz(t) for different sample orientations. The applied
magnetic field is fixed along the x axis, and the THz polar-
izer is set along the y axis. This configuration means that
only the y component of the emitted THz wave can be
detected. Note that the applied field is approximately 2.1

(a)

(b) (c)

FIG. 2. (a) Schematic of THz emission from the Fe/Pt het-
erostructure. THz emission along various crystal axes is obtained
by rotating the sample with a fixed external magnetic field
Hx. (b) Typical time-domain THz signals with different sample
azimuth angles. The inset emphasizes the difference in the sig-
nals at the peaks. (c) The THz signals in the frequency domain
corresponding to the time-domain signals in (b).

kOe, which is well above the saturation field of the hys-
teresis loop along the hard axis in Fig. 1(d). It is thus
clear that the signals in Fig. 2(b) behave nearly the same
in the time domain, except that their electric fields vary
with the sample orientation. Specifically, the THz field
can reach a maximum at a sample orientation angle θ of
90°, i.e., H||Pt [11̄0]. The related anisotropic ratio of the
field strength can reach up to 11.0%, which is defined
as [�V(90o) − �V(0o)]/�V(0o), where �V denotes the
peak-to-peak THz signal. Figure 2(c) presents the Fourier-
transformed (FT) spectra in the frequency domain, which
show the same θ -dependent behavior as that of the time-
domain signals ETHz(t) in Fig. 2(b).

Our experiments are the first to discover this θ -
dependent THz emission in STEs. To further discuss this
unusual phenomenon, we measure �V as a function of θ

under three different magnetic fields, as shown in Fig. 3(a).
For H = 2.1 kOe, there are two obvious peaks at θ = 90°
and 270°. For H = 0.7 kOe, the THz signals approxi-
mately 90° and 270° show obvious valley shapes. For
H = 1.3 kOe, the THz signals still show peaks at θ = 90°
and 270°; however, they exhibit both features from those
at fields of 2.1 kOe and 0.7 kOe. In fact, the valleylike
shapes with large linewidths for H = 0.7 and 1.3 kOe can
be attributed to the effect of magnetization tilting. If the
magnetic field applied along the hard axis (Pt <11̄0>) is
not sufficiently strong, then the magnetization can tilt away

(a) (b)

(c) (d)

FIG. 3. (a) Peak-to-peak amplitude �V of THz emission from
a Fe(2 nm)/Pt(2 nm)/MgO(110) sample as a function of the
sample azimuth angle θ under external magnetic fields of 0.7,
1.3, and 2.1 kOe. (b) �V as a function of θ for the pump polar-
ization along the x axis and y axis. (c) θ dependence of the
transmittance, reflectance, and absorptance. (d) �V as a function
of pump fluence for several θ values.
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from the magnetic field (x axis). As a result, the polariza-
tion of the emitted THz wave will deviate from the y axis
accordingly, thus reducing the detected THz signals since
only the y component of the emitted THz wave is detected.
Since the field of 2.1 kOe is well above the saturation
field, we can conclude that the peak signals at θ = 90° and
270° in Fig. 3(a) should not be ascribed to the unsaturation
effect.

One may argue if the observed anisotropy is associ-
ated with polarization of the pump laser or θ -dependent
light absorption. We observe a similar curve shape with the
peak signals always at θ = 90° and 270° while rotating the
polarization of the pump laser by 90°. The θ dependence
of light absorption clearly deviates from the anisotropic
θ -dependent THz emission, as seen in Figs. 3(b) and
3(c). This result indicates that our observation cannot be
attributed to the change in the laser polarization direction
with respect to a fixed crystal axis. In addition, Fig. 3(d)
demonstrates that the THz emission associated with the
crystal symmetry is independent of the laser intensity,
i.e., the measured THz signals at θ = 90° and 270° are
always larger than those at other angles under different
laser fluences. Evidently, the anisotropic THz emission in
the Fe/Pt(110) bilayer cannot originate from pure optical
effects in the experiments.

