2301.06342v1 [cond-mat.mes-hall] 16 Jan 2023

arxXiv

Terahertz spin ratchet effect in magnetic metamaterials
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We report on spin ratchet currents driven by terahertz radiation electric fields in a Co/Pt
magnetic metamaterial formed by triangle-shaped holes forming an antidots lattice and subjected
to an external magnetic field applied perpendicularly to the metal film plane. We show that for
a radiation wavelength substantially larger than the period of the antidots array the radiation
causes a polarization-independent spin-polarized ratchet current. The current is generated by the
periodic asymmetric radiation intensity distribution caused by the near-field diffraction at the
edges of the antidots, which induces spatially inhomogeneous periodic electron gas heating, and a
phase-shifted periodic asymmetric electrostatic force. The developed microscopic theory shows that
the magnetization of the Co/Pt film results in a spin ratchet current caused by both the anomalous
Hall and the anomalous Nernst effects. Additionally, we observed a polarization-dependent trigonal
spin photocurrent, which is caused by the scattering of electrons at the antidot boundaries resulting
in a spin-polarized current due to the magnetization. Microscopic theory of these effects reveals that
the trigonal photocurrent is generated at the boundaries of the triangle antidots, whereas the spin
ratchet is generated due to the spatially periodic temperature gradient over the whole film. This

difference causes substantially different hysteresis widths of these two currents.

I. INTRODUCTION

In a system with spatial asymmetry, carriers can per-
form a directed motion in response to ac electric fields
or thermal/quantum fluctuations, i.e. when it is driven
away from thermal equilibrium by an additional determin-
istic or stochastic perturbation. This directed transport,
generally known as ratchet effect, has a long history and
is relevant for different fields of physics, chemistry and
biology, for reviews see e.g. Refs. [1-7]. Ratchet effects,
whose prerequisites are simultaneous breaking of both
thermal equilibrium and spatial inversion symmetry, can
be realized in a great variety of forms. Examples range
from mechanical systems and molecular motors to electric
transport in 1D semiconductor systems or metamateri-
als. Currently, ratchet systems already have fascinating
ramifications in engineering and natural sciences. In meta-
materials, conversion of high-frequency radiation into di-
rect electric current due to the ratchet effect has been
demonstrated in various two-dimensional semiconductor
systems with periodic grating gate structures having an
asymmetric configuration of the gate electrodes with pe-
riod d < A, where X is the radiation wavelength [8-25].
Electric currents in response to a high-frequency electric
field are detected in a wide range of temperatures (from
room to helium temperatures) and frequencies (from tens
of GHz to tens of THz) and can be excited both without
and in presence of an external magnetic field. In the latter

case, it is called the magneto-ratchet effect.

It has been shown theoretically [26] and demonstrated
experimentally [27] that ratchet effects can also drive
pure spin currents and spin-polarized electric currents.
These types of ratchet effects were named spin ratchets.
Spin ratchet effects, which can open novel ways for effi-
cient generation and control of spin fluxes [28], attracted
growing attention. Since the first work, several different
origins of spin ratchet currents have been suggested and
discussed [29-45], for review see [46]. For example, it has
been shown that a stationary spin current can be gener-
ated by applying an ac driving current to a symmetric
or asymmetric periodic structure with Rashba spin-orbit
coupling. Recently, the magneto-ratchet effect resulting
in a spin-polarized electric current has been excited by
applying terahertz radiation to structures with an asym-
metric double grating gate (DGG), lateral superlattices
fabricated on diluted magnetic semiconductor (DMS),
and GaN two-dimensional electron systems [47-49]. The
spin magneto-ratchet is caused by spin-orbit interaction
together with the action of a magnetic field resulting in
the Zeeman effect and is expected to be substantially
enhanced in DMS materials with a lateral superlattice
made of ferromagnetic materials. Note that in the latter
case, a novel concept for a spin-transistor has been real-
ized [50]. These works show that spin ratchet and spin
transport in lateral superlattices may yield a potentially
important basis for practical devices. Hereby, magnetic



metamaterials made of ferromagnetic metals are good
candidates for realizing spin ratchets.

Most recently, spin-sensitive currents have been ob-
served in Co/Pt-based magnetic films with a lateral super-
lattice consisting of triangular antidots arising from exci-
tation with visible and near-infrared light with A ~ d [51].
The dc current has been excited in individual triangles
due to the magneto-photogalvanic effect [52]. Arrays
of triangular- and semidisc-antidots in nonmagnetic ma-
terials fabricated on GaAs-based high-electron-mobility
transistor structures were previously used to demonstrate
the ratchet effect excited by high-frequency radiation with
fulfilled condition d < A [53-57]. In this work, we used
Co/Pt-based magnetic films with a lateral superlattice
and extend the frequency range to terahertz (THz) ra-
diation with a wavelength substantially larger than the
period of the triangles and demonstrate that spin ratchets
are efficiently excited in such structures in the absence,
as well as in the presence, of an external magnetic field.
We demonstrate that THz laser radiation results in a
spin-polarized direct electric current consisting of two
contributions: a polarization-independent ratchet current
and a contribution whose direction and magnitude are
determined by the orientation of the THz electric field
(linear magnetic ratchet effect). We show that the appli-
cation of an external magnetic field normal to the metal
film results in a hysteretic behavior of both contributions
to the ratchet current. We develop a theory which fully
describes all experimental findings. We demonstrate that
the polarization-dependent spin ratchet current appears
due to the trigonal symmetry of the individual antidots.
The polarization-insensitive photocurrent caused by the
Seebeck ratchet [5] and spin ratchet effects become possi-
ble due to the reduced symmetry of the periodic structure
as a whole and are absent in experiments with shorter
wavelength satisfying the condition A ~ d [51]. The ex-
perimental data and the theoretical model are discussed
by taking the asymmetric electrostatic potential profile
and near-field effects explicitly into account. We show
that the THz radiation-induced spin ratchet current ap-
pears in the triangular antidots superlattice due to the
anomalous Nernst effect (ANE) and the anomalous Hall
effect (AHE).

II. SAMPLE AND METHODS

Our samples were fabricated on a 4 mm x 4 mm silicon
dioxide (SiO3) substrate and a silicon nitride (SiN) layer
of 5nm thickness. On top, a metallic cobalt/platinum
(Co/Pt) multilayer film was deposited with a fivefold re-
peated stacking sequence of 0.5nm Co and 0.9nm Pt.
This multilayer is embedded between two 2nm Pt lay-
ers. We structured all Co and Pt layers with magnetron
sputtering. The metallic layers have ferromagnetic prop-
erties with the easy axis perpendicular to the layers, i.e.

