AIP

f//_. Publishing

Spin-structured multilayer THz emitters by oblique incidence deposition
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State-of-the-art THz spintronic emitters require a constant magnetic field to satu-
rate their magnetization. We demonstrate that depositing the ferromagnetic layers
at oblique incidence confines the magnetization to a chosen in-plane easy axis and
maintains the saturation in the absence of an external magnetic field. We use this
method to build THz emitters structured as spin valves, for which we use an external
magnetic field to turn on and off the emission of THz radiation as well as to change
its polarization. We are able to reproduce the THz waveforms by modeling the spin

current and the THz propagation through the multilayer system.
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I. INTRODUCTION

Spintronic THz emitters sparked interest in the last decade as compact and compet-
itive THz sources.! Their simplest form consists of a pair of ferromagnetic|non-magnetic
nanometer-thin layers. When an ultrafast optical pulse is applied on the ferromagnetic (FM)
layer, a transient spin current is launched across the interface into the non-magnetic (NM)
layer. The exact mechanism governing the spin transport is still debated.?2® In the NM
layer, the spin current is converted by the inverse spin Hall effect® (ISHE) into a transverse

charge current, which produces a detectable THz pulse.

As the polarization of the THz field depends on the orientation of the magnetization of
the FM layer, the efficiency optimization of the emitters requires that the magnetization is
saturated. For soft ferromagnets, this demands the presence of a constant external mag-
netic field, which hinders the miniaturization of the emitters for applications in spin-based
electronics. We aim to develop an alternative method to control the magnetization and
consequently manipulate the THz emission, for which a constant external field is not neces-
sary to maintain the saturation. To that end, we use oblique-incidence deposition (OID) to
prepare the FM layers. The same principle has been recently explored by Hewett et al.” for
CoFeB-based bilayer emitters. This deposition technique results in an adjustable magnetic
anisotropy, which confines the magnetization to a chosen in-plane easy axis. An external
magnetic field is consequently not required to maintain the saturation, but is used to switch

the magnetization along its easy axis.

More elaborate structures than the bilayer sample have been used to optimize the THz
output, pioneered by Seifert et al.® using trilayer samples in which the FM layer is inserted
between two NM layers with opposite ISHE coefficients.” Five-layer configurations with
two FM layers, which are aligned antiparallel to each other due to an antiferromagnetic
interlayer coupling, were shown to double the emitted peak field.'® Other approaches to
control the polarization of the THz include rotating the magnetization of the FM layers with

d"13 and rotating an AFM|FM sample where exchange bias creates

an external magnetic fiel
a field-free remanence.'* Other techniques to modulate the THz radiation include integrating
the spintronic emitters on chips,'® using meta-materials,'® or using the antiferromagnetic
interlayer coupling to form a spin-valve structure that allows to turn on and off the THz

output.'”
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Using OID, we developed multilayer spintronic THz emitters containing two uncoupled
FM layers, thus removing the need for additional layers to fix the iron’s magnetization. The
strength and direction of the anisotropy of each layer can be independently chosen at the
time of the layer production via the deposition conditions. Hence, the magnetization of each
FM layer can be independently switched by a transient external magnetic field of appropriate
strength, which is reflected in the properties of the THz emission. With this method, we
demonstrate samples with distinct states: the THz emission can be switched on and off
or its polarization can be rotated by 90° by changing the strength of the magnetic field.
The OID is ensuring a sharp transition between those states and a symmetrical behavior
when the magnetic field is swept in both directions. To distinguish the magnetic and optical
effects, we simulated the spin current using the model of Rouzegar et al.'® based on the spin

accumulation in Fe, and calculated thepropagation of the emitted THz field.

II. DEPOSITION TECHNIQUE

The samples were prepared by magnetron sputter deposition (see details in Appendix A).
In the deposition chamber, the azimuthal and polar angles of deposition can be freely chosen.
All samples use iron as FM layer. The NM materials are sputtered at normal incidence (NID)
while oblique incidence deposition (OID) is used for the Fe layers. Below 20 nm, OID creates

a wavy modulation of the Fe surface, which induces a uniaxial magnetic anisotropy,®-2°

as
illustrated in Fig. 1. In the absence of an external field applied along the hard axis, the
magnetization is confined to the easy axis of the layer and a sharp 180° switching behavior
is obtained when the external field is reversed. The strength of the magnetic anisotropy is
determined by the layer thickness and the azimuthal deposition angle J: previous exper-
iments determined that the anisotropy continuously increases up to 85° of incidence.?!?2
This allows us to tune the coercive field necessary for switching the magnetization of each
layer. Additionally, the in-plane orientation of the easy axis is set by the polar deposition
angle ¢ and can be different for each Fe layer. Table I presents the structure of the spintronic

emitters analyzed in this manuscript.
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FIG. 1. Schematic of the oblique incidence deposition (OID) process producing a uniaxial magnetic
anisotropy in the ferromagnetic (FM) layer via self-shadowing. The angle ¢ is the azimuthal

deposition angle. The easy axis of the magnetization is perpendicular to the plane of incidence.
III. DEMONSTRATION OF THE MAGNETIZATION PINNING

To demonstrate the influence of the deposition angle, we manufactured two samples with
an identical Al,O3/MgO|Fe|W structure (see Fig. 2), named Fe|W(OID) and Fe|W(NID).
The Fe layer of the Fe]W(OID) sample is deposited at 60° of incidence, while the Fe layer
of the Fe|W(NID) sample is deposited at normal (0°) incidence. In the case of Fe|W(OID),
the correlated surface roughness induced by the deposition is transmitted to the above W
layer.

