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We demonstrate a method to create arbitrary terahertz (THz) polariz
field dependent emission process of a spintronic source. As a pro
specific magnetic field pattern to the source that it is possible to.gener
profile. Experimental measurements of the electric field at tlie ?ﬁ)s of
flip in the transverse profile of the quadrupole-like mode with a

nent of 17.7 kVem™!. This represents an order of magnitudedncre
quadrupole-like profile compared to a linear polarization,
ing of a spintronic source can be exploited to obtain de irableg
to generate any desired THz polarization profile op
ization spectroscopy and for efficient mode coupling ario

i Droﬁles by exploiting the magnetic
.ept, we show that by applying a
drupole-like THz polarization
e THz beam revealed a polarity
sulting.strong, on-axis longitudinal compo-

> in the longitudinal component for the
1owing @n example of how magnetic field pattern-
Hz polarization properties. This unique ability
s up.possibilities for schemes such as rotatable polar-
waveguide designs. Furthermore, the strong

longitudinal fields that can be generated have applie tionw areas including intra-subband spectroscopy of
semiconductors, non-diffraction limited THz irﬂ% particle-beam acceleration.

The recent emergence of spintronic terahertz {T'
emitters has provided a low-cost source of high -

Seifert et al.,' the emitters exploit laser-induced
spin properties in magnetic multi-layers ( i
to produce gap-free emission covering, 1-3

arge-area
rce roduce electric
the focus of the THz
:usSing conditions,
héive bee reported using
a tilted-pulse-front-pu FPJ) scheme in lithium
niobate (LN) crystals.® Given the'velative cost and the
complexity involveddim“dLPF a LN source, together
with the potential™or significant development of only-

or f}ﬁure high-field applications op-
¢ THz-i
roper?* of spintronic emitters is that they

0 generate THz radiation polarized

endent of the pump laser polarization.'? In or-

malipulate the magnetic moment, a magnetic field
S a%dd;g the source and fields on the order of 10 mT
cient to saturate the magnetic structure. To date,
sources‘thave been placed between two permanent mag-
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nets of aligned polarity, producing linearly polarized THz

diation as a result of the magnetic moment aligning to
the straight magnetic field lines running parallel to the
source plane. However, this polarization dependence on
the magnetic state of the source offers the potential to di-
rectly tailor an arbitrary polarization profile of the emit-
ted THz radiation by controlling the applied magnetic
field pattern.

The arbitrary control of THz polarization, and
the ability to generate unique polarization profiles,
have numerous potential applications in THz spec-
troscopy and coherent control over material struc-
ture and dynamics,”'? with examples including THz-
assisted asymmetric synthesis of chiral molecules'!, THz-
driven electron-hole re-collisions'?, ferroelectric domain
switching!3, ultrafast manipulation of collective spin
excitations'® and rotatable polarization spectroscopy!'®.
Additionally, more complex modes with radial po-
larization offer high-efficiency coupling of THz radia-
tion to cylindrical wire waveguides'®, and when fo-
cussed also provide enhanced longitudinal electric field
components'”.  While basic THz polarization control
can be achieved using optical components such as wire-
grid polarizers'® and waveplates'?, more complex con-
trol has recently been demonstrated by Sato et al.2?. A
spatial light modulator (SLM) was used to modify a
near-infrared laser pulse and subsequently imprint a pre-
scribed polarization state onto the THz field generated
from a non-linear crystal.?’ However, despite the variety
of achievable polarization-shaped waveforms, the scheme
relied on complex optical components, with the SLM-
based setup restricting the bandwidth, pulse duration
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I?Pea 1nten81ty of the generated THz waveforms. This
1 ted 1n a maximum THz field amplitude limited to
Publishing,

(a)

FIG. 1. (a) Mechanism of THz generation from a spintronic
source. A laser pump pulse launches a spin-polarized current
(js) in the ferromagnetic (FM) layer that is converted to a
transverse charge current (jc) in the non-ferromagnetic (NM)
layer, generating a THz pulse polarized perpendicular to the
applied magnetic field (Bmag). (b)-(e) Schematic diagrams
of the two permanent magnets on either edge of a spintronic
source, showing the magnetic field lines when oriented with
(b) aligned and (c) opposing polarity. The corresponding THz
electric field lines are given in (d) and (e), respectively.

ization profiles, and without the use of comp
components. We report on the application of a
field pattern to a spintronic emitter place

findings demonstrate that the arization emitted
irectly, tailored by an
to create & range of THz

from a spintronic source can b

polarization profiles.