At this stage, we can expect that some intrinsic mech-
anism(s) due to crystal anisotropy should play a key
role. Based on the previous description of the STE [see
Fig. 2(a)], the related anisotropy can occur in the fol-
lowing processes [4]: (1) spin-current generation in the
Fe layer, (2) spin-current transmission through the Fe/Pt
interface, (3) SCC in the Pt layer, and (4) THz wave
emission induced by the transient charge current. Since
the second and third processes are extremely difficult to
directly access in the experiments, we might initially focus
on discussing the first and last processes.

The spin-current generation process is generally asso-
ciated with ultrafast demagnetization in Fe films via
angular moment loss due to photoexcitation [44,45]. Pho-
toinduced demagnetization might depend on the initial
magnetization via the density of states in the mate-
rial [24]. One may thus suspect whether the ultrafast
demagnetization arising from the θ -dependent magneti-
zation will lead to anisotropic spin-current generation.
Therefore, we perform TR-MOKE measurements on the
Fe(2 nm)/Pt(2 nm)/MgO(110) sample. Figure 4 shows
the measured ultrafast demagnetization curves under a
field of 2.5 kOe along Pt[001] and [11̄0]. Both demag-
netization curves exhibit a similar quick quench of the
magnetization at the subpicosecond timescale, followed
by a slow recovery within several hundred picoseconds.
For H||Pt [11̄0], the recovery process contains an obvi-
ous oscillation, while for H||Pt[001] the relaxation pro-
cess has no oscillatory feature. The oscillation signal
should be attributed to the laser-induced variation in

magnetocrystalline anisotropy [41,46]. When a magnetic
field is applied along the hard axis, such anisotropic vari-
ation can generate a significant spin precession. However,
in the case of a magnetic field along the easy axis, spin
precession can hardly occur due to the collinear align-
ment between the applied field and the magnetocrystalline
anisotropy field [47]. It is worthwhile to note that, both
curves in Fig. 4 show the same demagnetization ratio
�M /M 0, where �M and M 0 denote the magnitude of
demagnetization and the saturated magnetization, respec-
tively. Since the demagnetization signal does not depend
on the magnetization orientation, it is reasonable to con-
clude that the spin-current generation process has no
anisotropic behavior.

As noted by Seifert et al. [5], the THz wave emission is
strongly related to the sheet conductance and is inversely
proportional to the effective refractive index nMgO + nair +
z0G̃. Here, nMgO = 2.98 and nair = 1 are the refractive
indices of MgO and air [8,12], respectively, G̃ is the total
conductance of the bilayer at the THz frequency, and
z0 ≈ 377� is the vacuum impedance. Therefore, a natu-
ral postulation is that anisotropic conductance may result
in anisotropic THz emission. To check this presumption,
we perform orientation-dependent transport measurements
on a Pt(2 nm)/MgO(110) sample. As shown by the opti-
cal image in Fig. 5(a), Hall bars with different orientations
are prepared on the same single-crystal film with identi-
cal growth conditions. This allows us to study anisotropic
resistance by continuously rotating the current orienta-
tion in the single crystal [24]. Figure 5(b) illustrates the

FIG. 4. Time-resolved magneto-optical Kerr signals from a
Fe(2 nm)/Pt(2 nm)/MgO(110) sample. A magnetic field of
2500 Oe is applied along Pt[001] (black curve) or Pt [11̄0]
(red curve). The inset emphasizes the photon-induced ultrafast
demagnetization signals within a timescale of 15 ps, and the
signal deviation for t > 1.5 ps is due to the photon-induced
magnetization oscillation.
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(a)

(b)

(c)

(d)