Figure 2 illustrates schematically the process of THz emission in both samples. The spin
polarization & carried by the spin current j; has the same orientation as the magnetization
of the layer. The orientation of the charge current j. emitted by the ISHE is defined by the
cross product of the latter quantities as well as the sign of the Hall angle v of the NM layer:©

Jo o< yJa X M. (1)

Due to the small spin Hall angle of Fe,! we assume that only the NM layers contribute to
the THz emission.

The behavior of the magnetization when applying an external magnetic field was mea-
sured by two methods: using the magneto-optical Kerr effect (MOKE) and via the detection
of the emitted THz pulse (see details about the setup in Appendix B). In the case of the

THz emission, the inhomogeneous wave equation:?3

T x (¥ x Bw)) + K@) Bw) = 2 (2, ) @)
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TABLE 1. Layer composition of the emitters mentioned in the manuscript. The brackets and
subscripts in the names of the samples indicate the repetition of layers contributing to the THz
emission. The indications in parenthesis serve to disambiguate between samples of identical com-
position but of different deposition procedure. The arrows indicate the polar direction ¢ of the Fe
deposition and thus the axis of the magnetizations, when they are not parallel. Each Fe layer is
indicated with the azimuthal angle 9 of its deposition. The layers in the first column are deposited

on a 635 nm Al,O5 substrate.

Sample name Material [9(°)], thickness (nm)

MgO Fe[60] W
Fe|W(OID)

2 3.5 2

MgO Fel0] W
Fe|W(NID)

2 3.5 2

Pt Fe[60] MgO Fe[80] Pt
[Pt|Fe]2

2 3.5 4 3.5 2

Pt Fel60] W Fe[80] Pt
[Pt[Fe[W],

2 3.5 4 3.5 2

MgO Fe[60] W Fe[80] MgO

[Fe[W]5(X)
2 3.5 4 3.5 2
MgO Fe[60] W Fe[80] MgO
[Fe[W],
2 3.5 2 3.5 2
MgO Fe[60] W MgO W Fe[80] MgO
[Fe| Wiy

2 3.5 2 2 2 3.5 2

results in a 1D system and, assuming a point source at z = 0, in the emitted electric field

being proportional to the local current:
Eo(z =0,w) = jc(w)Zo/(2nnm(w)). (3)

After integration of the charge current in the NM layer and propagation of the field outside
of the sample, we expect according to Egs. (1) and (3) that the amplitude of the measured

5
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FIG. 2. Schematic of FelW(NID) (top part) and Fe|W(OID) (bottom part). The samples are
identical except for the fact that the Fe layer of the latter is deposited at 60° oblique incidence. For
both samples, the magnetization M of the Fe layer aligns on the external magnetic field H. The
absorption of a near-infrared pulse (IR) launches a spin-polarized current J; in the Fe layer, which is
converted to a charge current 7. by the inverse spin-Hall effect. This transient charge current emits
a detectable THz pulse with a linear polarization parallel to jc. On the bottom the proportion of
IR energy absorbed in each metallic layer is indicated with respect to the incoming energy (Abs),
as well as the proportion of THz energy propagating out of the output (right) interface with respect

to the energy emitted by each charge current (THz).

electric field scales with the spin current, and thus with the overall magnetization state of

the FM layer.

Figure 3(a) shows a MOKE measurement of the hysteresis loop of both samples.
Fe|W(NID) has a small coercivity and switches progressively following the magnetic field.
Fe|W(OID) shows on the contrary a behavior close to an ideal hard magnet when the field
is applied along its easy axis: it has a coercivity of 1mT and retains its saturation mag-
netization until the external field exceeds the OID-induced anisotropy, at which point it
switches abruptly. Both behaviors are reflected in the THz emission. The THz waveforms
were measured by electro-optical sampling (EOS) while incrementing the strength of the
external magnetic field along the lower branch of the hysteresis curve. In Fig. 3(b), the
amplitude of the emitted THz follows the absolute magnetization shown in the MOKE
curve: the amplitude is overall constant while the magnetization is saturated, and decreases
for both samples as the magnetization switches. However, the switching process happens
differently for both samples. Figures 3(d) and 3(e) show the average waveforms in both

magnetization directions. The pure magnetic contribution to the THz signal is obtained

6
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from their difference in Fig. 3(f). Both samples emit similar single-cycle THz pulses with a
spectrum extending up to 2 THz. The carrier envelope phase (CEP) of the pulses reverse
following the magnetization as expected from Eq. (1). The THz radiation emitted via the
ISHE is expected to be linearly polarized, perpendicularly to the sample magnetization. The
polarization of the THz radiation was found linear and Fig. 3(c) shows its angle. The THz
radiation emitted by Fe|W(OID) has a constant polarization, which indicates that the axis
of the magnetization is stable. We attribute the overall downward trend to a slight change
of the alignment on the collecting optics in the THz detection setup when the external field
is swept. By contrast, the polarization of the THz emitted by Fe|W(NID) rotates when
the field strength is reduced and reaches a maximum of 15° at 0.6 mT, before coming back
to its original angle when the magnetization is again saturated. This shows that while the
decrease in THz amplitude of both samples suggests that the magnetization of the Fe layer
breaks into domains in both cases during its switching, the unconfined magnetization of
Fe|W(NID) is free to rotate to satisfy small local anisotropies. Conversely, the preservation
of the THz polarization in Fe|W(OID) in the absence of magnetic field is coherent with our
expectation that the domains stay magnetized along the OID-induced easy axis.

