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We investigate the THz emission characteristics of ferromagnetic/non-magnetic metallic heterostructures, focusing on
thin Fe/Pt bilayers. In particular, we report on the impact of optimized crystal growth of the epitaxial Fe layers on the
THz emission amplitude and spectral bandwidth. We demonstrate an enhancement of the emitted intensity along with
an expansion of the emission bandwidth. Both are related to reduced spin scattering and higher interface transmission.
Our work provides a pathway for devicing optimal spintronic THz emitters based on epitaxial Fe. It also highlights how
THz emission measurements can be utilized to characterize the changes in out-of-equilibrium spin current dynamics in
metallic heterostructures, driven by subtle structural refinement.

Electromagnetic THz radiation covers a broad bandwidth
of the electromagnetic spectrum from 100 GHz to 30 THz1,
that lies between the microwave and the far infrared band.
A range of scientific and industrial communities are utilizing
THz radiation, spanning from chemistry and material sciences
to medicine and security2. Furthermore, THz spectroscopy of-
fers new possibilities to investigate deeper the solid state since
the magnon and phonon excitations can typically be found in
the range of THz frequencies, corresponding to femtoseconds
in the time domain3,4. Commonly THz generation is based on
optical rectification effects in non-linear crystals and on pho-
tocurrents in semiconcductors after excitation from femtosec-
ond laser pulses. Recent developments in spintronics have
demonstrated the first usage of ultrafast spin-related phenom-
ena for THz emission5 that has the potential to revolutionize
the THz field and its applications6.

The physical mechanism of the generation of THz radia-
tion in spintronic THz emitters is based on the inverse spin
Hall effect (ISHE)7. When heterostructures consisting of fer-
romagnetic (FM) and non-magnetic (NM), usually heavy met-
als (HM) thin layers, are illuminated by ultrafast femtosec-
ond (fs) laser pulses, spin polarized electrons in the magne-
tized FM layer are excited and form a superdiffusive spin
current that enters into the NM-later. The ISHE converts
this longitudinal spin-polarized charge current into a tran-
sient transverse charge current in the NM layer, resulting in
THz emission.3,5,8,9. So far the scientific challenge of en-
gineering the THz emission, has been addressed in various
ways: different material compositions of FM/NM systems
with a variety of layer thicknesses5,9–12, ferri- and antifer-
romagnetic metal/Pt structures13–15, spintronic emitters as-
sisted by a metal-dielectric photonic crystal16, metallic tri-
layer structures with different patterned structures17, interface
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Figure 1. Schematics of (a) THz emission from FM/NM Fe/Pt bi-
layers and (b) lattice structure of crystalline Fe, MgO and MgAl2O4.
The directions of substrates indicate the in-plane direction and lattice
site spacing for the Fe growth. Fe grows rotated by 45 ◦with respect
to the MgO or MgAl2O4 lattice, that is, along the [110] direction.

materials and substrates8,18–21 and THz emission using differ-
ent excitation wavelengths22–24. In this work we focus on the
ferromagnetic layer (Fe), which is the source of the spin cur-
rent. We show that by structural engineering the Fe layer we
can alter the intrinsic properties of the spin current pulse in to
the NM layer and thus modify the emitted THz amplitude and
bandwidth. Recent studies in this direction by Nenno et al. 8

have revealed how the propagation of a spin current and sub-
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sequently the THz emission are influenced by scattering pro-
cesses and the density of structural defects in the multilayer
stack. The parameter of elastic electron scattering lifetime
was used to parametrize the overall defect density8. In an
analogy to the dependence of photocurrents and THz emis-
sion on defect density in semiconducting materials25, the de-
fect engineering through the proper choice of substrates, pro-
moting epitaxial FM layers, as well as through modification
of the Fe-Pt interface quality, altered dramatically the emitted
THz characteristics8.