in the growth direction z. Consequently, application
of a magnetic field H that is greater than the coercive
field along the z-axis results in a constant magnetization
M || z everywhere in the patterned film with perpendic-
ular magnetic anisotropy. The key element is the array
of equilateral, triangular holes forming an antidot lattice.
We patterned this lattice in an area of 250 pm x 250 pm
by electron beam lithography and argon ion etching. The
holes, about 20 nm in depth, have a side length of 480 nm,
a period of 550nm and are in the dimension of opti-
cal wavelengths. The cross-section of the layer sequence
and the antidots of the manufactured sample is given
in Fig.1(c). The size of one antidot is slightly smaller
than the spacing between them; so almost triangle-shaped
metal parts are formed, see atomic force microscope image
presented in Fig. 1(b). For photoelectric and transport
measurements we made two pairs of ohmic contacts ori-
entated along the height (z-axis) and baseline (y-axis)
of the triangles, see Figs. 1(a) and A.1 in Appendix A.
The measured magnetic field and temperature depen-
dence of the two-point resistance is shown in Fig. A.2 in
Appendix A. It shows that the resistance at fixed temper-
ature is independent of magnetic field in the field range
used in the experiments (|uoH| < 2T, where pg is the
vacuum permeability) and slightly increases by increasing
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FIG. 1. Experimental setup (a), AFM image of the equilateral
triangles (b) and cross-section (c) of the magnetic metamaterial
formed by equilateral triangle-shaped antidots. Panel (a):
the sample is irradiated with linearly polarized light along
z-direction, i.e., normal to the sample surface. The red double
arrow illustrates the radiation electric field vector FE for linearly
polarized radiation rotated anticlockwise by the azimuth angle
a from the y-axis parallel to the triangle basis. Two pairs of
ohmic contacts allow us to probe the photocurrent excited in
z- and y-directions [58]. Note that the sketched triangles are
enlarged for better visibility. A magnetic field H is applied
along the z-axis. Panel (b) shows an AFM image of the array
of the triangle-shaped antidots with a period 0.55 um. Panel
(c) sketches the structure cross-section by A-A plane. It shows
the layer stacking of the antidot lattice.



the temperature from 120 K to 300 K.

Figure 1(a) shows the experimental setup. The sample
was excited by normally incident, linearly polarized radia-
tion with a frequency of f = 2.54 THz, which corresponds
to a wavelength of A = 118.8 ym and photon energy of
hw = 10.5meV. The THz radiation was generated by
a cw methanol molecular gas laser optically pumped by
a carbon dioxide laser [59]. Laser radiation with power
P ~ 50mW was modulated by an optical chopper. The
laser beam spot at the sample position was measured
with a pyroelectric camera: it had an almost Gaussian
beam profile with a full width at half maximum of 1.8 mm.
Subsequently, the radiation intensity on the sample was
about 2 W/ cm®. In two complementary experiments, we
used high-power pulsed THz radiation with A = 90.5 pm
(f = 3.3THz) and cw infrared radiation A = 0.8 pm.
In the latter case we used a cw Ti:Sapphire laser with
200 W cm~2. In the former one, we used a pulsed optically
pumped NHj laser with a pulse length of 100ns and a
peak intensity of 100 kW cm™ [60, 61], both parameters
are analyzed by photon drag [62] and photogalvanic [63]
detectors. Depending on the wavelength, the beam spot
diameter of the pulsed THz laser was from 1.5 to 3 mm,
which was controlled by a pyroelectric camera [64].

In the experiments the orientation of the radiation elec-
tric field vector E was rotated counterclockwise by the
azimuth angle o with a = 0 corresponding to E || y. For
that, we used z-cut crystalline quartz half-wave plates.
The photovoltage Uy, generated in the unbiased samples
as a result of the excitation with cw radiation was ampli-
fied by a factor of 100 and measured applying standard
lock-in technique. The photocurrent was calculated as
J = Upn/Rs, where Ry is the sample’s resistance. In
experiments with single-pulsed laser radiation the signal
was detected with a digital oscilloscope as a voltage drop
over a load resistance Ry, = 50 Q).

For studying photoelectric effects related to the magne-
tization in the magnetic metamaterial, a magnetic field H
was applied normal to the structure plane. The measure-
ments were performed in a wide range of temperatures
from 100K to 300K. For room temperature measure-
ments, a water-cooled electromagnet with |puoH| < 0.4T
was used. For low-temperature measurements the samples
were placed in an optical, temperature-variable magneto-
cryostat with z-cut crystal quartz windows. Here a mag-
netic field of |uoH| = £2 T was obtained with a super-
conducting magnet. Additionally, we studied the magne-
tization curve of the unpatterned and patterned Co/Pt
multilayer films using Faraday rotation measurements
under illumination of 0.8 pm laser light [51].

III. RESULTS

We begin with the results obtained in the sample in a
magnetic multidomain state, which was not subjected to
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FIG. 2. Polarization dependencies of the photocurrents J,
(red circles) and Jy (blue circles) normalized to the radia-
tion intensity I obtained for zero external magnetic field and
magnetization, uoH = M = 0. Panel (a): photocurrents in
response to the radiation with wavelength A = 118 pym much
larger than the period of the antidots array d = 0.55pm.
The red solid line is a fit after Eq. (1) with fitting param-
eters A, = 8.6pAcm?/W, and C; = 3.4pAcm?/W. The
blue solid line is a fit after Eq. (2) with fitting parameters
A = 11.7 pAcm? /W, and C, = —6.7pAcm?/W. Dashed
horizontal lines show the magnitudes of the polarization-
independent offsets. Arrows on top illustrate the orientation of
the radiation electric field vector for several values of a. Panel
(b): photocurrents excited by radiation with A = 0.8 pm = d.
Red and blue curves are fits after Egs. (1) and (2) with the fit
parameters A1 = Al and zero amElitudes of the polarization-
independent contributions, C; = C; = 0.

any applied magnetic field before. Since the patterned film
does not exhibit a globally constant magnetization, we
assign the global magnetization M = 0 to this state. Irra-
diating the sample by THz radiation with A = 118 pm > d
(f = 2.54THz) we detected a signal which varies upon ro-
tation of the radiation electric field vector E. Figure 2(a)
shows a polarization dependence for the photocurrent
measured in z- and y-directions. The data can be well
fitted by

Jr, = A1 cos2a+ C, (1)
Jy = —A; sin2a + O . (2)

The signal was also detected for a substantially smaller
wavelength of A = 0.8pm ~ d and its polarization de-
pendence is also described by Egs. (1), (2), see Fig. 2(b).
However, in this case no offsets were observed, so that
Cy =C; =0. The photocurrent excited by A = 0.8 pm =~
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FIG. 3. Panel (a): Polarization dependencies of the photocur-
rent J, normalized to radiation intensity I obtained for an
external magnetic field uoH = +2 T, red and blue circles, re-
spectively. Black circles show J, /I obtained for poH = M = 0.
Arrows on top illustrate the orientation of the radiation electric
field vector for several values of a. The curves show fits after
Eq. (3). Panel (b): Polarization dependence of the normalized
nonmagnetic (J;™) and magnetic (J3*) contributions obtained
as the odd and even part with respect to the magnetization
M, induced by the magnetic field uoH., see Egs. (4) and (5).
The curves are fits after the first and second terms in the
right hand side of the Eq. (3) (nonmagnetic photocurrent J;™)
and the two last terms of the right-hand side of the same
equation (magnetic photocurrent Jy'). Fit parameters are:
A; = 85pAcm?/W, C; = 9pAcm? /W, A = 3pAcm?/W,
and Cy = 5pAcm2/W. Dashed horizontal lines show the
magnitudes of the polarization-independent offsets.

d has recently been studied in detail in Ref [51]. There-
fore, in this paper we only briefly discuss this result and
focus in the following on the photocurrent excited with
A=118pm > d.