The spintronic sour;e/Jse th9/ experiment was a
square 25x25 mm metallictpilayerstructure consisting of
a 2 nm-thick NiggF Mm layer with a 2 nm-
thick Pt NM top la; r?E%;osite n a 500 pm-thick MgO

ron sputtering. The FM layer

}? lo ercivity of NiggFesq (see sup-
), ezhancing the ability to manipu-
re of the layer with weak mag-
d to materials of higher coercivity.
'Svements with varying NiggFeyq layer
m showed the 2 nm layer gave the

the THz amplitude for a total bilayer thickness

he applied magnetic field was provided by
1m-diameter, 2 mm-thick neodymium (N42) disc
magnets, with the north and south pole on each magnet
located on each circular face. As shown in Fig. 1(b)-
(e), the two magnets were placed on either edge of the
spintronic source and were separated by approximately

25 mm. In the case of Fig. 1(b) for aligned magnetic po-
larity (opposite poles oriented towards the source such
that the magnets attract each other), a magnetic field in
the centre of approximately 50 mT decreasing to 20 mT
at the edges was measured using a Hall probe. The ap-
plied magnetic field was therefore always in excess of the
saturating field of the ferromagnetic NiggFeyq layer, mea-
sured using the magneto-optic Kerr effect to be approx-
imately 5 mT (see supplementary material). To achieve
opposing magnetic p?zrity, the orientation of one mag-
net was reversed and¢he'sesulting magnetic field pattern
is illustrated in Fig. ). the experiment, the spin-
tronic source wal :ﬁmed on a perspex plate with a
23 mm clear aperture,and all measurements were taken
unpurged atroonigempetature with the pump beam in-
ubstrate side.

ntal _setup employed a 1 kHz regenera-
tem, which produced 6.5 mJ of 800 nm
a‘pulse duration of 45 fs. The laser
into a pump (90%) and probe (10%)
ration and detection, respectively. A
sehematio, diagram of the experimental setup is shown
i ﬁvaith a collimated 10 mm diameter, 1.3 mJ

n Fi

p beam (pump fluence = 1.65 mJem™2) used to ex-
\\"&k e spintronic source. An indium-tin-oxide (ITO)-
In this letter, we demonstrate the ability to g eraﬁf\r?diation, whilst transmitting the majority of the re-

d glass plate was used to reflect the emitted THz

aining 800 nm pump beam towards a beam block. A
high-resistivity float-zone silicon (Si) wafer was used to
remove any residual 800 nm pump radiation. The THz
radiation was then focussed by a 25 mm-diameter gold

Beam

THz block

Magnet 2

Translation
stage

MZT

Si wafer

PD1

PD2

FIG. 2. Schematic diagram of the experimental setup showing
the pump and probe beam paths used for THz generation and
detection, respectively. Details are given in the main text.
M = mirror, L = lens, BS = beamsplitter, A\/4 = quarter-
waveplate, WP = Wollaston prism, PD = photodiode.
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Akpﬂ?—nxis parabolic mirror (OPM) with focal length

o1 25 min onto a 500 pum-thick ZnTe electro-optic crys-

PUb|I§hI&g],~ THz detection, the probe beam was focussed
(L1 focal length = 1000 mm) onto the ZnTe crystal in
a back-reflection geometry. An 800 nm anti-reflection
coating on the back face of the ZnTe crystal allowed the
probe beam to transmit and subsequently reflect back
off the front face of the crystal to co-propagate with the
incident THz radiation. A 50:50 beamsplitter was used
to direct the back-reflected probe beam into a standard
electro-optic detection scheme. To enable spatial profil-
ing of the THz beam on the ZnTe crystal, mirrors M1
and M2 were positioned on a computer-controlled trans-
lation stage, which provided horizontal translation of the
probe beam without altering the path length.