In this letter we turn our attention to the crystal quality of
the FM layers, and investigate how it varies for the case of thin
bcc Fe layers, deposited onto MgO and MgAl2O4 substrates.
We proceed to investigate how this variation affects the THz
emission from Fe/Pt bilayers. To this end, we fabricated and
use Fe(20 Å)/Pt(30 Å) bilayers, which have experimentally
been shown to result in the maximum amplitude of THz emis-
sion in comparison to other Fe/Pt thickness combinations ac-
cording to Torosyan et al. 9 .

Magnesium oxide is the most common substrate for the de-
position of crystalline bcc Fe, since its crystal structure can
match closely that of Fe. Along the [100] crystal direction the
MgO lattice constant is 4.2 Å, but during the deposition, Fe
grows with its lattice rotated 45 degrees in-plane with respect
to the the MgO lattice plane, i.e. it grows along MgO [110]
direction, along which the MgO lattice constant is 2.98 Å.
Therefore, the MgO lattice constant is only 3.83 % larger than
that of the Fe unit cell parameter, 2.87 Å (See Fig. 1(b)). Due
to this low lattice mismatch, the growth of single crystalline
layers is possible. Another promising candidate for the de-
position of single crystalline Fe are the MgAl spinel crystals,
with the chemical formula of MgAl2O4. Its crystal structure
is based on that of diamond26 where Mg atoms occupy almost
the same positions as C atoms in diamond and have a lattice
constant of 8.08 Å along the [100] direction27–29. Upon depo-
sition, Fe atoms occupy the sites along [110] direction, and if
we consider the cube-in-cube structure of the MgAl2O4 sub-
strate, the lattice constant becomes 2.86 Å (See Fig. 1(b))30.
Therefore, due to almost identical unit cell constants, the lat-
tice matching between MgAl2O4 and Fe is around -0.2 %28,29.

Bilayers of Fe(20Å)/Pt(30Å) were deposited from elemen-
tal Fe and Pt targets by magnetron sputtering in an ultra-
high (base pressure 10−9 − 10−10 Torr) vacuum chamber.
The Ar gas pressure during sputtering was 2 mTorr and 2.5
mTorr for Fe and Pt, respectively. We used single side pol-
ished MgO (100) and MgAl2O4 (100) substrates with nom-
inal roughness smaller than 5 Å. Substrates were thermally
annealed at 550 ◦C prior to the film deposition. Two iden-
tical Fe(20Å)/Pt(30Å) bilayer samples, albeit the substrates,
were deposited during the same deposition process. Fe was
deposited at 350 ◦C temperature, while Pt - at room tempera-
ture (RT) (in situ, after chamber cooled down after Fe depo-
sition). We will refer to these samples as MgAl2O4/Fe/Pt and
MgO/Fe/Pt in the rest of the letter.

X-ray reflectivity (XRR) measurements were performed
in order to characterize the interface quality of the sam-
ples. The reflectivity curves were fitted using the GenX
software31,32. The recorded experimental XRR curves can be
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Figure 2. X-ray scattering characterization of MgAl2O4/Fe/Pt and
MgO/Fe/Pt samples (blue and grey, respectively): (a) X-ray reflec-
tivity. The blue curve is shifted upwards for clarity. (b) Fe(200)
peaks measured in XRD. Inset: The peak positions for each layer
and substrate are indicated in the plot.