The application of an external magnetic field H larger
than the coercive field and normal to the metal layers
results in a constant magnetization M everywhere in the
patterned magnetic lattice and changes the polarization
dependence of the signal [65]. It is shown in Fig. 3(a) that
the photocurrent is now described by

Jr = Ay cos2a+ Cy + M, (Ay sin2a+ Cs) . (3)

Decomposing the polarization dependence into the odd
and even part with respect to the magnetization M, we ob-

tain the nonmagnetic J;™ and magnetic J* contributions
to the photocurrent:

I = % [Jo(+M.) = Jo(=M.)] . (5)

The corresponding dependences are shown in Fig. 3(b) and
confirm that the nonmagnetic and magnetic photocurrent
contributions indeed vary as cos 2« and sin 2« functions,
respectively. We emphasize that the J;* contribution has
a magnetization-dependent offset, whereas the offset of
J3™ does not depend on M,.

Figure 4 shows the magnetic field dependence of the
photocurrent. To describe individual contributions, we
introduce the following notation. To distinguish the non-
magnetic and magnetic photocurrent contributions, we
used the superscripts “nm” and “m”, respectively. The
polarization-independent offsets are quoted as JR™ and
Ji', whereas the polarization-dependent parts are given
by Ji™ and J{}. The subscripts "R” and ”tr” indi-
cate the ratchet and the trigonal photocurrent mech-
anisms, which as we show below, are responsible for
the polarization-independent offset and the polarization-
dependent part, respectively. The polarization-dependent
and -independent parts of the photocurrent were obtained
from azimuth angle dependences measured for each mag-
netic field.

The insets in Figs.4(a),(b) demonstrate that the
magnetization-even contributions are independent of the
magnetic field in the studied range from —2T to 2T. In
contrast, the magnetization-odd parts exhibit a clear hys-
teresis for |ugH| < 0.3 T, whereas at higher H-fields they
do not depend on magnetic field and have opposite polar-
ities for positive and negative H, see Figs. 4(a),(b) [66].
The amplitude of the photocurrent at high magnetic fields
is almost independent of temperature for 7' 2 100K (not
shown).

Figures 5(a),(b) show the hysteretic part of the mag-
netic field dependence for the photocurrent contributions
Ji' and J{7, respectively. They also display the magnetic
field dependence of the Faraday rotation angle 6 oc M, see
gray lines in Fig. 5. These measurements were performed
on the unpatterned Co/Pt multilayer film using linearly
polarized radiation of A = 118 pm passing through the
magnetic material. Figure 5 demonstrates that the hys-
teresis width of the polarization-independent contribution
JR' is the same as the one of the magnetization, whereas
the hysteresis width of the polarization-dependent part

' is somewhat larger than that of M. This is most
clearly seen in panel (d) of Fig. B.1 in Appendix B where
the photocurrent contributions oc Jg' and J{} sin2a at
«a = 135° have opposite signs. At last but not least, per-
forming measurements at almost five orders of magnitude
higher intensities we obtained that while the magnitude of
the photocurrent drastically increases the hysteresis width
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FIG. 4. Magnetic field dependence of the magnetization-
induced polarization-independent (panel (a)) and polarization-
dependent (panel (b)) photocurrent contributions measured
in z-direction and normalized to the radiation intensity.
Following Eq. (3) these contributions are defined as Jg' =
M, As sin2a and Ji} = M,C>. Each point has been extracted
from a measured a-dependence at a constant magnetic field.
Full and empty circles show the forward and backward mag-
netic field sweeps, respectively. Insets in panels (a) and (b)
show magnetic field dependencies of the normalized Jg, = C1
and Ji, = A1 cos2aq, respectively. The inset demonstrates
that they are independent of the magnetic field for both mag-
netic field sweep directions.
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FIG. 5. Zoom of the hysteretic parts of the magnetic field
dependencies of Jg'/I (panel (a)) and Ji}'/I (panel (b)) pre-
sented in Fig.4. The gray curves show the magnetic field
dependence of the Faraday rotation angle measured in the
unpatterned Co/Pt multilayer film. The angles are normalized
to the maximum, see right axis.

of the polarization-dependent photocurrent J{» remains

unchanged, see Fig. 6.
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FIG. 6. Magnetic field dependence of the magnetization-
induced polarization-dependent photocurrent contribution
measured in z-direction at low (blue trace) and high (green
trace) radiation intensities. Each curve is normalized to the
signal maximum, (J{)/(Jir)|max. The blue curve has been ob-
tained with THz radiation of cw laser operating at a frequency
f =2.54THz and intensity I =2W cm™, and the green one
with radiation from a pulsed laser operating at a frequency
f =3.33THz and I =100kW cm™2. The plot reveals that both
curves have almost the same hysteresis width despite of almost
five orders of magnitude difference in the radiation intensity.

IV. THEORY OF PHOTOCURRENTS FORMED
IN ISOLATED EQUILATERAL TRIANGLE
SHAPED ANTIDOTS

In the metal layers forming the studied samples the
normally incident radiation can excite the photocurrent
only in the antidots array because a photocurrent in the
unpatterned part of the sample is forbidden by symmetry.
For a wavelength A\ smaller or comparable to the period
d the photocurrent generation should be considered for
isolated triangles, whereas for the opposite limit (A > d)
the antidots array should be treated as a metamaterial. As
we show below (Sec. V) in the latter case the photocurrent
is caused by the ratchet effect, which additionally gives rise
to polarization-independent photocurrents detected in our
experiments applying radiation with A = 118 uym. Below
we develop the phenomenological and microscopic theory
for the polarization-dependent photocurrent excited in
the isolated triangles.

A. Phenomenology

For the photocurrent formed due to scattering by indi-
vidual triangular antidots, the actual point group symme-
try is Cs,. This is the group symmetry of an equilateral
triangle with three reflection planes oriented at 120° to
each other. This symmetry consideration yields the fol-
lowing relations between the photocurrent density [67],
magnetization and radiation polarization parameters:

Jo = XPlinEg + MZ(I)Pl/inEg7 (6)
Jy = —XPhnE§ + M. ®PinEj.
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FIG. 7. Microscopic models for the trigonal photocurrents excited in equilateral triangle-shaped antidots. The field E results in
a directed motion of carriers shown by the dashed arrows. This is described by the stationary correction to the distribution
function f,(,Q) o | E|? being second order in the electric field. Due to asymmetric scattering a directed carrier flow and, therefore,
an electric current j is generated. Panels (a) and (b) show the dc current generation for zero magnetization and two directions
of the radiation electric field resulting in the momentum alignment along y- and z-directions, respectively, see Sec. IV B. Each
column represents a different mechanism, as headed on top. In (a), as a consequence of the external electric field E || y, electrons
predominantly scatter along the z-axis (solid arrows), which results in an electric current in z-direction. Rotation of the electric
field by 90°, panel (b), reverses the direction of the predominantly scattered electrons; consequently, the electric current changes
its sign. The electric field orientation dependence of the dc current j, is given by cos(2a), see Egs. (6) and (8). Panels (c) and
(d) illustrate the deflection of the electron trajectory by an angle Ospin caused by the spin polarization of the carriers due to the
out-of-plane magnetization M., see Sec. IV C 2. This process results in the emergence of a spin-polarized photocurrent j, o< M.,
which reverses its sign upon switching the magnetization direction, as shown in panels (c¢) and (d) for £M.. Panels (e) and (f)
show the deflection of the electron trajectory by an angle 6\ due to magnetization-dependent scattering, see Sec. IV C3. This

mechanism does not require spin polarization and also results in a photocurrent j, oc M.

