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Cherenkov radiation of spin waves by ultra-fast moving magnetic flux quanta
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Despite theoretical predictions for a Cherenkov-type radiation of spin waves (magnons) by various propa-

gating magnetic perturbations, fast-enough moving magnetic field stimuli have not been available so far. Here,

we experimentally realize the Cherenkov radiation of spin waves in a Co-Fe magnonic conduit by fast-moving

(>1 km/s) magnetic flux quanta (Abrikosov vortices) in an adjacent Nb-C superconducting strip. The radiation

is evidenced by the microwave detection of spin waves propagating a distance of 2 µm from the superconduc-

tor and it is accompanied by a magnon Shapiro step in its current-voltage curve. The spin-wave excitation is

unidirectional and monochromatic, with sub-40 nm wavelengths determined by the period of the vortex lattice.

The phase-locking of the vortex lattice with the excited spin wave limits the vortex velocity and reduces the

dissipation in the superconductor.

Back in 1887, Lord Kelvin was fascinated by complex wave

patterns generated behind his boat on the surface of water [1].

The generated patterns of waves resembled the V letter, with

the boat being ahead of the waves and giving rise to the wake

of the apex. Ever since the formation of wakes by a perturba-

tion moving faster than the propagation speed of the waves

it creates has been established as a universal phenomenon,

and it now plays a significant role across various disciplines.

Thus, counterparts of the Kelvin wake in hydrodynamics are

the well-known sonic boom in acoustics and Cherenkov ra-

diation in electrodynamics. The Cherenkov effect describes

the spontaneous emission of photons in a medium, which

occurs when a charged particle moves at a velocity faster

than the phase velocity of light in that medium [2, 3]. To-

gether with the Doppler effect, the Cherenkov effect consti-

tutes the branch of fundamental physics describing the radia-

tion of uniformly moving sources [4]. Awarded with the No-

bel Prize in 1958 [3], the Cherenkov effect finds applications

in detectors in particle physics [5] and cosmology [6], and it

plays a critical role in photonics [7, 8], electromagnetics [9],

biomedicine [10], and across various domains of solid-state

physics [11–20].

Among the various types of waves in condensed matter

systems, spin waves – the Goldstone modes of spin sys-

tems [21, 22] – represent an essential realm of waves in mag-

netic materials. Nowadays, spin waves and their quanta –

magnons – are at the heart of magnonics [23, 24] which has

emerged as one of the most rapidly developing research do-

mains of modern magnetism and spintronics [25–27]. Gen-

eration of spin waves by moving magnetic sources via a

Cherenkov-type mechanism has been predicted in numerous

theoretical works [16–20, 28, 29]. Among various candi-

date sources to perturb the magnetic moments, moving mag-

netic monopoles [30, 31], domain walls [16, 17, 28, 29] and

Abrikosov vortices (fluxons) [18–20] were theoretically sug-

gested. However, despite the theoretical predictions, fast-

enough moving magnetic sources have not been available so
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far. At the required high velocities of spin waves (few km/s in

ferromagnet-based devices), domain walls collapse because of

the Walker breakdown [32] while the lack of long-range order

in vortex arrays [33] makes in-phase generation of spin waves

hardly feasible for the majority of superconductor-based sys-

tems. We note that domain walls can move significantly

faster in ferrimagnets [34], antiferromagnets and ferromag-

netic nanotubes. However, the immunity of antiferromagnets

to magnetic fields presents notorious difficulties in manipu-

lating domain walls, ferrimagnets require to operate in vicin-

ity of the angular momentum compensation temperature [35]

while high-quality round ferromagnetic nanotubes with suffi-

ciently low damping remain inaccessible so far [36].

Recently, we observed a strong magnon-fluxon interaction

in a Nb/Py superconductor/ferromagnet heterostructure and

demonstrated Doppler shifts in the frequency spectra of spin

waves scattered on a moving vortex lattice [37]. However, the

sub-km/s maximal vortex velocities in that Nb/Py heterostruc-

ture were not high enough for the generation of magnons via

a Cherenkov-type mechanism [37]. Very recently, a direct-

write Nb-C superconductor with fast relaxation of heated

electrons was discovered [38]. The fast heat removal from

nonequilibrium electrons in Nb-C allows for ultra-fast vor-

tex motion with up to 15 km/s vortex velocities [39]. Here,

we experimentally evidence the Cherenkov radiation of spin

waves in a Co-Fe magnonic conduit by fast-moving mag-

netic flux quanta (Abrikosov vortices) in an adjacent Nb-C

superconducting strip. We observe the magnon Cherenkov

radiation directly, by means of broadband microwave detec-

tion of spin waves traveling over a distance of about 2 µm

through the magnonic conduit. In addition, we monitor the

electric voltage across the superconducting strip which ex-

hibits a constant-voltage Shapiro step at the Cherenkov reso-

nance radiation condition. This magnon Shapiro step emerges

because of the phase-locking of the vortex lattice with the ex-

cited spin wave which limits the vortex velocity and repre-

sents a dynamic pinning mechanism for the reduction of dissi-

pation in superconductor-based heterostructures [18–20]. We

elucidate the experimental observations with the aid of micro-

magnetic simulations indicating that the Cherenkov resonance

condition corresponds to the intersection point of the disper-
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FIG. 1. Investigated system. a Experimental geometry. The su-

perconductor/ferromagnet hybrid structure consists of a Nb-C super-

conducting strip stray-field coupled to a Co-Fe magnonic conduit.

