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We systematically study the pump-wavelength dependence of terahertz pulse generation in
thin-film spintronic THz emitters composed of a ferromagnetic Fe layer between adjacent
nonmagnetic W and Pt layers. We find that the efficiency of THz generation is essentially
flat for excitation by 150 fs pulses with center wavelengths ranging from 900 to 1500 nm,
demonstrating that the spin current does not depend strongly on the pump photon energy.
We show that the inclusion of dielectric overlayers of TiO5 and SiOs, designed for a particular
excitation wavelength, can enhance the terahertz emission by a factor of of up to two in field.

PACS numbers: Valid PACS appear here

Terahertz (THz) radiation is non-ionizing and, there-
fore, safe for many applications, ranging from micro-
and macroscopic imaging and spectroscopy to wireless
communication 4.  However, the spectroscopically in-
teresting THz frequency band near 1 THz is not eas-
ily accessible. Electronic sources such as oscillators can
only provide high (milliwatt) output levels up to a few
100 GHz2, while optical sources such as quantum cas-
cade lasers are typically limited to frequencies >2 THz
at room temperature?8. To fill this “gap”, considerable
effort has been garnered towards sources capable of fre-
quency mixing and optical rectification?, typically driven
by femtosecond lasers.

To date, most THz emitting materials have been found
to be insulators or semiconductors®. Recently, THz emit-
ters based on magnetic, metallic thin films have been
demonstrated which emit THz radiation under illumi-
nation by femtosecond pulses? 15, We here focus on
trilayer thin-film emitters formed from a ferromagnetic
(FM) layer between two non-ferromagnetic (NM) lay-
ers. A two-step process is thought to generate THz
radiation:'® Upon excitation by the femtosecond pump
pulse, an ultrashort out-of-plane spin current polarized
along the FM magnetization is injected from the FM into
the NM layers. Thereafter, the inverse spin Hall effect
converts the laser-induced spin current into a transverse
in-plane charge current within the NM layer which leads
to the emission of a terahertz pulse into the optical far-
fieldi6 18,

One of the most efficient films of this type? comprises
W, CoFeB and Pt layers. Importantly, Pt and W fea-
ture a spin Hall angle of opposite sign, resulting in a
constructive superposition of the two charge currents in
these layers. The result is an ultrabroadband THz emit-
ter, capable of delivering pulses spanning 0.1 to 30 THz.2

a)rh522Qexeter.ac.uk

FIG. 1: Schematic of a spintronic trilayer with added
dielectric cavity, grown on 0.5 mm of sapphire (AlyOs).
The near-infrared pump pulse, incident through the
substrate, is partially absorbed in the metallic layers,
launching a spin current from the ferromagnetic (FM)
layer into the nonmagnetic (NM) layers. The inverse
spin Hall effect converts this ultrashort out-of-plane
spin current into an in-plane charge current resulting in
the emission of THz radiation into the optical far-field.
A weak in plane magnetic field (B) determines the
magnetization direction, and the linear polarization of
the emitted THz field.

With an active region only a few nanometers thick in
total, these emitters can generate as much THz radia-
tion as a phase-matched electrooptic crystal of millimeter
thickness?. Such highly efficient, but thin, THz emitters
show much promise, particularly for near-field measure-
ment or applications that benefit from the absence of
phase matching.

Most studies of these THz emitters have been car-
ried out using Ti:sapphire laser sources with wavelengths
around 800 nm. However, many thin metal films show
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a rather wavelength-independent absorptance in the vis-
ible and near infrared, such that the THz-generation effi-
ciency may naively be expected to be largely independent
of the pump wavelength?. Such wavelength-independent
emission would be a great advantage of these types of
emitters, allowing users free choice in excitation laser
source.

In this paper, we investigate the pump-wavelength de-
pendence of THz emission of W|CoFeB|Pt trilayer emit-
ters using a continuously tuneable femtosecond laser
source. We find that the efficiency of THz generation
is surprisingly flat for excitation by 150 fs pulses with
central wavelengths ranging from 900 to 1500 nm. This
observation reveals that the photon energy has little ef-
fect on the number of electrons contributing to transport
of spin polarization and that the key parameter is the
total amount of energy deposited by the pump pulse.
We demonstrate that the inclusion of dielectric overlay-
ers (TiO9 and SiOs), forming a cavity with the substrate,
can enhance emission by up to a factor of four in intensity
in the frequency window from 0 to 2 THz.