The results in Fig. 3 show the transverse THz electric
field waveforms and corresponding spectral amplitudes
measured at the focus of the THz beam, as a function
of horizontal sampling position across a (110)-cut ZnTe
detection crystal. The THz electric field values were cal-
culated from the THz-induced intensity change recorded
on the photodiodes?! and accounted for the measured
67% THz amplitude transmission of the Si wafer, used to
block the residual pump radiation. In Fig. 3(a) and (

Amplitude (arb. uni
200 400 600 4800 10

-1
ETHZ (kVem™)

83 2 1 0 1 2 30

| EEREERa

Sampling Position (mm)
S o
(9] o w .

'
-

A?ﬂitude (arb. units)
200 400 600

-

e
)

Sampling Position (mm)
& o

'
-

1 1 03 0 05 1 150 1 2 3 4
ime Delay (ps) Frequency (THz)
.y
FIG."3. Transverse THz waveforms measured at the THz
beam fogus, as a function of horizontal sampling position on

a ZnTe (110)-cut detection crystal for the spintronic source
placed between magnets with (a) aligned and (c) opposing
polarity. The corresponding spectral amplitudes are given in
(b) and (d), respectively.

&N

\ir} FEry, along the horizontal sampling axis results in a

the spintronic source was placed between two magnets
with aligned polarity, which as illustrated in Fig. 1(b),
produced horizontal magnetic field lines running paral-
lel to the source plane. The magnetic domains in the
ferromagnetic NiggFeog layer aligned to the direction of
these magnetic field lines and, after excitation of the
source with a laser pump pulse, resulted in the gener-
ation of vertically polarized THz radiation, as shown by
Fig. 1(c). The azimuthal angle of the ZnTe (110)-cut
crystal was therefor‘% to maximize detection for this
polarization. As seerfin Fig. 3(a) and (b), the transverse
components of th ically"polarized THz radiation fo-
cus to a spot withhk FWHM of 0.65 mm at 1 THz, a peak
on-axis Frw, %alue of 3.6 kVem ™! and spectral band-
width extending proximately 2.5 THz, limited
by the 50 ,uI@hick Te detection crystal. In Fig. 3(c)

the magnets was reversed to create an

ic polarity configuration, which resulted
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tary material), to good approximation the
omains align with the direction of the mag-
lines, producing the THz electric field pat-
shown in Fig. 1(e). The impact of this quadrupole-
Hz polarization profile on the focussed THz beam
e seen in Fig. 3(c) and (d), where a polarity flip

zero on-axis transverse THz electric field and approxi-
mately equal splitting into positive and negative lobes
with peak Ern, values of 1.9 kVem ™! and -1.6 kVem ™!,
respectively. The THz focal field distribution and mag-
nitude were not sensitive to small variations in magnet
alignment and were easily repeated with the magnets re-
moved and reinstalled between measurements.