(e)

jc
jc

jc

FIG. 5. (a) The device for the orientation-dependent trans-
port measurements on the Pt(2 nm)/MgO(110) sample. (b) The
orientation-dependent resistance measured from the device in
(a). (c) Schematic of the thickness-dependent electrical transport
measurements on the Fe/Pt bilayer with the Fe layer grown into a
wedge shape. (d) Images of two Fe wedged devices with the cur-
rent flowing along Pt [11̄0] and Pt[001]. (e) dFe-dependent con-
ductance of the Fe(dFe)/Pt(2 nm)/MgO(110) samples measured
from two devices in (d).

measured resistance of the Pt film grown on MgO(110),
which clearly shows the minimum and maximum values
for the current jc along Pt [11̄0] and Pt[001], respectively.
The smaller conductance for jc||Pt[001] then leads to the
larger THz emission along Pt[001], which is in agreement
with our THz measurement, where a larger THz emis-
sion for H||Pt [11̄0] is observed considering jc is always
perpendicular to M.

We also conduct similar transport experiments on
the Fe(dFe)/Pt(2 nm)/MgO(110) samples. The Fe film is
grown into a wedge shape, which can make the thick-
ness of the Fe layer vary continuously in a single sample
[26,48]. The Hall bars are prepared for the current flow-
ing along the wedge direction, as shown in Fig. 5(c).
We prepare two samples [see Fig. 5(d)] for experiments
with the current along Pt [11̄0] and Pt[001]. To ensure
that both samples had the same preparation conditions,
they are grown at the same time. Figure 5(e) shows the
dFe-dependent conductance for the two current orienta-
tions. Clearly, both conductance values increase linearly
with dFe. However, the one measured for jc||Pt [11̄0] is
always larger than that for jc||Pt[001]. Since the total
conductance G should be equal to σptdpt + σFedFe, σpt
and σFe can be extracted from the data in Fig. 5(e).

The derived σpt values are thus (2.04 ± 0.02)×106 S/m
for jc||Pt[001] and (2.40 ± 0.02)×106 S/m for jc||Pt [11̄0].
Accordingly, an approximately 17.7% conductivity dif-
ference between these two orientations exists. The σFe
values for the current along Pt[001] and [11̄0] are esti-
mated to be (0.88 ± 0.01)×106 S/m and (0.98 ± 0.04)×106

S/m, respectively. Specifically, the corresponding conduc-
tance for jc||Pt [11̄0] in the Fe(2 nm)/Pt(2 nm) bilayer
is approximately 15.7% larger than that for jc||Pt[001].
Because the conductivity of the Pt layer is nearly twice
that of the Fe layer, the orientation-dependent conduc-
tance in the Fe/Pt bilayer should be dominated by the
anisotropic conductivity in the Pt layer. Indeed, the mea-
sured anisotropic conductance in the Fe/Pt(110) bilayer
is consistent with the reported result in the Co/Pt(110)

bilayer grown on MgO(110), where a larger resistivity
occurs for jc||Pt[001] [49].

Based on the anisotropic dc conductance in the Fe/Pt
bilayer, we can evaluate its contribution to the anisotropic
THz emission. Note that because the conductance in an
ultrathin film is approximately frequency independent due
to the high Drude scattering rate [18,50], G̃ can be regarded
as G measured in the dc experiments. With the condition of
M⊥jc, the anisotropic ratio of THz emission due to crystal
orientation-dependent conductance can be calculated by

�V(H ||[11̄0]) − �V(H ||[001])
�V(H ||[001])

= G̃(jc||[11̄0]) + (nMgO + nair)/z0

G̃(jc||[001]) + (nMgO + nair)/z0
− 1. (1)

Using Eq. (1) we can estimate the anisotropy ratio of
the THz emission to be approximately 5.6%. Although
this value is much smaller than the experimental value
of approximately 11.0%, the above analysis nonetheless
demonstrates that the anisotropic conductance can at least
partially explain the observed anisotropic THz emission.