seen in Fig. 2(a). From a qualitative comparison between the
two samples, it can be readily observed that Kiessig fringes
are more pronounces and persistent at higher 2θ angles for
the MgAl2O4/Fe/Pt samples, hinting towards better layering
for it. The individual layer thicknesses d extracted by fit-
ting the XRR curves using GenX are: dFe = 19.4(3) Å and
dPt = 28.0(3) Å for the MgAl2O4/Fe/Pt sample and dFe =
18.1(5) Å and dPt = 28.9(5) Å for the MgO/Fe/Pt sample. It
is worth noting here that the MgAl2O4 substrates are more
strongly twinned compared to MgO33, which means that do-
mains with slightly different crystal orientations are present
in these substrates. While it is possible to extract layer rough-
ness values from GenX fits of the specular XRR data, the re-
ceived values are overestimated due to the twinning result-
ing in off-specular scattering from the samples and do not re-
flect the qualitative comparison mentioned above. The thick-
ness values, on the other hand, are trustworthy, since the
positions of the fringes are clearly distinguishable. To fur-
ther support this claim as well as for a complete x-ray char-
acterization of the samples, we also performed specular x-
ray diffraction (XRD) measurements using a Bede D1 high-
resolution x-ray diffractometer, with Cu Kα1 radiation, hav-
ing a wavelength of 1.5406 Å. A comparison between the Fe
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diffraction peaks for the two samples is shown in Fig. 2(b).
The intensity of the Fe (002) diffraction peak is strongly in-
creased for the MgAl2O4/Fe/Pt sample. This significant inten-
sity change is an indicator of superior Fe crystal quality, flat
interfaces and constant thickness across the whole Fe layer,
in the case of the MgAl2O4/Fe/Pt sample, confirming the ob-
servations made by the XRR characterization. We computed
the lattice parameters of MgAl2O4 and MgO substrates from
the diffractograms shown in the inset in Fig. 2(b). We ob-
tain 8.08 Å and 8.44 Å along [100] direction (2.86 Å and
2.98 Å along [110] direction, respectively. Additionally, we
observe weak Laue oscillations for the MgAl2O4/Fe/Pt sam-
ple on the left-hand-side of the Bragg peak, indicating crystal
coherence of the Fe layers. We have to keep in mind that
the only difference between the two samples is the substrate
material. So most likely the much better lattice matching of
MgAl2O4 to Fe is the cause of the higher Fe layer quality. To
the best of our knowledge, such X-rays results have not been
reported in other works concerning ultrathin Fe/Pt layers, and
if X-ray diffractometry was performed then it was done on
much thicker Fe layers in order to obtain sufficient diffraction
intensity34.

THz emission measurements were performed using a fem-
tosecond laser pulse of 800 nm wavelength, 1 nJ energy per
pulse, 80 MHz repetition rate and a 10 fs pulse length. The
laser spot size on the samples was 20 µm. The THz emission
was detected by the means of electro-optical sampling35 by
10 µm thick ZnTe (110) crystal5. Measurements were per-
formed at ambient conditions (RT with no dry gas purging).
The samples were saturated by an external in-plane magnetic
field (around 30 mT) and illuminated from the backside of the
sample, i.e. through the substrate, as shown in Fig. 1(a). In
such an experimental configuration, the emitted THz radiation
does not propagate through the substrate. Hence, the emitted
THz pulse is affected by the metallic bilayer properties only.
We measured optical transmission (using UV-Vis spectrom-
eter) of the substrates to correct for the signal reduction due
to substrate absorption and scattering of the incident fs-laser
pulses in the THz measurements. The light transmission for
our MgAl2O4 and MgO substrates is 26.5 and 13.6 %, re-
spectively. The recorded time-trace signal after the absorption
correction is shown in the Figure 3(a). The measured THz ra-
diation is a convolution of a detector response and the beam
propagation in the setup.Interestingly, the main pulse has a
higher amplitude when emitted from the MgAl2O4/Fe/Pt than
from MgO/Fe/Pt (as compared after the substrate absorption
correction). The time-trace was limited to 0.5 ps wide time-
windows for both samples and multiplied by the van Hann fil-
ter function36. Figure 3(a) shows the time trace signals (sym-
bols) and the time-trace signal used for the fast Fourier trans-
form (FFT) after the von Hann filtering.