Here FEj is the amplitude of the radiation electric field
E = Eyeexp(—iwt) + c.c. with e being the polarization
unit vector, ® and x are constants, and the axes (x,y) are
related to the main axes of the (5, point group: one of
the three reflection planes is chosen as (zx). The Stokes
parameters of radiation P, and P}, are the linear degrees:

(7)

In our experiments applying linearly polarized radiation
they vary with the azimuth angle « as

Plin = |6x‘2 - |6y|27 Pllln = 61-62; + e;kcey-

®)

We see that the polarization-dependent photocurrent com-
ponents in C5,, symmetry have m-periodic dependence on
the polarization plane orientation. This is caused by the
measurement setup where the j, and j, components are
detected, i.e., the currents in the reflection plane (zz)
and perpendicular to it. If, otherwise, the contacts are
deposited along the pair of axes rotated by an angle ¥
to x, y then the additional phase 3¥ appears in the ex-
pressions for the photocurrents which reflects the trigonal
symmetry of the system [68, 69].

Py = cos2a, P, = sin2a.

B. Magnetization-independent trigonal
photocurrent

The magnetization-independent photocurrent described
by the constant y in Egs. (6) is the “trigonal” linear pho-
togalvanic effect (LPGE) current 5. It is present owing
to asymmetrical scattering and has been studied in de-
tail in intrinsically trigonal systems [68—72]. The system
under study is extrinsically trigonal because of the pres-
ence of the artificially made macroscopic triangle antidots.
Assuming rare electron scattering on triangle antidot
boundaries, the trigonal current can be derived from the
Boltzmann kinetic equation which reads

d d
Lo v eB-LoS Wofr = Wornh): (9)

p/

Here fp is the electron distribution function, p is the
electron momentum, and Wy, is the probability of the
elastic scattering process p — p’. The scattering prob-
ability is conveniently decomposed into the symmetric
and asymmetric parts with respect to the interchange of



initial and final momenta:

Wrp = W)+ W) Wis® = 2wl (10)

p'p’ pp’

The symmetrical part WI(,,SI)) determines the relaxation

times of different Fourier-harmonics of the distribution
function, 7, (n =1,2,...):

ZWS) 1 — cos nbpp ), (11)

where 6, is the angle between p and p’ [68]. In par-
ticular, 7; is the transport relaxation time, and 75 is
the relaxation time for the momentum-aligned electron
distribution.

Taking into account the asymmetric part in linear order
we obtain the trigonal photocurrent described by the
constant x in Eqs. (6) where [72]

o 2N€ T1
T mer(1 +w?7d)
(ftrUFEFTg) o EB& v 1 —w27'17'2
dep dep 7 %" F 1+w?rd |

(12)

Here N is the 2D electron concentration, m is the effec-
tive mass, ep and vp are the Fermi energy and velocity,
71,2 are taken at the Fermi energy, and the dimension-
less parameter &, accounts for the trigonal scattering
asymmetry:

ftr—ﬁz

Here angular brackets denote averaging over directions
of the momentum p at a fixed energy er, and ¢p, @p
are polar angles of the corresponding momenta. For a
particular case of scattering by short-range impurities we
have

o COS 20p COS <pp> (13)

Eor = 2mgo Vo (Fpkpr €OS 20y COS @p)wp,wp,7¢k - (14)

Here gq is the density of states at the Fermi energy, Vj
is the scattering amplitude by impurities, and Fprp =
(Up|tp ) (Up | Uk ) (ur|up) is a product of the Bloch ampli-
tude overlaps.

The considered microscopic mechanism of the trigo-
nal photocurrent 7% formation is illustrated in Figs. 7(a)
and (b). In general, scattering of electrons in a metal at
the antidot boundaries violates the detailed equilibrium
giving rise to the asymmetrical part of the scattering
probability. In equilibrium, i.e. without any external
influence, the scattering, obviously, does not result in an
electric current. In the presence of radiation, however, the
electron distribution is aligned in momenta along the ra-
diation electric field. Formally, it means that a correction
§fp o ToEZ cos2¢, appears as a solution of the Boltz-
mann Eq. (9) in the second order in the radiation electric

field where only the symmetrical part of the scattering
probability Wz();)/ is taken into account. Then accounting
for the asymmetrical part, i.e. scattering by the antidots,
we see from Figs. 7(a),(b) that a directed flow of electrons
is formed with a direction governed by the radiation po-
larization. The resulting current direction depends on
the relative orientation of the radiation electric field and
the antidot: e.g., the field parallel to the triangle base,
see Fig. 7(a), yields a current flowing in z-direction while
rotation of the electric field by 90° reverses the current
direction, see Fig. 7(b). The corresponding dependencies
of the photocurrents on the electric field vector orienta-
tion are given for j, and j, by the first terms on the
right-hand sides of Egs. (6).

C. Magnetization-induced trigonal photocurrent

A magnetic field applied along the z-direction, which
causes the magnetization M, gives rise to new photocur-
rent contributions, which can be excited by linearly as
well as circularly polarized radiation, see the second and
the third terms on the right-hand sides of Egs. (6), respec-
tively. We develop a microscopic theory of the former
effect and find the corresponding constant ®. We propose
and analyze three microscopic mechanisms based on i) the
anomalous Hall effect (AHE), ii) spin-dependent scatter-
ing, and iii) magnetization-dependent scattering. Since
all detected photocurrents have hysteretic behaviour and
saturate at large positive and negative magnetic fields, see
Fig. 4, they are determined solely by the magnetization
M, while effects of the Lorentz force, resulting in the
linear in H, dependence, are negligible.

1. Anomalous-Hall-effect—induced trigonal photocurrent

First, we consider the photocurrent contribution caused
by the Anomalous Hall effect. As well known in the pres-
ence of magnetization any dc electric current acquires a
perpendicular component. In the experiments considered
this results in a component j o 7% x M perpendicu-
lar to the trigonal LPGE current j'. Microscopically,
there are both intrinsic and extrinsic contributions to
the AHE, and the most efficient one is usually caused by
skew-scattering on impurities. In this mechanism, the
magnetization-dependent photocurrent is given by

j = §AHEsttr X Z. (15)

Here P; is the electron spin polarization which appears
due to the Zeeman effect

P, = —2Z o M, 16
2ep & (16)



with Az being the Zeeman splitting, and the dimension-
less skew scattering efficiency Eang given by [73]

§AHE = T1 <Z sin (pp — @p’)W;(;%SO)> - (17
p/

¥p

Equation (15) agrees with the phenomenological Egs. (6)
yielding ®M, = &appPs)x. Note that this mechanism
requires double account for the scattering asymmetry: at
the first stage where the constant y is obtained, Eq. (12),
and at the second stage, at a deflection of the trigonal
current. Despite each asymmetrical scattering probability
can be obtained beyond the Born approximation only, in
the Co-based structure with strong AHE this photocurrent
formation mechanism can be of equal importance or even
dominate over the other mechanisms considered below.