Taken together, the measurements in Fig. 3 show that due to the anisotropy of the OID
layer, the magnetization is effectively confined along the easy axis. The resulting remanent
magnetization renders an external magnetic field unnecessary for the generation of THz
pulses or to maintain a well-defined polarization once the sample has been saturated. In
addition, while the transmission of the spin current through the FM|NM interface has been
shown to heavily depend on the surface quality,?* the additional roughness created by the

OID process did not diminish the amplitude of the emitted THz.

IV. SIMULTANEOUS CONTROL OF TWO FM LAYERS

As the coercivity of an OID layer depends on the azimuthal deposition angle ¥, it is
possible to design samples with two uncoupled FM layers deposited at different angles and
thus switching at different fields.?\:?2 This way, any combination of their magnetizations is
accessible at a certain magnetic field. The remanence provided by the OID process ensures
that the sample stays in this magnetization state if the external field is removed. Similarly

to the structure of spin valves, these samples have two distinct total magnetization states:

7
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FIG. 3. Comparison of the samples Fe|W(OID) (solid black line) and Fe|W(NID) (dashed red line).
(a) Hysteresis curves measured along the easy axis of Fe|W(OID). The circled arrows illustrate the
magnetization state of each sample at the indicated field. (b) Peak-to-peak amplitude of the THz
waveforms generated by each sample. Only the component normal to the external field H was
measured. (c¢) Angle of the linear fit of the polarization ellipse of the THz waveforms. The length
of the error bars denote the standard deviation of the fit residuals. The lines are a guide to the
eye. (d—e) Averaged electro-optic sampling traces of the THz waveform taken under O0mT () and
above 3mT (7). (f) Difference of the waveforms of both magnetization directions showing the pure

magnetic contribution (rescaled by a factor 1/2).

parallel (f or I}) and antiparallel (1 or ).

We manufactured two samples with a symmetrical Al,O3|Pt|Fe|NM|Fe|Pt structure,
where the central NM layer is W for the [Pt|Fe|W], sample and MgO for the [Pt|Fe], sam-

8
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ple, shown in Figs. 4(a) and 4(b) respectively. Each half of [Pt|Fe|W], takes advantage of
a NM|FM|NM structure where both NM layers have an opposite spin-Hall angle, allowing
for the constructive superposition of the emitted THz radiation.®?® For both samples, the
polar deposition angle was kept constant so the easy axes of the Fe layers are parallel, while
the first Fe layer was deposited at a lower azimuthal angle than the second, giving it a lower
coercivity. To minimize the interlayer coupling, we found using a central 2 nm-thick W layer
more successful than a Pt layer, as also reported by Schneider et al..?° Because of the mirror
symmetry of the sample structure, the charge currents from each half are parallel when the
magnetizations are antiparallel, as both 7, and M in Eq. (1) have opposite signs. In this
configuration, the THz emission is maximized. On the contrary, when the magnetizations
are parallel, the emitted field adds up destructively and we anticipate a strong attenuation

of the measured THz signal.

Figure 5(a) shows the hysteresis curves measured by MOKE of [Pt|Fe|W]|y, [Pt|Fe]y, as
well as Fe|W(OID) for comparison. Due to changes in the setup, the EOS amplitudes are
not directly comparable between sections of this article. Samples with two FM layers are
characterized by a switching in two steps. [Pt|Fe|W], (solid black lines) shows two parallel
magnetization states (labeled || and 1) when the external field exceeds £6 mT. The opposite
charge currents in each half of the sample generate THz emissions that almost completely
cancel each other, as shown in Fig. 5(b). When following the lower branch of the hysteresis
curve, the first Fe layer switches at 2mT and the second at 6 mT. In between, the total
magnetization of the sample is suppressed, but the four Fe|NM interfaces generate THz
radiation constructively. [Pt|Fe|, behaves in the similar way, with the difference that only
the two Fe|Pt interfaces contribute to THz generation. As MgO is an insulator, there is
no direct coupling between the two FM layers, which increases the range over which the
sample can be in the antiparallel configuration to 16 mT. However the THz suppression in
the parallel magnetization state in Figs. 5(c) and 5(e) is less complete than for [Pt|Fe|W],.

l.17

The same principle was used by Fix et al.”* in samples where one Fe layer has a pinned

magnetization while the second is free, creating a smooth transition between the two states.