A schematic of the samples is shown in Fig. [II The
emitters have each 10 mm by 7 mm in area, with layers
of W, CoFeB and Pt deposited on a sapphire substrate
by Ar sputtering using a Singulus Rotaris© deposition
system.? The layers of W, CoFeB and Pt have a nom-
inal thickness of 2 nm, 1.8 nm and 2 nm, respectively,
giving a total thickness of 5.8 nm for the metallic layers.
On six samples, an optical cavity made from alternat-
ing dielectric overlayers of TiOy (thickness 113 nm, near-
infrared index of refraction 2.265)2 and SiO, (185 nm,
1.455), with a total overlayer thickness of 1.495 pm,
was deposited by plasma-assisted electron beam evap-
oration using a Leybold 1104 coating platform. Note
that the overlayer thicknesses were optimized numeri-
cally to give a flat response at the target wavelength.
The near-infrared transmission spectrum, normalized by
the optical transmission of the sapphire substrate, was
recorded for each sample using a monochromator (Oriel)
and Quartz Tungsten-Halogen lamp (Thorlabs) (see Figs.
2al and 2h)).

THz emission was investigated using wavelength-
tunable near-infrared pump pulses (duration ~ 150 fs,
spot diameter ~ 4 mm, fluence ~ 0.1 J m™?) inci-
dent normal to the sample surface. They were gener-
ated by an optical parametric amplifier (Light Conver-
sion TOPAS) driven by an 800 nm Ti:Sapphire amplified
laser (~ 100 fs, repetition rate of 1 kHz). When vary-
ing the pump wavelength, we paid particular attention
to keeping the other pump-pulse parameters, in particu-
lar energy, duration and focus diameter, constant. The
resulting THz pulse, emitted in the forward direction,
is detected through electrooptic sampling with 800 nm
pulses from our amplified laser system using a 1 mm
thick, (110)-oriented ZnTe crystal. For all samples, a
neodymium magnet attached to the emitter holder ap-
proximately 7 mm from the edge of the film gives an
in-plane magnetic field of ~ 13 mT, as depicted in Fig.
[ This determines the linear polarization of the emitted
THz field which is always oriented perpendicularly to the
magnetic field.

Figure 2d shows a typical electrooptic signal waveform

of a THz pulse emitted from the bare spintronic trilayer
after excitation by a pump pulse with a center wavelength
of 1040 nm. The signal amplitude grows approximately
linearly for incident pump fluences at least up to 0.4 J m
(see Supplementary Fig. [ST]).

In Fig. 2e we plot the integrated THz field emitted by
a W|CoFeB|Pt trilayer sample for various pump wave-
lengths in the range from 900 to 1500 nm. Remark-
ably, over this range, the efficiency of THz generation
is wavelength-independent. Importantly, since they orig-
inate from the same source, the focus diameter, energy
and duration of the pump pulses are fairly independent
of the wavelength in the range 1000 to 1300 nm. For ex-
ample, the pulse duration varies by less than 12 fs across
this entire range (see Supplementary Fig. and Sup-
plementary Section [B]). An unchanged THz signal am-
plitude has also been reported!2 for the two significantly
shorter wavelengths of 800 nm and 400 nm. Our results
and those of Refd? indicate that the spin current arises
from the hot electrons induced by the pump pulse. De-
tails of the involved optical transitions are insignificant.
Therefore, the key parameter is the amount of energy
that is deposited by the pump pulse in the electronic
system.

Since the THz emission from the spintronic emitters is
largely independent of pump wavelength, one can in prin-
ciple enhance the emission for any particular wavelength
by designing a suitable adjacent cavity. A straightfor-
ward implementation are dielectric overlayers similar to
a Bragg mirror, forming a broadband dielectric cavity
with the substrate. By placing the lower index material,
in this case SiO9, next to the trilayer, an intensity max-
imum is formed within the active THz generation lay-
ers. Doing so, for a particular target pump wavelength,
pump absorption in the metallic trilayer will be maxi-
mized, and so will the emitted THz radiation. For conve-
nience, we choose a target pump wavelength of 1040 nm
aimed at common fibre lasers, specified by the thickness
and type of the dielectric layers. To achieve a stop-band
with less than 5% transmission, a total of 10 dielectric
layers are required. For these coated samples, the total
thickness (neglecting the substrate) is 1.495 pm, corre-
sponding to an optical thickness for THz wavelengths of
approximately 9 pm, which is still very subwavelength
for THz radiation.

To model the behavior of the emitter with dielectric
cavity, a standard modal matching approach?? is used
which can also treat a source within the active region
(see Supplementary Section [D]). In Fig. R we plot the
calculated near-infrared transmission spectrum for the
samples with dielectric overlayers (green dot-dash line).
We expect a transmission minimum (Fig. D) and an
absorptance maximum, (see Supplementary Section [D])
at the target wavelength of 1040 nm, with a bandwidth
of around 300 nm.