2. Spin-dependent scattering-induced trigonal photocurrent

The skew scattering considered above is also respon-
sible for a further contribution which comes from spin-
dependent electron scattering on triangle boundaries. Due
to spin-orbit interaction, spin-up and spin-down electrons
scatter off the antidot boundaries with an angle +60yin
with respect to the spin-less case, see in Figs. 7(c) and
(d). Due to the spin polarization caused by the magneti-
zation, Eq. (16), the majority of electrons having spin-up
(spin-down) will be preferentially deflected up (down) by
the angle Ospin (—0spin) relative to the non-magnetized
situation, see Fig. 7(c) (Fig.7(d)). This process results in
the generation of a magnetic-field-dependent photocur-
rent which is rotated relative to the previously considered
trigonal LPGE current 5% formed at M, = 0. For ex-
ample, at vertical polarization the component j, oc M,
emerges while in the nonmagnetic case the trigonal cur-
rent 7' flows parallel to the z-direction, cf. Figs.7(c)
and (d). Reversing the magnetization M changes the sign
of the j, photocurrent component. This consideration
fully agrees with the phenomenological Egs. (6) yielding
the photocurrent given by the constant ®.

Microscopically, the photocurrent density j, ., oc M, ®
can be derived from the kinetic Eq. (9) similarly to the
trigonal photocurrent. Assuming rare electron scattering
on the triangle boundaries we obtain that M, ® is given
by Eq. (12) with two substitutions:

N — PN, & — €s0- (18)
Here the spin-orbit scattering asymmetry factor £go is
given by

§so =71 <Z sin ¢p €os 2¢p Wz(,‘,lz’,so)> , (19)

p Pp
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where Wz(fi,so) is the asymmetric scattering probability
calculated with an account for the spin-orbit interaction
in the electron Bloch amplitudes, cf. Eq. (14).

3. Magnetization-dependent scattering-induced trigonal
photocurrent

Magnetization does not only result in the spin polariza-
tion of electrons considered above but does also affect the
electron orbital motion. Thus, electrons are scattered off
the antidot boundaries at an additional angle 8; which is
the same for spin-up and spin-down electrons, but reverses
its sign upon switching the magnetization direction, see
Figs. 7(e) and (f). As a result, an additional contribution
to the photocurrent j oc M, is generated. For the vertical
polarization it corresponds to +j,, see Figs.7(e) and (f).

Microscopically this contribution is obtained if account-
ing for the magnetization in the Bloch amplitudes. This
yields the asymmetrical scattering probability WPE?I’,M) de-
pendent on M,. The value of M,® in this mechanism is
given by Eq. (12) with the magnetization-induced factor

Ev =11 <Z Sin ¢y, Cos 2 WZ(,?I;M) > . (20)

p Pp

The value &, is odd in M, and it is linear in the magne-
tization to the lowest order.

V. THEORY OF RATCHET CURRENT IN
ANTIDOTS MAGNETIC METAMATERIALS

Previously we considered the photocurrent generation
caused by the individual triangle antidots. Each triangle
has the C5, symmetry with three reflection planes and
the C3 axis. As we demonstrated above, in this case the
photocurrents j, and j, are solely defined by the degree
of linear polarization given by the corresponding Stokes
parameters Py, and P . For a wavelength larger than the
period of the array of the triangle antidots forming a lat-
eral superlattice, however, large polarization-independent
photocurrent contributions are detected. This observation
indicates the symmetry reduction due to the absence of
two or even all three reflection planes meaning the point
symmetry group Cy or C7, respectively. In the former
case, the reflection plane (zx) is the only nontrivial sym-
metry operation whereas in the latter one we have only
trivial symmetry operation, i.e. identity.

A. Phenomenology and the microscopic model of
the ratchet current

At normal light incidence, the Cs symmetry allows for
the following relations between the photocurrent density



j, magnetization M and radiation Stokes parameters:
jx = E(XlRin + XO) + M E((pllgllm + ’ypcirc)a (21)
(=Xt Pl + 7Peire) + MoZ(®1 Bin + Do)

[1]

Jy =
where = is proportional to the square of the radiation
electric field Eo, and Pejre = i(eze;, — €}e,) is the circular
polarization degree. Comparing with the phenomenolog-
ical Egs. (6) obtained for the individual triangles with
higher symmetry we see two differences. First, the linear-
polarization sensitive contributions, instead of single co-
efficients x and ®, are now described by independent
constants Y1 # x1 and ®; # ®;. Second, and crucial, the
basically new photocurrent contributions appear which
are: the polarization-independent ones described by the
constants @y and xo, and the helicity-driven photocur-
rents given by the constants v and 4. In the case that
the symmetry is reduced further to C7, phenomenological
equations become lengthy because now j, as well as j,
are given by a sum of all contributions present in both
Egs. (21) with independent weights. Below, to be specific,
we consider for simplicity the microscopic model for the
Cs symmetry.

Microscopically, electrons feel the low symmetry of the
whole system via the inhomogeneous near-field formed by
radiation diffraction from the triangle’s boundaries. This
near-field E(r) has a profile periodic in two-dimensional
space with the period of the lateral superlattice, see Fig. 8.
Another field acting on electrons is the periodic poten-
tial V(r) with barriers on the borders of the antidots,
see Fig.8(b). Despite both the near-field and the peri-
odic potential are zero on average, the following lateral
asymmetry parameter is finite

E=FE3(r)V,V(r), (22)

where the line denotes averaging over the structure period.
The parameter =, already introduced in the phenomeno-
logical Egs. (21), reflects the Cy symmetry of the system
giving rise to the corresponding photocurrent contribu-
tions. It is clear that = = 0 if both the profile of V(r)
and EZ(r) have identical coordinate dependence. How-
ever, the near-field profile is different from that of the
triangles, see Fig. 8(b), and subsequently the parameter
= is nonzero. Note that in the case of Cy point group,
an additional lateral asymmetry parameter E3(r)V,V (r)
emerges.

While in metamaterials with A > d the microscopic
mechanism of the polarization-dependent photocurrent
contributions proportional to Py, and P/ are similar to
that obtained above for the isolated triangle antidots the
polarization-independent one is new. Below we develop
the theory of ratchet effects yielding these contributions.
We show that they are caused by a radiation-induced elec-
tron gas heating, which results in coordinate-dependent
temperature increase, see d7'(r) in Fig.8(b), which fol-
lows the spatially dependent electric field squared |E(r)[?

formed due to the near-field of diffraction of THz radia-
tion.

(a)
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FIG. 8. Model for the Seebeck ratchet current. Panel (a)
depicts the ensemble of equilateral-triangle shaped antidots
arranged in a slightly distorted hexagonal lattice having C-
symmetry and the electron temperature profile due to heating
of the near-field, schematically highlighted by the red contour.
Panel (b) shows the temperature profile §T'(r) < E3(r) caused
by radiation near-field diffraction at the edges of antidots and
the electrostatic force proportional to OV /0z. The Figure
shows that both terms are asymmetric due to the triangular
shape of the antidots.