As mentioned earlier, it is very hard to experimen-
tally identify whether the spin-current transmission at the
Fe/Pt interface and the SCC in the Pt layer also dis-
play anisotropic behavior. Therefore, in the next section
we report an investigation on these two issues utiliz-
ing the method of first-principles calculation combined
with superdiffusive spin-transport simulations. In addition,
the orientation-dependent transport properties in Pt film
are theoretically determined to confirm the consistency
between the experimental and theoretical calculations.

IV. THEORETICAL CALCULATION

We first calculate the spin- and energy-dependent elec-
tron transmittance related to interface scattering, utilizing
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a well-developed transport theory based on the Landauer-
Büttiker formalism combined with the self-consistent elec-
tronic structure of real materials [29,51]. In calculating the
Fe(211)/Pt(110) interface, the in-plane lattice constants of
the Pt layer are set according to the experimental values,
which are stretched along Pt[001] and compressed along
Pt [11̄0] by factors of approximately 2.5% and −1.5%
compared to their bulk lattice constants, respectively. The
in-plane lattice of the Fe(211) layer is set to match the
lattice of the Pt(110) surface. The atomic layer spacings
along the out-of-plane direction for both the Fe and Pt
layers are calculated by keeping the atomic volumes con-
served. Within the framework of density-functional theory,
the electronic structure of the interface is self-consistently
determined by the atomic sphere approximation using the
surface Green’s function method implemented with a tight-
binding linear muffin-tin orbital basis [52]. A minimal
basis consisting of s, p, and d orbitals is used, and the two-
dimensional (2D) Brillouin zone is sampled by a k|| mesh
with a constant density corresponding to 100×100 for a Pt
primitive unit cell.

Figures 6(a)–6(d) show the calculated energy-dependent
electron transmittances through the Fe(211)/Pt(110) inter-
face. To clarify whether the spin-current transmission
through the Fe/Pt interface depends on the M orientation,
the transmittances for both spin-up and spin-down elec-
trons are calculated with M fixed along either the Pt [11̄0]
or Pt[001] directions. As a general trend, the transmit-
tance of spin-up electrons is larger than that of spin-down
electrons for both transport directions, leading to a spin-
filtering effect [53]. Such a spin-filtering effect is also
observed at the bcc-Fe(001)/fcc-Pt(001) interface [54].
Figures 6(a) and 6(c) show the transmittances for the elec-
trons moving across the interface from the Fe layer to
the Pt layer (Fe→Pt), where the electron transmittances
are nearly identical for both M orientations. For electron
transport from Pt to Fe (Pt→Fe), the calculated transmit-
tances also indicate little dependence on the magnetization
orientation, as shown in Figs. 6(b) and 6(d).

With realistic values of the interface transmittance, the
photoinduced ultrafast magnetization dynamics can be
further calculated using the superdiffusive spin-transport
model [43,54]. In the calculation, the excitation laser
pulse is set as a Gaussian function with a wavelength
of 780 nm (approximately 1.5 eV) and a full width at
half maximum of 30 fs. Figure 6(e) shows the calculated
ultrafast demagnetization of Fe in the Fe(2 nm)/Pt(5 nm)
bilayer with Fe magnetization M along either Pt[ 11̄0] or
Pt[001], where only an approximately 0.34% difference in
the demagnetization can be observed. It should be noted
that in addition to the superdiffusive spin transport through
the Fe/Pt interface, there are other mechanisms that dis-
sipate the spin angular momentum [55–57], which can
contribute to the total ultrafast demagnetization shown
in Fig. 4. Nevertheless, our experimental measurements

(a)

(c)

(e)
(f)

(d)

(b)

FIG. 6. (a)−(d) Spin-dependent electronic transmittance of the
Fe(211)/Pt(110) interface as a function of energy. The Fe mag-
netization was aligned along either Pt [11̄0](black symbols) or
Pt[001] (red symbols). (a),(c) Calculated transmittances for the
electron moving from Fe to Pt (Fe→Pt). (b),(d) Calculated
transmittance for the electron from Pt to Fe (Pt→Fe). (e) The cal-
culated photon-induced demagnetization curves with M||Pt [11̄0]
or M||Pt[001]. (f) The calculated time-domain THz signals and
charge-current pulses from the Fe(2 nm)/Pt(5 nm) system with
two magnetization orientations.