Despite the large amplitude difference the pulses emitted
by the respective samples are similar in length within our
measurement accuracy. This could indicate a more efficient
spin transfer from Fe to Pt that can be caused by a longer
spin diffusion length in Fe. A decrease in spin scattering is
well in line with the improved Fe crystalline quality in the
MgAl2O4/Fe/Pt. Better crystallinity causes less spin scatter-
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Figure 3. THz emission of the Fe/Pt layers deposited onto MgO and
MgAl2O4 substrates: (a) substrate absorption corrected time-trace of
the electro-optical (EO) signals. The curve of the MgAl2O4/Fe/Pt
sample has been shifted upwards for clarity. The sample on
MgAl2O4 substrate has stronger and more persisting signal. Contin-
uous red lines illustrate time traces used for FFT and after multiplica-
tion with a von Hann function over the 0.5 ps time window (filtered
signal); (b) FFTs of the red line time traces as shown in (a). The spec-
tra are normalized to the peak in amplitude of the MgAl2O4/Fe/Pt
emitter.

ing in the Fe itself but also the transmission through the Fe/Pt
interface can increase if the interface is formed with a perfect
Fe lattice8,37.

The peak-to-peak values of the measured signals of
MgAl2O4/Fe/Pt and MgO/Fe/Pt samples are around 5 µrad
and 2 µrad, respectively. The identification of certain fea-
tures observed in the measured data are the following: (1) The
dip at around 5 THz corresponds to the phonon absorption in
the ZnTe detector35; (2) Contributions from the water in the
atmosphere during the measurement appear up until around
10 THz; (3) Additionally, due to a small ZnTe crystal thick-
ness, echoes of the main pulse appear early in the time-domain
signal38. The echoes would result in the interference fringes in
the emission spectra in the frequency domain. Therefore, by
reducing the FFT window and applying the filter function, one
can reduce the interference fringes in the amplitude spectra as
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well as reduce the numerical noise. The spectra were obtained
by normalizing the signal in the time-domain to the substrate
absorption, as stated above, and performing the FFT over the
length of the chosen time window, i.e. 0.5 ps. For compari-
son, both spectra were then normalized to the peak amplitude
of the MgAl2O4/Fe/Pt spectrum. Figure 3(b) shows the com-
parison for the two samples. The bandwidth, defined by the
frequency at half-maximum, is around 20 THz and 21 THz for
MgO/Fe/Pt and MgAl2O4/Fe/Pt, respectively. So despite the
higher emission for MgAl2O4/Fe/Pt the maximum emission
frequency is nearly identical. It can, however, be observed
that the MgO/Fe/Pt sample exhibits an almost flat spectrum up
to around 16 THz, while MgAl2O4/Fe/Pt sample has a peak
at around 10 THz. The THz amplitude can only be used to
compare the magnitude of the spin currents in the respective
samples if the resistivity of the films is taken into account5,9.
To this end, in-plane electrical transport measurements using
a standard four-point measurement protocol were performed.
For both samples a similar metallic behaviour of the sheet re-
sistance between T = 300K and T = 10K was observed. The
sheet resistance is about 8%, larger for the sample grown on
MgAl2O4 (Rs ≈ 105 Ω/� at T = 296K) compared to the sam-
ple grown on MgO (Rs ≈ 97 Ω/� at T = 296K), excluding
the resistivity as primary origin for the substantial difference
of the THz amplitude. Remarkably, the residual resistance
ratio RRR = Rs(298K)/Rs(10K) indicated no substantial dif-
ference between the samples’ electronic transport properties
(RRR(MgAl2O4/Fe/Pt)≈ 1.35, RRR(MgO/Fe/Pt)≈ 1.37).

We have shown that for spintronic THz emitters based on
epitaxial Fe an improved crystalline quality of the Fe film
can lead to massive enhancement of the THz emission am-
plitude of up to 250%. The fact that the THz spectrum re-
mains mainly unchanged while the THz amplitude increases
indicates that this is caused by decreased spin scattering and
better interface transmission as expected for an Fe lattice of
superior quality. The emitted bandwidth of 20 THz is compa-
rable to state-of-the-art THz emission sources, namely 5.8 nm
thick W/CoFeB/Pt trilayers5. Our experiments show that op-
timization of the layer growth and careful choice of a suitable
substrate can be used to improve significantly the characteris-
tics of spintronic THz emitters.
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