B. Seebeck ratchet current at M =0

We begin with the Seebeck ratchet photocurrent formed
at zero magnetization. As addressed above, the model of
its generation is based on electron gas heating by the near-
field E(r). The heating results in the emergence of an
inhomogeneous profile of electron temperature §7(r)
|E(r)|?. It is found from the energy balance:

kgéT(’l”) 20’0

N =
T 1+ (wm)

3| B(r), (23)

where kg is the Boltzmann constant, 7 is the temperature
relaxation time, og is the dc conductivity, and 7 taken at
the Fermi energy is the transport relaxation time. This
inhomogeneous heating leads to a spatial modulation
of the dc conductivity do(r) = 6T(r)do/IT provided



by the temperature dependence oo(7"). As a result, the
acceleration of electrons by the periodic electric field
(=1/e)VV(r) is decompensated, and the electric current
is generated with the density [11]

1000 ——~———
o = —ga—;(sT(T)VxV(T). (24)
As the near-field profiles, formed at the borders of neigh-
boring antidots, overlap, we obtain different electric field
amplitudes. Consequently, temperatures differ at the tri-
angle bases and apexes along z-axis, see Fig. 8(b). This
figure also demonstrates that the electrostatic force pro-
portional to 9V/0x along this axis, being caused by the
triangular shape of the antidots, is asymmetric as well.
Therefore, the above average is nonzero giving rise to
the Seebeck ratchet current, which is described by the

constant o in Egs. (21)

. —_ —_ 20’07’T80'0/6T
Je =5X0= —2 7 1 1 2o
eNkp(1 + w?77)

(25)

Note that there is an additional contribution to the
photocurrent not related to electron heating. It is
caused by the Dynamic Carrier-Density Redistribution
(DCDR) [5, 11, 48]. This mechanism yields a ratchet
current density in the form [48]

i 00ap 004 (w)

2ew ON  Oep
Bn=x,y

-DCDR __
e =

epes+c.c., (26)

where ¢ and 6(w) are the tensors of the dc and ac con-
ductivities.

C. Spin ratchet current caused by the
magnetization

Now we turn to the magnetization-induced ratchet ef-
fect. Similarly to the Seebeck contribution considered
above, the photocurrent j, = M,®¢= microscopically also
appears due to inhomogeneous heating of the electron
gas resulting in the spatially oscillating temperature cor-
rection profile 6T (r). We denote this contribution the
anomalous Nernst ratchet current.

In the presence of magnetization, the electron dc con-
ductivity is a tensor with the off-diagonal conductivity
component o,,. It is odd in M, and o,, x M, at
low magnetization. The presence of the Hall conductiv-
ity is crucial for the magnetization-induced polarization-
independent contribution. In the presence of magneti-
zation, the static periodic force of the potential V(r)
results in the perpendicular electric current component
Jy(r) = (=1/€)oys ViV (r). Due to the radiation near-
field, a spatially oscillating part of the Hall conductivity
d0yz(r) = 0T ()00, /OT emerges which is odd in M,.
As a result, we obtain the Anomalous Nernst ratchet
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current in the form

_ 100y,
e 0T

Jy(M,) = 0T (r)VV(r). (27)

The corresponding term in Eq. (21) is given by

— 2007700y /0T

), = M2y = 50T ya/ O
Ty 0 eNkg(1 + w?7})

(28)

Alike the zero-magnetization polarization-independent
ratchet current, there is also a magnetization-dependent
contribution to the photocurrent caused by the DCDR
mechanism and not related to electron heating. Due
to the AHE, we have the off-diagonal conductivity com-
ponent oy, x M,. Taking for unpolarized radiation in
Eq. (26) eyel; = dyp/2, and the ac conductivity in the form
Opz(w) = 09/(1 — iwT) with o being linear in the Fermi
energy, we obtain the following polarization-independent
spin ratchet current density

DCDR _ = 0071005 /ON

= 29
Ty 2eep (1 + w2T}) (29)

This expression shows that the DCDR mechanism is based
on the electron concentration dependence of the AHE con-
ductivity rather than on its dependence on temperature.

VI. DISCUSSION

A. Seebeck spin ratchet

The THz radiation-driven Seebeck ratchet and spin
ratchet effects considered above manifest themselves in
the presence of the polarization-independent photocur-
rents Jp™ and Jg', respectively. They are clearly detected
in experiments applying radiation with A = 118 pm, see
Figs. 2(a) and 3, but absent in results obtained with two
orders of magnitude smaller wavelength A = 0.8 pm. This
observation is an important consequence of the symmetry
reduction from trigonal C5,-symmetry to the lower one
(Sec. V) and is fully in line with the phenomenological
Eqgs. (6) and (21) obtained for the individual triangles
with symmetry C3, (probed at A < d) and metamaterial
with symmetry Cs or C7 (probed at A > d), respectively.
The reduction of symmetry may be caused by different
factors such as deviation of the antidot positions in the su-
perlattice, non-ideal and different shapes of the triangles
as well as by the fact that the lateral structure is smaller
than the beam spot and, consequently, this structure can
not be considered as infinite. Equations (6) and (21) show
that while the polarization dependence of the photocur-
rents in both cases is defined by the Stokes parameters
Py, and P, the polarization-independent contributions
are present only in the case A > d and forbidden for the
photoexcitation of the individual triangles realized for
A <d.



For the Cs-symmetry describing an infinite superlat-
tice, the zero-magnetization contribution J§™ becomes
possible in z-direction, i.e. along the height of the tri-
angles. This photocurrent was indeed observed in the
experiment, see red trace in Fig.2(a). The microscopic
derivation of the polarization-independent photocurrent
density j, presented in Sec. V, which is obtained for the C
symmetry, gives an intuitive picture. Indeed, the spatial
temperature profile due to the near-field-induced heating
is insensitive to the electric field orientation, see Eq. (23).
The corresponding asymmetric profile of the temperature
0T (z) together with the asymmetric electrostatic force
0V /0z, see Fig.8(b), yields a polarization-independent
Seebeck ratchet current in z-direction. Note that with-
out magnetization the spin of electrons is not involved
in the photocurrent formation. In the experiment we
also detected a polarization-independent photocurrent
in y-direction, see blue trace in Fig.2(a). This obser-
vation indicates a further symmetry reduction from Cf
with a reflection plane (xz) to C; which has no nontrivial
symmetry operations.

The magnetization induced in the layers because of the
magnetic field applied in z-direction results — in agree-
ment with the theoretical consideration —in photocurrents
proportional to M,: they exhibit a hysteresis at small
magnetic fields, become constant at high magnetic fields
and change sign at reversal of the magnetization M,.
Note that, also in line with theory, the magnetic-field
even parts do not change upon variation of magnetic
field, see the insets in Fig. 4. Comparing the hysteresis
traces of the spin ratchet current Jg' with the Faraday
rotation angle, measured in the unpatterned Co/Pt mul-
tilayer film, shows that both have equal widths, see Fig. 5.
This demonstrates that the Jg§' photocurrent is formed in
the bulk of the material, which is in agreement with the
mechanism of the spin ratchet current originating from
the spatially periodic temperature gradient caused by the
near-field of diffraction, see Sec. V A and Fig.8. The spin
ratchet is caused by the AHE, see Sec. V C. It is gener-
ated in the direction normal to the Seebeck ratchet effect.
For Cs symmetry the latter one is given by j, = Exo
(see Egs. (21), (24) and (25)) and the spin ratchet is de-
scribed by M,E®,, see Egs. (21), (27) and (28). Note
that in both zero-magnetization and spin ratchet effect a
photocurrent due to the Dynamic Carrier-Density Redis-
tribution can yield additional contributions, see Egs. (26)
and (29). Both mechanisms behave equally upon varia-
tion of polarization, lateral asymmetry parameter = and
frequency. Therefore, experimental discrimination be-
tween them is a challenging task and out of scope of the
present paper.
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B. Trigonal spin photocurrent