and theoretical calculations indicate that no mechanisms
could induce a noticeable M-orientation dependence of
ultrafast demagnetization in the Fe(211)/Pt(110) system.
We further calculate the THz emission by the spin cur-
rent injected through the Fe/Pt interface by only tak-
ing the M-orientation-dependent interface transmittance
into account. Then, as shown in Fig. 6(f), there is
only a −0.17% difference in the THz intensity between
M||Pt [11̄0] and M||Pt[001]. In our calculation, only elec-
trons in Fe excited by the laser are considered. Including
the laser absorption in Pt would slightly increase the loss
of spin-up hot electrons in Pt due to the spin filtering at the
Fe/Pt interface and thus decreases the total THz amplitude,
which is however still M orientation independent. There-
fore, the results confirm that the observed anisotropic THz
emission cannot be attributed to spin-dependent electron
transmission through the Fe/Pt interface.

The experimental measurements in Fig. 5 already show
that the conductivity of the Fe(211)/Pt(110) bilayer has
a significant crystal-orientation dependence, which mainly
results from the contribution of the Pt layer. Theoreti-
cal calculation of the resistivity requires prior knowledge
of the specific types of microscopic disorders, which is
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impossible to determine either experimentally or theoret-
ically. Therefore, we investigate the Sharvin conductance
GSh of the Pt layer, which is more generic for characteriz-
ing the transport properties of a particular metal because it
describes the number of transverse channels per spin and
the unit area of normal metal, or equivalently the num-
ber of Fermi surface sheets projected along the transport
direction [58,59]. Within the Landauer-Büttiker formal-
ism, Gσ

Sh(E) can be calculated by the total number of
propagating states N σ (k||, E),

Gσ
Sh(E) =

e2

hANk||

∑

k||

N σ (k||, E) (2)

where e2/h is the quantized electronic conductance for a
single spin channel, Nk|| is the total number of k|| in the 2D
Brillouin zone perpendicular to the current direction, σ is
the spin channel, and A is the cross-sectional area of the
lateral supercell in the calculation. Note that nonmagnetic
Pt has the same energy-dependent Sharvin conductance for
both spin channels, i.e., G↑

Sh,Pt(E) = G↓
Sh,Pt(E) = GSh.

We first calculate the GSh of fcc Pt without structural
distortion. Figure 7(a) shows the calculated GSh within
the electron energy range of 0–1.5 eV for electron trans-
port along Pt [11̄0] and [001]. At the Fermi energy (EF ),
the calculated GSh is 0.67 × 1015 �−1 m−2 for jc||[001]
and 0.71 × 1015 �−1 m−2 for jc||[11̄0]. Despite its com-
plex Fermi surface, the propagating channels are nearly
isotropic for Pt. With an increasing electronic energy,
GSh first decreases and reaches a minimum at approxi-
mately 0.6 eV, corresponding to the top 5d bands, and then

increases slightly at a higher energy. However, if the dis-
torted Pt structure with the experimental values is used, the
calculated GSh shows a significant difference for energies
below 0.6 eV, as shown in Fig. 7(b). This indicates that
the 5d bands exhibit a larger sensitivity to lattice distortion
than the free-electron-like 6s band. GSh at EF in the dis-
torted Pt layer is 0.74×1015 �−1 m−2 for jc||[11̄0], which
is larger than that calculated in the undistorted Pt struc-
ture. On the other hand, GSh at EF for jc||[001] is almost
the same for both cases with distorted and undistorted Pt
lattices.