In the antiparallel configuration, [Pt|Fe|, and [Pt|Fe|W], emits more THz radiation than
Fe|W(OID), but only by a factor of 1.6 and 2.7, respectively, showing that increasing the
number of ferromagnetic layers comes with a diminishing THz emission efficiency. We per-

formed simulations of those samples to understand the behavior of the THz output and verify

9
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FIG. 4. Schematic of (a) [Pt|Fe|W], and (b) [Pt|Fe],. The Fe layers are deposited at different
angles so that the magnetization M of the leftmost ones switches first when the external magnetic
field H is reversed. The absorption of a near-infrared pulse (IR) launches spin-polarized currents Jg
in the Fe layers, which are converted to charge currents j. by the inverse spin-Hall effect. In the
represented state, the antiparallel magnetizations translate in the constructive addition of all THz
radiation. On the bottom the proportion of IR energy absorbed in each metallic layer is indicated
with respect to the incoming energy (Abs), as well as the proportion of THz energy propagating

out of the output (right) interface with respect to the energy emitted by each charge current (THz).

whether this loss of efficiency is fully explained by the absorption of the THz as well as the
reduced IR power reaching the second Fe layer. On one hand, we used the recent theory of
Rouzegar et al.'® to calculate the spin current, based on the principle that 7; is produced
by a transient spin voltage in the FM layer. On the other hand, we used a transfer-matrix
approach to reproduce the optical propagation of the IR pump and the generated THz field

out of each sample. The core equation providing the normalized spin current is:'®
Js(t) o< D(t)[Aes exp(—Test) — Aeexp(—Tt)] @ P(t), (4)

where Aes = (Fes - RFel)/(Fes - Fel) and Ael = (Fel - RFes)/(Fes - Fel>‘ At t = O, the

Heaviside step function ®(t) causes the instantaneous generation of the spin current. Its

10
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FIG. 5. Comparison of the samples [Pt|Fe|W], (solid black line), [Pt|Fe], (dashed red line) and
Fe|W(OID) (dotted blue line). (a) Hysteresis curves measured by MOKE along the easy axis of
the samples. The circled arrows illustrate the magnetization state of each sample at the indicated
field. (b) Peak-to-peak amplitude of the THz waveforms generated by each sample. Only the
component normal to the external field H was measured. The sample magnetization was saturated
at H = —40mT before progressively increasing the external field. (c—e) Electro-optic sampling
traces of the THz waveform taken at the external fields values indicated by the arrows in (a).
Waveforms in parallel states [l in (¢) and { in (e)] are upscaled by a factor 5. Only the five-layer

samples have an antiparallel state in (d).

decay is controlled by the electron-spin and electron-lattice relaxation times '’} and T'}!
respectively. The bandwidth is then reduced by the convolution with the pump resolu-
tion P(t). Finally, R = (CF' + CN)/(CF + CY + C + CJ) is the ratio of the electronic
and total heat capacities of the combined pair of FM and NM layers. For each interface, we
normalized js given by Eq. (4) by the fraction of IR power absorbed in the relevant Fe layer,
then used Egs. (1) and (3) to obtain the THz field at the interface. We then calculated the
frequency-dependent transfer functions of the THz propagation out of the sample and of the

EOS process to estimate the measured signal. The only free parameter was I'.s, which was

11
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fitted to match the peak frequency of the measured spectrum and a global amplitude. The
details of our implementations can be found in Appendix C.

We calculated that 33 % of the IR power is absorbed in the Fe layer of Fe|W(OID), 31 %
in the two Fe layers of [Pt|Fe|W], combined , and 37 % in those of [Pt|Fe], combined, as
indicated on Figs. 2 and 4. While in the five-layer samples more layers generate a spin
current, the pump power is diluted and individual Fe layers generate a weaker spin current,
reducing the benefit of stacking layers. By contrast, the THz propagation is positively
affected by the increase in layers as the sample acts like a resonant cavity:® while 9.0 % of
the emitted THz energy escapes the Fe|W(OID) sample though the interface opposed to the
substrate, this number rises to up tol4 % in [Pt|Fe|W],.

As the THz amplitude is affected by the transparency of the FM|NM interfaces,?” we
used Fe|W(OID) and a similar sample where W is replaced by Pt to calibrate the emission
ratio of a Fe|W interface compared to a Fe|Pt interface. This effective emission ratio takes
into account the spin Hall angle of the NM layer as well as the transmission of the spin

current through the Fe|NM interface:

[yt (PY)]/ [ywt s, (W)] = —2.60. (5)

Figures 6(a) and 6(b) show the waveform and spectrum of Fe|W(OID), respectively. We
use the amplitude of its waveform as reference to scale the simulations, and the transfer
function of the detector is calculated from its spectrum. Our pump pulse duration of 40 fs
limits the 1/e? bandwidth of the emitted THz radiation to 9 THz (see Fig. 9). The bandwidth
of the measured signal is then further reduced during EOS to 2.2 THz.

We used the result from Eq. (5) to simulate the next samples. Figure 6(c) to (f) show
[Pt|Fe|W]y, whereas Fig. 6(g) to (i) show [Pt|Fe],. Those samples have higher-frequency
components which are not reproduced by the simulation and are coming from the ringing
after the main pulse. The CEP of the simulated waveforms are fairly well matching the
measurements. In the antiparallel magnetization configuration, the simulated amplitude is
too high for both samples, particularly [Pt|Fe,. This could point to Eq. (5) being too high,
which means that the conversion from J; into J. for Fe|Pt interfaces is lower than expected
in five-layer samples.