Now we consider the polarization-dependent photore-
sponse. Figures 2 and 3 reveal that the photocurrent
exhibits a characteristic dependence on the orientation
of the radiation electric field vector relative to the bases
of the triangle antidots. Figure 2 shows that the pho-
tocurrent contributions excited in z- and y-directions for
both A = d and A > d, vary respectively as Py, and P},
which are given by Eq. (8). This observation is fully in
line with the phenomenological theory obtained for the
isolated triangles, see Egs. (6), as well as for the meta-
material, see Egs. (21). The microscopic mechanism of
the zero-magnetization polarization-dependent photocur-
rent contributions is described in Sec. IV B. It is based on
asymmetric scattering on the triangle antidot boundaries
and yields a spin-independent photocurrent. As expected,
this mechanism also yields the polarization dependence
observed in the experiment. For \ =~ d, the amplitudes
of the photocurrents j, and j, are defined by the same
parameter x given by Eq. (12). Equal amplitudes for both
photocurrents are indeed observed in experiments with
A = 0.8 pm, see Fig. 2(b). For A > d, the corresponding
parameters x; and y; become independent, i.e., may have
different values. In the corresponding experiment with
A = 118 pm they differ, however, only slightly (by about
factor 1.4), see Fig. 2(a) [74]. This observation shows that
also in this case the microscopic origin of the photocur-
rent can be well described by the mechanism introduced
in Sec.IV B, which considers Cs, symmetry and yields
equal factors for j, and j,. Microscopically, it stems from
the asymmetric scattering at the antidots boundaries, see
Figs. 7(a) and (b).

The magnetization M, results in a phase shift of the
polarization-dependent contributions, see Fig.3(a). It is
caused by the emergence of the magnetization-induced
photocurrent which is 45° phase shifted with respect to
the zero-magnetization one, see Egs. (21). The exper-
imental traces for J2™ and J» in Fig.3(b) are in full
agreement with the phenomenological Egs. (21) and (8)
as well as with the microscopic theory of the trigonal pho-
tocurrents presented in Sec. IV. Alike the spin ratchet, the
magnetization-driven trigonal photocurrent Ji' exhibits
a hysteresis at small magnetic fields, becomes constant at
high fields and changes its sign switching the sign of M,
see Figs. 4(b) and 5(b). Microscopically, the trigonal pho-
tocurrent proportional to M, is caused by skew scattering
(see Sec. IV C1 and IV C2) and magnetization-dependent
scattering, see Sec. IV C 3.

While the above mechanisms are considered theoreti-
cally we note that an additional microscopic mechanism
may give rise to the polarization-dependent photocurrent.
One could explain it by the polarization-dependent lat-
eral anisotropy of the laser heating which leads to the
anomalous Nernst effect. The anisotropy may be obtained



considering the patterned structure as a near-field antenna
which results in the laser heating around small central
regions, i.e., increased temperature in the vicinity of the
triangle’s vertices. This yields a maximum of the radi-
ation absorption, when the light polarization is parallel
to the heights of triangles, and creates the polarization-
dependent temperature gradients V7T («) with triangular
space symmetry. Due to the magnetization, this spa-
tial temperature profile results in the trigonal ANE cur-
rent 7ANE o M x VT. This contribution also has a
JANE o sin 2a0 dependence on the polarization orientation
as the current JiT detected in the experiment, Fig. 3(b). A
theoretical treatment of this mechanism is a task for future
research. Note that in the above mechanism, as well as in
the mechanisms considered theoretically in Secs. IVC1
and IV C2, the photocurrent Ji}' is spin polarized and
can be classified as a trigonal spin current.

Finally, we discuss the hysteresis width of the trigonal
spin current J{y. Surprisingly, it is about two times larger
than that of the spin ratchet current, as well as of the
hysteresis of the Faraday rotation angle in the unpat-
terned Co/Pt films, see photocurrent traces (red and blue
lines) and Faraday angle traces (gray lines) in Figs. 5(a)
and (b). We emphasize that both photocurrent traces
were obtained from one experiment and were extracted
using the difference in the polarization dependence. Dif-
ferent hysteresis widths for the spin ratchet and trigonal
contributions are clearly seen in the original data sets
obtained for different azimuth angles «, see Fig. B.1; in
particular for & = 135° at which Ji' and J}}' have opposite
signs. This difference clearly indicates that the trigonal
photocurrent and the spin ratchet current are formed
in different regions of the superlattice. This is in line
with the microscopic theory developed above. We have
shown that the trigonal photocurrent are formed at the
boundaries of the triangle antidots, see Sec. IV, whereas
the spin ratchet current is generated in the film bulk, see
Sec. V C. While our paper is primarily aimed at the spin
ratchet, the larger hysteresis width of the trigonal pho-
tocurrent needs an additional discussion. As we addressed
above, the hysteresis width of the spin ratchet current
coincides with that of the magnetization measured by
Faraday rotation in the unpatterned films, which agrees
with the theory developed in Sec. V C. The deviation of
the hysteresis width in the trigonal current with respect
to the magnetization in the homogeneous film should be
caused by the difference between the magnetization of
the unpatterned film and the film in the vicinity of the
antidot boundaries. This can be caused by the enhanced
electric fields due to the near-field of diffraction and, re-
lated to local heating, inhomogeneity of M, at the antidot
edges, magnetic domain formation in the superlattice, do-
main wall pinning, etc. Additional experiments using a
pulsed laser operating at a similar frequency but almost
five orders of magnitude higher intensity demonstrated
that such a drastic increase in the radiation electric field
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scales only the signal magnitude but does not change the
hysteresis widths of J{}!, see Fig. 6. This result excludes
changes in the magnetization behavior induced by the ra-
diation electric field, e.g. due to the heating of the antidot
edges. Note that this is not surprising, because in both
cases one would expect a narrowing of the magnetization

hysteresis.

Performing additional experiments on Faraday rotation
on unpatterned films and patterned films with the lateral
antidot superlattice we observed that the hysteresis width
in the latter case is larger than in the former one, see
Fig.9. Note that in the magneto-optic experiments we
obtain the integrated response from the bulk part and the
antidot edges, whereas the trigonal photocurrent gives a
signal proportional to the magnetization at the edges only.
This result gives a hint that the larger hysteresis width
detected in J7' is most probably related to spatially inho-
mogeneous switching of the magnetization M,. We can
give three simple reasons that may explain the increased
width of the magnetic hysteresis in the patterned region.
First, we expect that magnetization reversal in perpendic-
ularly magnetized Co/Pt films proceeds via domain wall
nucleation and propagation. Owing to the stray field of
the perpendicularly magnetized films, the nucleation field
is reduced. However, since at the edges of the triangles
the magnetic film has been removed, the stray field is
diminished in the edge regions leading to an increased nu-
cleation/switching field. Second, domain walls are pinned
at the apexes of triangles so as to reduce the wall area.
Third, in the region of the edges defects and pinning sites
introduced by lithographic structuring may hinder the
propagation of domain walls which are nucleated in the
center of the elements towards the edges, leading again
to a locally increased switching field.