We further plot the distribution of the conductance chan-
nels at EF in the 2D Brillouin zone to understand the
effect of lattice distortion. Figures 7(c) and 7(d) show the
calculated conductance channels of Pt in the [001] direc-
tion for the undistorted and distorted structures, respec-
tively. These very similar images imply that the transport
properties along [001] are relatively insensitive to struc-
tural distortion, which is in agreement with the same GSh
calculated for both cases. In the Pt[ 11̄0] direction, the
distribution of conductance channels shows remarkable
variation due to the distortion, as shown in Figs. 7(e)
and 7(f). The calculated number of channels for the dis-
torted structure increases in the large area in the 2D
Brillouin zone, as marked by the red dashed circles in
Fig. 7(f) compared with the distribution in Fig. 7(e) for
the undistorted structure. These changes in the conduc-
tance channels essentially lead to a noticeable increase in
the calculated GSh of the distorted Pt for jc||[11̄0]. This
increase is consistent with the experimental measurements
in Fig. 5. Based on the calculated GSh(E), we can further
estimate the electron field profile of the THz emission [54].
For the undistorted Pt structure, the calculated THz

(a) (c)

(d)

(e)

(f)

(g)

(h)(b)

FIG. 7. Calculated Sharvin conductance Gsh of Pt as a function of energy with (a) the fcc structure and (b) the distorted structure
determined by the experiment. The current flows along either the Pt [11̄0] (black line) or Pt [001] (red line) directions. (c)−(f) Distri-
bution of the conduction channels in the 2D Brillouin zone at EF for the current along Pt[001] [(c),(d)] and Pt [11̄0] [(e),(f)]. (g), (h)
Calculated time-domain THz signals for M||Pt [11̄0] or M||Pt[001]. (a), (c), (e), and (g) are calculated using the cubic structure of Pt
with its bulk lattice constant, while (b), (d), (f), and (h) are calculated using the distorted Pt lattice structure determined experimentally.
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spectrum in Fig. 7(g) only shows an approximately
−0.02% difference for M||Pt [11̄0] relative to M||Pt[001].
However, for the distorted Pt structure, the anisotropic
conductance can induce an approximately 4.4% difference
in the calculated THz spectra for M||Pt [11̄0] relative to
M||Pt[001], as shown in Fig. 7(h). The calculated THz
anisotropy due to the anisotropic conductance agrees well
with the experimental conductance anisotropy of approxi-
mately 4.9% in Fig. 5 but is still less than the experimental
anisotropy value of approximately 11.0% in the measured
total THz signal.

It is well known that a larger ISHE in heavy metals can
generate stronger THz emissions [7,11]. Freimuth et al.
reported that the SCC efficiency of transition metals with
hcp structures strongly depends on their magnetization ori-
entation [22]. The anisotropic ISHE is another possible
mechanism for the anisotropic THZ emission. To quan-
titatively examine the ISHE, we consider a spin current
injected into Pt along the [110] axis with its polariza-
tion along either Pt[001] or Pt [11̄0]. Using the above
configurations, we calculate the corresponding spin Hall
conductivity (SHC). Figure 8(a) shows the calculated SHC
of undistorted Pt as a function of energy, which is nearly
identical for the two spin polarization configurations, i.e.,
it decreases monotonically with an increasing energy. This
confirms that the SHCs with two perpendicular spin ori-
entations are equal in a cubic metal by symmetry analysis
[22,60]. Then we calculate the SHC in the system with the
distorted Pt lattice. As shown in Fig. 8(b), σSH has a signif-
icant difference between the two spin orientations. In the
inset we plot the relative SHC ratio defined as

�σ

σ
=

σ[11̄0] − σ[001]

σ[001]
,

which is approximately 10% at EF . This decreases to a
negative value for energies above 0.5 eV and implies a sig-
nificant anisotropy in the SCC efficiency, depending on the
polarization orientation of the injected spin current. There-
fore, the calculations demonstrate that the anisotropy of
SHC is induced by lattice distortion in the Pt(110) film,
which breaks the in-plane lattice symmetry. It is worth not-
ing that the anisotropic spin Hall effect has been reported
on experimentally in WTe2 with the broken symmetry of
the in-plane lattice [61,62].