The amplitudes of the simulated waveforms in the parallel configuration, however, match

those of the measurements. As the waveform of both configurations is calculated from

12
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FIG. 6. Comparison of the measured (solid black line) and calculated (dashed red line) THz
output of Fe|[W(OID) [(a)—(b)], [Pt|Fe|W],y [(c)—(f)] and [Pt|Fe]y [(g)—(j)]- The (c¢) and (g) rows
correspond to the antiparallel magnetization state of their respective samples, while the (d) and
(i) rows correspond to their parallel state. The simulations were scaled so that the peak-to-peak

amplitude of Fe|W(OID) matches the measurement.

the same emitted THz fields only with different polarities, this means that the simulation
overestimates in both cases the reduction in amplitude in the parallel configuration compared
to the antiparallel one. In the parallel configuration, the relative amplitudes of each THz
emission is crucial. One potential cause of imbalance between the two halves of a sample
is the impedance of the FM layer. As the pump beam is polarized so that its magnetic
field is along the OID axis, we assume that the magnetization of the Fe layer is always fully

saturated and it has a relative permeability p, = 1. If this assumption is inexact, it can
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cause an increased THz emission in the parallel configuration. Another potential cause of
imbalance is the difference in surface quality of the Fe|NM interfaces: the first NM layer is
deposited on the polished substrate, while the others are deposited above one or two OID
layers, which have a rougher surface. As the surface quality influences the transmission
of the spin current,? this would reduce the amount of THz emitted by the second half of
the sample. In addition, the fact that the Fe layers are deposited on different materials
was reported to influence their saturation magnetization.!” This can both render the ratio
in Eq. (5) inexact and further imbalance the THz emitted in both halves of the sample,

impairing the extinction in the parallel state.

V. PERPENDICULAR FM LAYERS

After demonstrating the ability to control two FM layers with a field applied along
their common easy axis, we investigate the possibility of manipulating two FM lay-
ers with orthogonal easy axes. For this, we manufacture a sample with a symmetrical
Al,O3/MgO|Fe|W|Fe|MgO structure, where the polar deposition angle was 45° for the first
Fe layer and —45° for the second. This [Fe|W]y(X) sample is shown in Fig. 7. The central
layer is thickened to 4 nm to avoid spin-transfer torque between the FM layers. The external
magnetic field is applied as before along the direction of a polar axis of 0°, now diagonal to
both easy axes.

The MOKE curve in Fig. 8(a) shows the same two-step switching as the previous samples,
but has an additional slope due to the mixing of the easy-axis and hard-axis magnetizations.
It shows that as the field strength increases in the %X and X configurations, the magnetization
tends to rotate away from the easy axes to align with the field. In first approximation, we
can consider that at low field, there is a constant 90° angle between the magnetization of
each layers. This translates into two perpendicularly polarized components of the THz:
instead of changing the amplitude of the THz pulse, the switching of the magnetization
rotates its polarization. As the sample is nanometer-thin, both the delay in IR absorption
and the THz propagation lead to a negligible phase difference between both components.
The THz is then expected to be linearly polarized. At higher field strengths (X and X
magnetization configurations), the polarization is expected to be parallel to the external

field, independently of the side of the sample along which the field is applied.
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FIG. 7. Schematic of [Fe|W]y(X) seen (a) in plane and (b) from the normal to the plane. The Fe
layers were deposited by OID with polar angles of +45° so that their magnetizations M are always
perpendicular. The absorption of a near-infrared pulse (IR) launches spin-polarized currents 5 in
the Fe layers, which are converted into two perpendicular charge currents 7. by the inverse spin-Hall
effect. The total emitted THz is the sum of the two perpendicularly-polarized fields generated by
the transient charge currents. Its polarization switches from parallel to H , to perpendicular (as
depicted) as the magnetization switches. On the bottom the proportion of IR energy absorbed in
each metallic layer is indicated with respect to the incoming energy (Abs), as well as the proportion
of THz energy propagating out of the output (right) interface with respect to the energy emitted

by each charge current (THz). In (b), each square represents the vectors associated to one Fe layer.

We measured EOS traces of two orthogonal components of the THz field, allowing us to
reconstruct its three-dimensional electric field while scanning the lower branch of the hys-
teresis curve. The orientation of the THz polarization is shown in Fig. 8(c). We see the same
downward trend of the polarization as already observed for Fe|W(OID) in Fig. 3(c), which is
not specific to this sample. As expected, the switching of the magnetization between 1.5mT
and 3.5mT corresponds to a sharp rotation of the polarization close to 90°. Figure 8(b)

shows the peak amplitude of the THz waveforms along the parallel and perpendicular di-
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THz electric field || H (a.u.)

FIG. 8. (a) Hysteresis curve of [Fe|W],(X) measured at 45° between both easy axes. The circled
arrows indicate the magnetization of each Fe layer. (b) Peak-to-peak amplitude of the components
of the THz waveforms parallel to H (|, black solid line) and perpendicular to H (L, dashed red line)
as well as their sum (dotted blue line), calculated from the measured diagonal components. The
errorbars are spaced every third data point for visibility. The error bars are the pooled standard
deviations of the amplitudes, calculated using the standard deviation of the peak diagonal fields
when repeating the measurement. (c) Fit of the orientation of the THz polarization extracted
from (d). A polarization of 0° means parallel to H. (d) Projection of the THz electric field in
the plane normal to the propagation direction. Each ellipse represents the average experimental

waveform at a given magnetic field. The dotted lines represent the simulated polarization ellipses.
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rections to the external field, as well as the amplitude of the full waveform. The rotation
of the polarization is visible as the amplitude of the parallel and perpendicular components
changes. The total THz amplitude is however not affected. Outside this range, their ampli-
tudes are stable within the experimental error, indicating that the magnetizations are not
significantly rotating out of their easy axes.