VII. SUMMARY

Our results demonstrate that terahertz radiation with a
wavelength substantially larger than the period of the ar-
ray of the triangle-shaped antidots fabricated from Co/Pt
films results in a polarization-independent current shown
to be caused by the anomalous Nernst spin ratchet ef-
fect. It is generated in the film bulk and exhibits a
hysteresis in magnetic field range comparable to that
of the Faraday rotation data measured in unpatterned
samples. The polarization-dependent trigonal spin pho-
tocurrent, also detected in our experiments, is generated
by both terahertz and infrared radiation. The trigonal
spin photocurrent has a larger hysteresis width because
of spatial inhomogeneity of the magnetization probed by
the polarization-dependent photocurrent generated in the
region of the antidots edges. This observation provides a
novel access to studying the magnetization at the metal
films edges.
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FIG. 9. Magnetic field dependence of the magnetization-

induced polarization-dependent photocurrent contribution
(blue curve) and Faraday angles measured in unpatterned
Co/Pt film (solid curve) and the array of the equilateral
triangle-shaped antidots (dashed curve). The photocurrent
is measured in z-direction and normalized on its maximum,
(J2)/ () |max- Faraday angle traces are also normalized
on their maximum values. Coercive fields obtained from
the Faraday angle traces are larger for the antidots array
(poH: = 102mT) than that for the unpatterned Co/Pt film
with the same layer design (76 mT). Note that Faraday rotation
yields the integrated response from the whole structure. The
coercive field for the trigonal photocurrent is poH. = 144 mT.
The photocurrent is formed because of scattering at the trian-
gle boundaries. Consequently, it probes the local magnetiza-
tion in the vicinity of the antidot edges.
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Appendix A: Samples characteristics

The investigated sample hosts two lateral superlattices
formed by the triangle-shaped antidots which are rotated
by 90° with respect to each other, see Fig. A.1. The arrays
are electrically isolated using electron beam lithography
and laser cutting (see Ref.[51] for more details). This
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FIG. A.1. Sketch of the studied sample consisting of two
electrically isolated arrays of the triangle-shaped antidots
rotated by 90° with respect to each other. The arrays have a
size of 250 x 250 um? and period of 0.55 um. Note that the
triangles in the sketch are oversized for better visibility. Two
pairs of contacts allow one to probe the photocurrent along
the height (left part) and the basis (right side) of the triangles,
i.e. in z- and y-direction.
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FIG. A.2. Panel (a): Dark resistance as a function of magnetic
field measured along the triangles’ height with a two-point
measurement setup. Panel (b): Temperature dependence of
the dark resistance at poH = 0.

allowed us to probe the photocurrent in z- and y-direction
simultaneously in a single experiment.

Figure A.2(a) shows the magnetic field of the dark
resistance of the metamaterial measured in a two-point
configuration with a bias current of 100nA. It shows
that in the studied magnetic field range from —2T to 2T
the resistance remains unchanged. It also exhibits only a
weak dependence on temperature, see Fig. A.2(b).

Appendix B: Hysteresis of the trigonal photocurrent
measured for different azimuth angles

Figure B.1 shows the hysteresis of the photocurrent
measured for four different azimuth angles . The angles
are selected in a way that the polarization-dependent
contribution J, = M, As sin 2« either vanishes and only
the polarization-independent part forms the photocur-
rent (a = 0°,90°) or has a maximum and opposite signs
at o = 45°,135°. The figure reveals that in the former
case the hysteresis width coincides with the magneto-
optical Faraday data of the unpatterned Co/Pt multi-
layer film (gray traces). For a radiation electric field
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FIG. B.1. The angle has been chosen such that in the
formula A7 cos2a + Cq + M, As sin 2ac + M C> either the sine
or cosine function vanishes and the remaining part changes its
sign by adding 90° (compare panel (a) with (c) and (b) with
(d)). The dashed lines indicate the magnetization-independent
contribution A; cos 2a+ C1, wich reduces to C; for 45° and 90°.
Curves with full and reduced opacity show the forward and
backward magnetic field sweeps, respectively. The gray lines
show the magnetic field dependence of the Faraday rotation
angle obtained in the unpatterned Co/Pt film normalized on
its maximum value.

applied at angles a = 45°,135° two different hysteresis
widths are clearly seen, leading to a step-like change of
the widths. It is particularly pronounced for o = 135°
at which the polarization-dependent and polarization-
independent parts have opposite signs.

Appendix C: SQUID and magneto-optic Kerr
microscopy data

To study the magnetization switching properties of the
sample in the patterned and unpatterned regions, we
performed additional experiments.

Superconducting quantum interference device (SQUID)
measurements are used to determine the magnetic prop-
erties of the full sample. In Fig. C.1 we show the SQUID
data obtained in a sample with the same design. In
Fig. C.1 (a) a SQUID loop measured with magnetic field
applied perpendicular to the sample plane and ranging
from +4 T to —1.5 T is shown. The measurements reveal
magnetization saturation at around 1.5 T and a coercive
field of around 33 mT, as can be seen in the zoom-in in
Fig. C.1(b). Figures C.1(c) show polar Kerr-microscopy
images in which both patterned and unpatterned parts
of the sample were captured simultaneously. The images
show the magnetization state during the reversal process
(black and white corresponds to upward and downward
out-of-plane magnetization, respectively) after application
of magnetic fields with different amplitudes. The unpat-
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FIG. C.1. Panels (a) and (b). SQUID loop measured on the
full film sample with unpatterned (plane Co/Pt film) and
patterned (array of triangular antidots) regions, see the sketch
shown in the left side of the panel (¢). The loops is measured
for magnetic fields in a range from —1.5T to 4T applied
perpendicular to the sample plane, see panel (a). The panel
(b) is a zoom-in showing the data for magnetic fields varying
from —0.3T to 0.1 T. Panel (c) shows the sample sketch (left)
and the Kerr microscopy images taken at the points marked
in panel (a) for magnetic fields: —30 mT [point A in the panel
(b)]; =84 mT (point B); and —110mT (point C). In (c) black
and white contrast corresponds to upward and downward
out-of-plane magnetization, respectively.

terned region of the sample shows a coercivity of around
33 mT. Interestingly, to switch the magnetization in the
patterned part of the sample a much larger magnetic field
needs to be applied as can be seen in the lower parts of
the Kerr-microscopy images. In the measured SQUID
loop, a large jump in the signal is observed when the
unpatterned part of the magnetic film switches since most
of the sample is unpatterned and SQUID is an integrating
measurement technique. Note that the spatial resolution
of the Kerr microscope does not allow the detection of
magnetization reversal of the individual triangles, how-
ever, their influence as pinning centers for magnetization
reversal can nevertheless be detected.

Magnetization reversal processes in thin films are
strongly influenced by crystal defects in the ferromag-
netic layer leading to nucleation and pinning sites for
domain walls. This is true for both the patterned and
the unpatterned part of the sample (see e.g. the fringed
domain wall in the upper part of the first image taken at
—30 mT). Since a single triangle can be subdivided into an
inner part untouched by the structuring process and the



rim of the triangle, in which crystal defects are very likely
to have been introduced by the mechanical treatment dur-
ing the structuring process, the magnetization reversal
of a single perpendicularly magnetized triangle could be
stepwise. At lower magnetic fields the inner part of the
triangle switches by domain nucleation and propagation
since the typical domain wall width for Co/Pt multilayer
is much smaller than the size of a triangle. However, the
switching process at the rim of a triangle differs for three
reasons. First, the missing material reduces the amount
of stray field, which aids magnetization switching in per-
pendicularly magnetized materials, and second, domain
walls are pinned at the apexes of triangles so as to reduce
the wall area. Third, domain wall propagation towards
the rim of the triangles may be hindered by defects and
pinned moments. This would also be in line with the
SQUID data, which shows saturation of a fraction of the
magnetization only at very large magnetic fields.
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