Measurements are taken at 4.2 K in a magnetic field Hext directed

at a small angle β ≈ 5◦ with respect to the z axis in the xz plane.

b Schematic of the excitation of spin waves by the moving vortex

lattice at the Cherenkov resonance condition. c Scanning electron

microscopy image of the microwave ladder antenna used for the de-

tection of spin waves with wavelengths λSW ≈ 36 nm (wavevectors

kSW ≈ 175 rad/µm).

sion curves for the magnon and fluxon subsystems. Because

of the periodicity of the vortex lattice, the spin-wave excita-

tion is unidirectional (spin wave propagates in the direction of

motion of the vortex lattice) and monochromatic (spin-wave

wavelength is equal to the vortex lattice parameter). The sub-

40 nm wavelengths of the detected spin waves are a factor of

about two smaller than the shortest wavelengths of propagat-

ing spin waves observed experimentally so far [40–45].

Investigated system and magnon Shapiro steps in its

current-voltage curve. The investigated system consists of

a 45 nm-thick Nb-C superconducting strip and a 30 nm-thick

Co-Fe ferromagnetic magnonic conduit (Fig. 1 a), separated

from each other by a 3 nm-thick insulating layer and interact-

ing via stray fields [37, 46]. The measurements are taken at

4.2 K in the vortex state of Nb-C, below its superconducting

transition temperature Tc = 5.6 K [38]. In an external mag-

netic field, Nb-C is penetrated by a lattice of Abrikosov vor-

tices (fluxons), each of which carries one quantum of mag-

netic flux Φ0 = 2.068× 10−15 Wb [47]. The vortices can be

imagined as tiny whirls of the supercurrent circulating around

cylinders of the material which is in the normal state. The vor-

tex lattice parameter aVL = (2Φ0/
√

3Hext)
1/2 can be tuned by

variation of the external magnetic field value Hext. The lattice

of vortices is characterized by a modulation of the local mag-

netic field which attains a maximum at the vortex cores [48].

The external magnetic field Hext is applied at a small tilt

angle β ≈ 5◦ with respect to the sample normal, in the plane

perpendicular to the current direction (Fig. 1 a). The applied

current I induces a Lorenz force on the lattice of Abrikosov

a b

dc

Nb-C Nb-C/Co-Fe

Nb-C Nb-C/Co-Fe

FIG. 2. Voltage steps upon the Cherenkov radiation of magnons

by fluxons. a Nb-C superconductor and b Nb-C/Co-Fe hybrid struc-

ture. The magnetic field Hext increases in steps of 20 mT, as in-

dicated. The instability current I∗, the instability voltage V ∗, and

the respective quantities in the regime of Cherenkov generation of

magnons by fluxons, I∗Ch and V ∗
Ch, are indicated in the insets. ICh and

VCh are defined at the center of the voltage steps. c and d Evolution

of the electrical resistance for the same samples as a function of the

transport current.

vortices. At sufficiently large transport currents, the vortex

lattice moves at velocity vVL and induces oscillations of the

local magnetic field at a given point in space at the washboard

frequency fWB = vVL/aVL. The applied magnetic field Hext

is varied between 1.75 T and 1.95 T. It is sufficient to mag-

netize the Co-Fe magnonic conduit to saturation, thus setting

the spin-wave propagation to a configuration which is close to

the forward volume spin-wave (FVSW) geometry [22]. The

motion of vortices in the superconducting strip triggers a pre-

cession of spins in the magnonic conduit (Fig. 1 b). Once the

velocity of the vortex lattice in the superconductor reaches

the phase velocity of spin waves in the ferromagnet, the

Cherenkov radiation condition is satisfied [18–20]. The prop-

agation of the excited spin waves through the magnonic con-

duit is monitored by a spectrum analyzer connected to a mi-

crowave ladder nano-antenna located at a distance of 2 µm

away from the Nb-C/Co-Fe hybrid region (Fig. 1 c). The sup-

plementary materials contain details on the fabrication and

properties of the investigated system.