We notice that both polarization components are non-zero, indicating that the THz
polarization is tilted compared to the field. Figure 8(d) shows the polarization ellipses formed
at each magnetic field by the projection of the THz electric field onto the plane normal to the
propagation direction. There are three distinct groups of ellipses, corresponding to the three
states of the sample. As seen from Fig. 8(b), the THz polarization is always elliptical instead
of linear. Since we measured the THz polarization of [Pt|Fe|W], and [Pt|Fe; to be linear,
the cause of the ellipticity for [Fe|W],(X) is in the orthogonality of the easy axes. We do not
expect the mechanism of emission in this sample to be different from the others, in which
case only three elements control the polarization: the spin polarization of the spin current,
the orientation of the charge currents, and the phase between the two THz emissions. The
phase difference between the components due to the propagation of the IR pump as well
as the emitted THz is negligible. This includes the birefringence caused by the grating-like
interfaces of the OID layers.?® We estimate that a delay on the order of 100fs between the
components is necessary to optically reproduce the observed ellipticity. We thus do not
expect it to be caused by an optical phase difference. To also exclude a time-dependence of
the charge currents, we calculated the Lorentz force exerted by the THz field emitted at one
Fe|W interface on the electrons of the charge current at the other Fe|W interface and found
an in-plane deviation of the current direction inferior to 0.10 %. This leaves the possibility
of a time variation of the spin polarization, which has been observed in specific conditions,”

but we are unable to explain in this case.

VI. CONCLUSION

Using oblique incidence deposition, we tested different geometries of spintronic THz emit-
ters where the magnetization of each ferromagnetic layer is confined to a chosen in-plane
easy axis with a different anisotropy. These samples have the advantage that the magneti-

zation stays saturated when the external magnetic field is removed. We demonstrated the
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ability of samples with two uncoupled ferromagnetic layers to switch their magnetization
independently and thus manipulate the way the THz emission from both layers interferes
constructively or destructively. When both easy axes are orthogonal, the THz radiation can
be switched between p and s polarizations using the external field, although the polarization
becomes elliptical. When both easy axes are parallel, the THz emission can be switched on
and off on a pulse-to-pulse basis by switching the external field. While other approaches
are available,”!” OID layers make the emitters less sensitive to the strength and direction of
the magnetic field and allow to choose the direction of the in-plane magnetization of each
layer. Due to the distribution of the pump power into more layers, we found that the THz
output of five-layer samples with two ferromagnetic layers of antiparallel magnetization was
equivalent to that of the corresponding three-layer sample with a single ferromagnetic layer.
Such a sample offers a practical way to generate on-demand THz pulses by changing the

alignment of the two magnetizations.

Appendix A: Sample fabrication

All samples are prepared by magnetron sputter deposition with a base pressure under
7 x 107" mbar. The substrate is a double-polished 1 x 1, 640 pm -thick (000 1) Al,O5 wafer.
The FM layers are sputtered with elementary iron into a polycrystalline a-Fe phase, although
lattice defects are expected due to the low thickness. The sputtering was done at normal
incidence, except for most Fe layers, which were deposited with an azimuthal angle of 1 = 60°
or 80° and a polar angle of ¢ = 0° or +45° with respect to the substrate edge. When deposited
in an oblique incidence angle, the sample was turned by ¢ = 180° halfway through the
deposition process to prevent any thickness gradient. The roughness of the layers deposited
above the OID iron layers reaches 1.2nm.?! For more details on the surface properties of
similar samples, we refer the reader to Willing et al.?? and Schlage et al..2! A list of all

samples is presented in Table I.

Appendix B: Experimental setup

The spintronic emitters are illuminated by 800nm, 35fs-long pulses at 1.5kHz , with
a typical energy in front of the sample of about 800pJ with a 8.4 mm-diameter flat-top
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intensity distribution. The samples are glued on a non-magnetic copper holder with the
substrate side facing the IR beam, centered in an electromagnetic yoke producing a magnetic
field homogeneous over the illuminated surface. Unless mentioned otherwise, the easy axis
of the samples is aligned along the axis of the magnetic field. To ensure the reproducibility
of the magnetic states of the yoke and the samples, their magnetization is saturated at
the beginning of every measurement by applying the same current in the electromagnet,
generating a —80mT field on the samples. The magnetic field is then progressively scanned
in the positive direction while measuring the THz. The whole scan including the saturation
of the yoke is repeated typically 15 to 30 times successively and averaged to reduce the
influence of short-term energy fluctuations of the laser. The correspondence between the
electric current applied to the electromagnet and the magnetic field at the illuminated spot

was measured with a Hall sensor.