Further measurements were performed using a (100)-
cut ZnTe detection crystal to investigate the longi-
tudinal components of the THz electric field, where
the calculation of Ery, required the Fresnel amplitude
transmission coefficient for longitudinally polarized THz
radiation,?? given by tiong = 2/n1H,(1 + nTH,), With the
results shown in Fig. 4. In the case of aligned magnetic
polarity in Fig. 4(a), the longitudinal components are
almost an order of magnitude weaker than the trans-
verse components observed in Fig. 3(a), with the maxi-
mum longitudinal Ery, amplitude only reaching a value
of 0.54 kVem™!. Such weak longitudinal components
are expected for linearly polarized THz radiation, aris-
ing from transverse gradients in the beam profile?3. The
slight asymmetry in the spatial profile is attributed to
a small misalignment in the THz beam focusing but the
expected polarity flip with zero on-axis longitudinal THz
electric field can be distinguished from the spectral com-
ponents in Fig. 4(b). In contrast, for an opposing mag-
netic polarity configuration in Fig. 4(c) and (d), the lon-
gitudinal components of the quadrupole-like THz radia-
tion focus to a spot with FWHM of 0.68 mm at 1 THz
and a peak on-axis Fry, value of 7.0 kVem™!. This peak
longitudinal value for the quadrupole-like THz polariza-
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verse counterpart
in Fig. 3(c) but is almost douBle the peak 3.6 kVem ™!
ized z radiation in
Fig. 3(a). Therefore, thesefesults de strate that over
an order of magnitude inérease n the peak longitudinal
FET1, can be achieved he fo of the THz beam if
a suitable magnetic ldMls utilized with a spin-
tronic emitter. Thé expected /2 phase shift between
the transverse a itudinal components?® observed
in Fig. 3(c) and Fig., 4(¢), confirm that the longitudinal
THz electric fie ponents were measured.
‘Jﬁcant interest in the use of in-
tense THz adiati r particle acceleration?* 26 with
t oﬁa strong longitudinal THz electric
$. s demonstrated from Fig. 4(c), such

n be generated using a spintronic emit-
een two magnets of opposing polarity. To

of the pump beam by a factor of 2 up to a FWHM of
20 mm. Consequently, a 4 mJ pump beam could be used
for excitation without exceeding the pump fluence dam-
age threshold of the spintronic emitter, estimated to be
approximately 2 mJem™2. From the resulting transverse
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FIG. 5 nmnal THz waveform measured with a
Zn'Te (100 crystal. Inset: Dependence of the peak

amplitude on the pump fluence.

eam profile and field strength, the THz pulse en-
was estimated to be on the order of 1 nJ, with the
is, longitudinal THz electric field waveform shown
. 5, giving a peak value for Etg, of 17.7 kVem ™!,
This value exceeds that reported in previous work where

hemes using THz air-plasma generation?’, a large-area
photoconductive radial antenna?? and the interferometric
combination of two linearly polarized THz beams gener-
ated from a matched pair of LN crystals?® were employed.
Those schemes exploit large transverse field gradients,
arising from a polarity flip in the transverse polarization,
to produce intense longitudinal fields at the focus of the
THz beam. While we observe a similar polarity flip in the
transverse fields, from the symmetry of our quadrupolar
THz emission profile, longitudinal fields are not expected
to be directly generated from the transient divergence of
the THz electric field, but rather are attributed to the
transient charge build-up from current gradients.

In summary, we have demonstrated a proof-of-
principle concept that a magnetic field pattern can be
applied to a spintronic source to manipulate the mag-
netic state of the ferromagnetic layer, such that when the
source is excited with a laser pulse, the transverse po-
larization profile of the resulting emitted THz radiation
can be directly tailored. We have shown that when the
source is placed between two magnets of opposing polar-
ity, THz radiation with a quadrupole-like polarization
profile can be generated, which when focussed results in
longitudinal THz electric field amplitudes double that of
the transverse THz electric fields achieved with linearly
polarized THz radiation. Together with recent reports
of transverse fields of 0.3 MVem™! from an optimized
trilayer spintronic source®, our results suggest that
longitudinal fields approaching the order of 1 MVem ™!
are possible, making magnetic-field tailored spintronic
sources a candidate for applications requiring an intense
longitudinal THz field component. As a future outlook,
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h our proof-of-principle demonstration utilized a
Specific inagnetic field pattern, it is possible to create any

Pu b|lé‘J§111@8 "Hz polarization profile by exploiting alternative
magnetic field patterns applied to the spintronic source.
This unique ability opens up numerous possibilities in
areas including spectroscopy, imaging and particle-beam
manipulation in the THz spectral range.

See supplementary material for experimental mea-
surements of the optimal ferromagnetic layer thickness
of the spintronic bilayer structure, and subsequent
characterization of the magnetic properties of the chosen
structure.
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