Our studies demonstrated that the anisotropic THz emis-
sion in the Fe/Pt/MgO(110) system is induced by both
electronic conductivity and SHC due to the distorted lat-
tice structure. Then we further apply the superdiffusive
spin-transport model and computed the fs-laser-induced
THz emission by simultaneously including these two fac-
tors [5,29]. The calculated time-domain THz spectra of the
Fe(211)/Pt(110) bilayer in Fig. 9 show that the THz emis-
sion with Fe magnetization along Pt[11̄0] is 11.3% larger

(a) (b)

FIG. 8. Calculated SHC of Pt as a function of energy with
(a) the fcc structure and (b) the distorted structure determined
experimentally. The spin current always flows along the [110]
direction. The black and red symbols correspond to the polariza-
tion of the spin current along [11̄0] and [001], respectively. The
inset in (b) shows the relative SHC ratio as a function of energy.

than that with M||Pt[001], which is in excellent agreement
with the experimental value of 11.0% in Fig. 2.

Note that the anisotropy of both the conductance and
SHC in Figs. 7 and 8 are induced by the in-plane lattice
distortion. Therefore, our studies not only reveal the possi-
bility of modifying the THz emission in FM-HM bilayers
utilizing the M orientation, but also suggest one possible
route of manipulating the SHC by applying the in-plane
strain. The film strain can influence the SOC effect and its
other related spintronic properties, e.g., anisotropic magne-
toresistance, anomalous Hall effect, and spin-orbit torque.

FIG. 9. Laser-induced time-domain THz signals in a
Fe(211)/Pt(110) system with a distorted lattice structure by
including the anisotropic conductance and the SHC. The red
and black curves are the calculated results with M||Pt [11̄0] and
M||Pt[001], respectively. There is an 11.3% deference of the
two THz spectra. The inset shows the corresponding Fourier
transformed spectra of the THz signals in the frequency domain.
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Such phenomena deserve future experimental and theoreti-
cal exploration. Recent investigations demonstrate that the
THz time-domain spectroscopy (THz TDS) can be used
as a fine probe of the metallic conductivity to investigate
the anisotropic magnetoresistance in magnetic thin films
and giant magnetoresistance in magnetic multilayers up
to THz frequency range [50,63], then the anisotropic con-
ductance measured in a Fe(211)/Co(110) system can be
further investigated with the THz TDS.

V. CONCLUSIONS

In summary, we demonstrate that the fs-laser-induced
THz emission from single-crystal Fe(211)/Pt(110) bilay-
ers strongly depends on the magnetization orientation. This
provides us with a possible way to tune the THz emission
in a homogeneous FM-NM bilayer. Our studies show that
both the spin-current generation and subsequent transport
into the attached Pt layer are independent of the magnetiza-
tion orientation, and have no contribution to the observed
anisotropic THz emission. However, the SCC in the Pt
layer and THz radiation can be strongly related to the
M orientation due to the anisotropic SHC and longitu-
dinal conductance in the Fe/Pt bilayer, which eventually
give rise to the anisotropic THz emission. Based on the
contribution of anisotropic SHC and longitudinal conduc-
tance, the calculated THz emission in Fe(211)/Pt(110)

system with M||Pt[11̄0] is 11.3% larger than that with
M||Pt[001], in excellent agreement with the experimental
anisotropic ratio of 11.0%. The first-principles calculation
also reveals that the anisotropy of both SHC and conduc-
tance are induced by the distorted lattice in the Pt(110)

film, due to the epitaxial strain for the Fe/Pt bilayer grown
on MgO(110). Our studies indicate a promising way to uti-
lize strain in modifying the physical properties related to
the SOC effect in spintronic devices.
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