In Fig. B the blue-shaded region represents the distri-
bution of transmittance spectra measured for the six sam-
ples with overlayers. While the transmittance (Fig. )
and absorptance (Supplementary Fig. [S4) of the sam-
ple without the dielectric overlayers are fairly flat over
the measured range, all samples with dielectric overlayers
show clear band-stop behavior. The minimum transmit-
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FIG. 2: (a, b) Measured transmittance of samples without (left) and with (right) with TiOz and SiO dielectric
overlayers. The blue-shaded region in panel (b) represents variation among the six cavity films due to variation in
the fabrication process. Whilst the transmittance of the trilayer alone is relatively flat with incident wavelength, the
trilayer with the dielectric overlayers exhibits a bandstop region between 900 and 1200 nm. Green lines are calulated
using modal matching (see supplementary information). (¢, d) Typical THz waveforms from the bare trilayer sample
(left) and the trilayer with overlayers (right) pumped by 1040 pm pulses. (e, f) The THz electric field, integrated
over the spectrum, emitted without (left) and with (right) dielectric overlayers as function of the pump wavelength
while the energy, focus diameter and duration of the pump pulses were kept constant. Error bars represent variation
in emission between nominally identical samples. Note that the highest value of THz field has been normalized to
one to ease comparison.

tance in the measurement, ~ 3%, is consistent with our
modeling. The slight shift in wavelength of the band-stop
region between the modeling and experiment likely arises
from variation in the refractive indices and/or thicknesses
of the dielectric layers. For example, the optical thickness
needs to change by only 3.8% with respect to specified
values to account for this discrepancy. The band-stop in
the region of the target wavelength designates a region
where we expect to see enhancement of THz emission.
In Fig. 2l we can observe the enhancement in THz
emission generated by the dielectric overlayers. For an
identical pump fluence, in the band-stop window (900 to
1200 nm), we find a THz field that is a factor of ~ 2

(intensity of a factor ~ 4) larger compared to the tri-
layer without overlayers. This is slightly larger than the
70% enhancement in field recently reported for a cav-
ity formed from spintronic layers separated by dielectric
spacers.t2 We also observe reduction in THz emission
near the near-infrared transmittance maxima at 1300 nm.
In these bandpass regions, the dielectric overlayers act to
reduce the near-infrared intensity in the active magnetic
layer. For the band-stop region, the factor of two en-
hancement in THz field emission is observed for the en-
tire fluence range investigated here (Supplementary Fig.
[51).

In Fig. Bl we plot the spectral dependence of this
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FIG. 3: Measured THz emission enhancement for
different spectral components, plotting the THz field
amplitude emitted from a spintronic trilayer with the

dielectric cavity divided by field emitted without cavity,
when excited by a pump pulse of 1040 nm. The solid
line is a calculation from modal matching theory.

observed THz emission enhancement for excitation by a
1040 nm pump pulse (blue dots). The highest enhance-
ment is observed for the lowest THz frequencies. Above
1 THz, we begin to see a slight drop in the field enhance-
ment factor (limited to 2 THz by the bandwidth of our
detector). Also shown is the prediction from modeling
(red line): this is calculated from the modal modeling
method using the THz field emitted with and without
the dielectric cavity, multiplied by the predicted pump
intensity in the active magnetic layer. Our modeling pre-
dicts a similar behavior, but with an enhancement factor
which decreases more quickly with frequency, an effect
which arises due to the frequency dependent absorption
of TiOs. In our model, we also observe high sensitivity to
the precise index of the Pt layer, a material which shows
high variation dependent on morphology.2! It is impor-
tant to note that alternative dielectrics to TiOs may well
exhibit lower absorption losses, and could increase the
operational bandwidth of cavity enhanced emitters.

To conclude, we systematically study the pump-
wavelength dependence of THz emission of spintronic
W|CoFeB|Pt trilayers. We find that the efficiency of THz
generation is essentially flat for excitation by 150 fs pulses
with central wavelengths ranging from 900 to 1500 nm,
indicating that the spin current is largely independent of
the pump-photon energy. We demonstrate that the inclu-
sion of dielectric overlayers of TiO5 and SiOs, designed
for a particular excitation wavelength, can enhance emis-
sion by up to a factor of two in field amplitude. The
four-fold enhancement in emitted THz intensity could be
further improved using cavities with higher quality fac-
tors, matched to the bandwidth of the pump pulse.
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FIG. S1: THz emission as function of pump fluence,
measured with a pump wavelength of 1000 nm. Both
films exhibit linear dependences over this range of
fluence, with the dielectric cavity enhancing the THz
field emitted. Solid lines are linear fits.
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The inset shows a sample pulse taken at 1200 nm: blue
region is the raw data, iteratively thresholded, while the
red line is a Gaussian fit.