The measurement of the THz radiation is done by electro-optical sampling. A 200 pJ part
of the IR beam is further compressed down to 20 fs as published in Calendron et al.? to be
used as probe. A Germanium film filters the IR pump transmitted through the spintronic
emitters, absorbing an estimated half of the THz energy. The transmitted THz is collected
and refocused by a pair of off-axis parabola with reflected focal lengths of 6in and 4in,
respectively. A 500 pm-thick (110)-cut ZnTe crystal is mounted in the focus. The probe is
transmitted through an opening in the second parabola and superposed to the THz focus
on the crystal. A constant polarization of the THz is ensured by a grid polarizer. The
probe transmitted through the ZnTe crystal is sent onto a balanced detector to measure the
rotation of its polarization induced by the THz field. A motorized translation stage is used
to scan the delay of the probe and the signal from the difference of the balanced detectors is
acquired using a lock-in amplifier. Due to the influence on the EOS amplitude of the pump
and probe energy, the THz amplitude is not comparable between different sections of the

manuscript.

In the case of the polarization measurements, a first THz polarizer transmitted the £45°
components while a second polarizer re-established the vertical polarization on the EOS
crystal to ensure a constant efficiency. The horizontal and vertical components of the electric
field were reconstructed from both diagonal components. Except in the case of [Fe|W]y(X),
the THz polarization was always linear. The tilt of the polarization was obtained as the

linear fit of the polarization ellipse, weighted by the standard deviation of the electric field
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components. The samples were mounted with a maximum tilt of 1°. The uncertainty on the
direction of the easy axis during the deposition process is 2°. The downward trend of the
measured polarizations in Fig. 3(c) and Fig. 8(c) is suspected to come from a misalignment

of the THz beam on the off-axis parabolas.

The THz intensity was too low to be measured by our THz detectors. Our estimation
places it at the nJ-level, coherent with the conversion efficiency from the IR of 107% as

measured by Seifert et al..?

Appendix C: Simulations

We based our simulations on the recent work of Rouzegar et al..'® They developed a
model based on the idea that ultrafast demagnetization of a FM layer and spin transport
though an FM|NM interface both®® predominantly arise from a spin voltage Ay, induced by
the ultrafast pump: js(t) o< M(t) o« Apug(t). As the pump is absorbed, the spin voltage is
created by the spin-dependent change in chemical potential. Assuming that the temperature
is instantly equilibrated within the electrons bath, they model the spin voltage as instantly
rising and decaying by equilibration of the electrons with the lattice and the spin degree of
freedom with time constants of I',;' and I',! respectively. Equation (4) gives the resulting
time evolution of the spin current. The electron-lattice equilibration for the FM|NM system

can be calculated as 'y = (G5 + GY) /(CF + CV).

We thus need for all NM and FM materials the specific heats of the electrons C.
and lattice (), as well as their coupling constant G;. They are themselves temperature-
dependent.?! For numerical simplicity, we used constant parameters for input in Eq. (4),
corresponding to the peak electronic temperature calculated from the three-temperature
model. Those parameters are given in Table II. We calculated the electronic tempera-

ture using the three-temperature model, following a system of equations adapted from
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Chimata et al., Kirilyuk, Kimel, and Rasing:32:3

dT, 1
1 = 5[—G01(TC - ﬂ) - GCS(TC - TS) + P(t)] (Cla)
dT; 1
1 = 6[—Ges(Ts - Te) - GSI(TS - ﬂ)] (Clb)
d7 1
d_tl = 51[—Gd(T1 —T.) — Ga(T1 — Ty) (Clc)

— hﬂ"wg(ﬂ — TB(;)],

where h represents the losses to the environment, P(¢) the instantaneous laser power, wy
the beam radius size and Tgq the environment temperature, considered equal to the steady-
state temperature of the samples.?233 The parameters for Egs. C1 are given in Table III. The
laser power P(t) absorbed in a FM layer was calculated from the difference of the Poynting
vectors at each interface,3 using the generalized Fresnel coefficients for magnetic and lossy

media:?®

Homy — Mg

P — iz C2a

2 Hony + 1N ( )
2pamy

tiyg = ————— | C2b

. Hony + f1ng ( )

where n; is the complex refractive index and p; the relative permeability. In practice,
the effect of the latter is non-negligible only for iron. However, its permeability depends
on the purity of the material and decreases with the saturation of its magnetization. We
measured the transmittance of the samples without external field, and thus an unknown
magnetization state. With pp, = 10, the calculated transmittances match at best (2.6 %
error for [Pt|Fe|W]y, 4.4% for [Pt|Fe]y). For the simulations in Fig. 6, we assumed that the
Fe layer was fully magnetized and pp. = 1, as the magnetic field of the pump is aligned on
the OID axis.

Figure 9 shows the resulting spin current and electric field calculated from Eq. (3). We
chose I'.s to match the peak frequency of the measurements, since the measured bandwidth
is limited by the lowest transverse-optical phonon of ZnTe at 5.3 THz.** Using the samples
Fe|[W(OID) and Fe|Pt(OID) who have a single emitting interface each, we added a factor
to the spin-Hall angles to take into account the interface transmission of the spin current
through each type of interface, as described by Eq. (5), to match the relative amplitude of

the measurements of both samples. We then use a transfer-matrix method as described in
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TABLE II. Input parameters for Eq. (4). C., and G¢; were taken at T, = 5000 K for Fe, 4000 K
for Pt and 7000 K for W.