I. SUPPLEMENTARY MATERIAL
A. Power dependence of THz emission

We examine the power dependence of THz emission
from the spintronic trilayer with and without the dielec-
tric cavity attached. As seen in Fig. [SI] the THz signal
amplitude grows linearly with respect to the pump flu-
ence for both samples (with and without cavity) over the
entire range investigated here. Non-reversible saturation
was observed for pump fluences > 1 J em™, possibly due
to heating of the sample above the Curie temperature of
the FM layer and ablation of the metal films .2:11
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FIG. S3: The figures above show the modeled detector
response function for electrooptic sampling in (a) the
time domain and (b) the frequency domain. The inset
in (a) shows the spectrum of the spintronic emitter
with dielectric cavity.

B. Pump-pulse duration vs wavelength

We determine the length of the pulses generated by
our optical parametric amplifier as a function of wave-
length, 1000 to 1300 nm, using an autocorrelator (FR-
103MC from Femtochrome). Autocorrelation curves are
fitted with a Gaussian, yielding the pulse duration (full
width at half intensity maximum). In Fig. [S2] we see
that the variation in pulse lengths across our measureable
wavelength range is negligible and smaller than the noise
in the measurement. Error bars represent variations in
measurement, most likely resulting from environmental
factors, including humidity and laser fluctuations.

C. Detector response function

In Fig[S3] we plot the detector response function h(t)
of our THz electrooptic detection system (1 mm thick,
(110)-ZnTe crystal and 100 fs, 800 nm sampling pulses)
calculated using Kampfrath et al.2” It connects the THz
electric field incident Ej,¢(t) onto the electrooptic crystal
with the electrooptic signal S(¢) by the convolution S =
h % Eiye. Since h(t) is much wider than the pump pulses
(~ 150 fs), we expect that the small variations of the
pump-pulse duration present in Fig. are invisible to
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FIG. S4: (a, b) The transmission of the spintronic emitter without (left) and with (right) the dielectric cavity shows
the effectiveness of the dielectric cavity in preventing the pump wavelengths from transmitting through the emitter.
(¢, d) The absorption of the emitter without (left) and with (right) the dielectric cavity, obtained using the modal
matching, shows an increase over the bandstop range. This increased absorption is responsible for the increase in
THz radiation when excited in this range.

the electrooptic detection.

D. Modal matching calculations

The layers are considered homogeneous in the -y
plane, where the radiation propagates along the z-axis.
We define the in-plane component of the electric field in
the semi-infinite vacuum region as a sum of forward and
backward propagating plane waves of frequency w given
by

Aieiniwz/c + ‘Bie—iniwz/c7 (1)

where A; and B; are the amplitudes of the forward- and
backward-propagating fields in the i-th layer, with re-
fractive index n;, and ¢ being the vacuum speed of light.
Note that the forward- and backward-propagating ampli-
tudes in the reflection and transmission regions are zero,
respectively. Using Maxwell’s equations, one can then

find a similar expression for the magnetic field:

w . w i
_Al_nl_em,lwz/c — ZBin;e 1nlwz/c. (2)
C

Then, by applying field continuity boundary condition at
the interfaces between all the layers, one obtains a set of
simultaneous equations that can be solved for the sets of
unknowns A; and B;, and, therefore, for the field am-
plitudes in each of the regions. We use this model to
calculate 1) the near-infrared transmission of our mul-
tilayer stack (by including a source electric field of unit
amplitude in the incident region), and 2) the normalized
THz emission of the multilayer stack (by including a uni-
tary source field in the magnetic layer of the stack), both
normalized by the field within the sapphire substrate.
Literature values for the metallic? and dielectric2:28 THz
refractive indices are used. The optical frequency param-
eters for TiOs and SiOs were provided by our commercial
fabrication partners?.

In Fig. [54] we plot the calculation absorption spectra
for our samples without (bold red line) and with (bold
blue line) dielectric cavity. Without cavity, the absorp-
tion is fairly wavelength-independent. With the cavity,
absorption is increased by around a factor of two in the
band-stop region of the spectrum. In this region, we also
see a commensurate increase in the the THz field emitted
from samples with the cavity, as seen in Fig.