Unit Fe Pt W

C, 10Jm=3K-! 233 337 (.74
C; 108Jm3K-t 2232 2937 2538
G 10" Wm3 K~ 3831 133 133
A 107°m S 12390 1.4%
v -+ 0.051%0 —0.334

TABLE III. Input parameters for the simulation of the three-temperature model.32:37:42:43
Unit Fe Pt W
Cs Jm3K! 3400 135 200
Ce 10Jm=3 K-t 02 0216 0.016
C 10Jm—3 K-t 22 20746 1
Ga 10Wm—3K=t 405 40 10
Ges 10Wm3K-!t 1 1 1
Gq 10°Wm=3K~! 0.001 0.001 0.001
h 10°J2m~'K=t 5 5 5
™ = Cs/Ges fs 340 13.5 200
Te = Co /Gy fs 50 540 160
Cs/Gy ps 340 135 200
Co/Ges ps 20 216 16

Appendix D to calculate the transfer function for the propagation of the THz field from the
interface in the sample to after the output surface of the sample. We include the substract
as a layer and model the sample between two half-spaces of air. The thickness of the air
layer are set to zero, so that we obtain the electric field just outside the sample. We then
extracted the transfer function of the THz transport and EOS detection by comparing the
complex spectrum of the measured waveform of Fe|W(OID) and the one of its simulated

pulse.
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Amplitude (a.u.)
Intensity spectrum (a.u.)

0.5

Time (ps) Frequency (THz)

FIG. 9. Simulation of the spin current (black solid curve) and emitted THz (red dashed curve) for
both types of interfaces. The relaxation times are I';,}! = 140 fs and Fe_ll = 1.3 ps. Here js is given

before convolution with the pump P(¢) (blue dotted curve).

Appendix D: Transfer matrix method

The transfer-matrix method?*°-46

is usually used to calculate the one-dimensional propaga-
tion of a beam through a structure of thin layers where multiple reflections at the interfaces
need to be taken into account. The forward- and backward-propagating field in each layer m

is related to the field in the previous layer by the frequency-dependent matrix C,:

Ey Ef
=C,, , (D1)
E E,,
where
1 elom=1 oy elm-1| | B
Cn(w) = — . . 7 (D2)
tm Tme_us’m71 6_7/577171 E_

m
where 1, and t,, are the Fresnel coefficients at the input interface of the layer and 6,,_; the
propagation phase through the previous layer. This recurrence relation is usually used to
obtain the relation between the field on each side of the sample, i.e. a transfer function for
the sample transmission.

However, this assumes that the beam is incoming on the sample, while in the case of

spintronic THz emitters it is generated inside. To represent this, we use a source term .S,
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as the emitted THz field in layer n. We assume that the THz is emitted directly at the
interface. The total field in layer n is then constituted of the source S, and the back-and-
forth-propagating reflections AS,, created at the interfaces:

Ef ST+ ASY

"= . (D3)
E; S, +AS;
The recurrence relation starting in free space before the first layer until the layer n takes
into account the source emitting backward as well as all reflections. Thus, it does not see
the source component emitting forward:
Et AS*
- Cl e Cn_lcn . (D4)
Ey S, +AS;
Similarly, the layers after n and until the free space after the last layer M see only the
forward-emitting source component and the reflections coming back:
St +AS Bl

= Cny1--. Ol

(D5)
AS; By

Noting that both Ef and Ej; are zero as there is no incoming field on the sample, and
assuming that S, = S, = S as the charge current emits homogeneously in both directions,
the system can be solved. Expressing E};., as a function of S, and the components of the
multiplied C' matrices yields a transfer function between the THz field emitted at the input
interface of any layer n and the measured field after the sample.

Since the recurrence relation in Eq. (D1) runs from the first interface of each layer, a
numerically safe way to adapt it to sources situated at the other interface of the layer n is
to assume instead a source in the layer n + 1 and add the matrix of the n|n + 1 interface to
the equation.

As our spintronic emitters have THz sources in every NM layer where the ISHE is non-
negligible and the fields superpose linearly, we can handle the calculation for each of the
sources individually and obtain their respective output fields, which are added or subtracted
according to the orientation of the magnetization in the respective FM layers.

Additionally, we implemented a way to approximate the spacial dependency of the
sources, as the spin current is progressively converted into charge current over the whole

thickness of the layer. We used an exponential decay with a constant corresponding to
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the inverse mean free path of electrons in the layer.*” A forward-emitting punctual source
situated in layer n at a distance z from the interface would be expressed as S;f(z) =
S1(0) exp(ikz) exp(—z/A) with SF(0) the forward component of the source at the inter-
face and A the mean free path of the electrons® in layer n. The exp(ikz) term comes from
the fact that the shifted source needs to propagate a distance z less until it reaches the next
interface. Using this expression in Eq. (D3), one can calculate the field produced at the out-
put of the sample by the source S,(z). Using this expression in Eq. (D3), one can calculate
the field produced at the output of the sample by the source S,,(z). We thus discretized the
spatial distribution of the THz emission into up to 6 evenly distributed punctual sources
per layer but saw no difference in the numerical result of the calculation. The simulated
waveforms presented in the body of the paper were thus calculated with a single punctual

source at each FM-—NM interface.
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