The viscous motion of vortices in the superconducting strip

is associated with a retarded recovery of the superconduct-

ing order parameter [48], resulting in an ohmic branch in the

current-voltage (I-V ) curve. This behavior is seen for the

superconducting strip before the deposition of the magnonic

conduit, which serves as a reference measurement in our ex-
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FIG. 3. Microwave detection of propagating spin waves. a Detected spin-wave spectra for a series of magnetic field and current values.

b Detected microwave power versus frequency and magnetic field value. c Vortex velocity vVL deduced from the voltage step in the I-V curves

(symbols) in comparison with the calculated phase velocity of spin waves vSW (line) at the Cherenkov resonance condition. d Measured

voltage at the steps in the I-V curves in comparison with the expected Shapiro step voltage. e Enhancement of the flux-flow instability velocity

v∗ upon Cherenkov radiation of magnons by fluxons.

periments (Fig. 2 a). The I-V curves exhibit a nearly lin-

ear regime of flux flow (regime I) up to a current of 40 µA.

At larger currents, the I-V curves show a non-linear up-

turn (regime II) preceding the Larkin-Ovchinnikov instability

(regime III) [39, 49, 50]. The flux-flow instability occurs at

the instability current I∗ which is associated with the instabil-

ity voltage V ∗ (Fig. 2 a, inset).

The presence of a magnonic conduit on top of the super-

conducting strip leads to the appearance of constant-voltage

steps in the I-V curves (Fig. 2 b). The steps occur at volt-

ages VCh (Fig. 2 b, inset). The appearance of steps in the I-V

curves is accompanied by an expansion of the low-resistive

regime towards larger currents and an increase of the instabil-

ity current I∗Ch > I∗ and the instability velocity v∗Ch > v∗. The

electrical resistance R(I) for the reference bare Nb-C strip in-

creases monotonically with increasing current (Fig. 2 c). Con-

trastingly, R(I) for the Nb-C/Co-Fe bilayer exhibits a mini-

mum at the foot of the instability jump (Fig. 2 d). We label

the constant-voltage regimes with M1 which stands for the

Magnonic I regime (Fig. 2 b and Fig. 2 d). The pronounced

nonlinear regime M2 refers to the Magnonic II regime. We

will return to the elucidation of these regimes when discussing

micromagnetic simulation results.

Microwave detection of spin waves and its correlation

with resistance measurements. For the detection of propaga-

tion of the spin waves excited by moving magnetic flux quanta

the transport current through the superconductor was tuned to

ICh, which corresponds to the middle of the voltage steps in

the I-V curves (Fig. 2 b). The detected microwave signal is

peaked at the frequency fSW which increases with increase of

the external field value (Fig. 3 a). We note that no microwave

signal was observed for the superconducting strip without

magnonic conduit. This means that the detected signal must

be related to spin waves propagating through the magnonic

conduit rather than being picked up inductively from vortices

moving in the superconducting strip [18, 51]. In the supple-

mentary materials we demonstrate that the microwave signal

disappears upon a current polarity reversal resulting in the co-

propagating vortex lattice and spin wave away from the detec-

tor antenna, while the voltage steps are maintained. In return,

with a further reversal of the magnetic field polarity (that is

when both, the current and the external magnetic field are di-

rected oppositely to the directions shown in Fig. 1 a) the mi-

crowave signal re-appears.

The magnetic-field dependence of the frequency of the de-

tected spin-wave signal, fSW(Hext), is nearly linear (Fig. 3 b).

The detected peak frequency fSW matches, within 5% accu-

racy, the washboard frequency of the vortex lattice fVL. The



4

magnetic field dependence of the vortex velocity, vVL(Hext),
deduced from the voltage step in the I-V curves, is also nearly

linear (Fig. 3 c). The observed voltage steps occur at the vor-

tex velocities vCh between 1.38 km/s and 1.52 km/s. These

velocities are only approximately 50 m/s smaller than the typ-

ical instability velocities v∗ in the bare Nb-C superconductor,

and they are approximately 200 m/s smaller than v∗Ch when the

superconducting strip is overlaid with a Co-Fe magnonic con-

duit.

A remarkable correlation is found between the step volt-

age VCh in the I-V curves (Fig. 2 b) and the peak frequen-

cies fSW in the microwave detection (Fig. 3 a). The magnetic

field dependence of the normalized step voltage expressed in

units of (Φ0 fSWN), where N is the number of vortices be-

tween the voltage leads, reveals that the step voltage is con-

stant and equal to the product of the spin-wave frequency fSW

with the number of vortices between the voltage leads and

the magnetic flux quantum Φ0 (Fig. 3 d). This finding reveals

the fundamental nature of the voltage step associated with

the Cherenkov radiation of magnons by fluxons: In the con-

sidered system, the Cherenkov radiation (threshold) velocity

corresponds to the Shapiro step [52, 53]. The appearance of

Shapiro steps is a generic feature of systems where an object,

moving in a periodic potential, is driven by a superimposed

dc and ac force. Shapiro steps appear at normalized voltages

(Φ0 f n) for microwave-irradiated superconducting weak links

(Josephson junctions) [52] and at (Φ0 f Nn) for the motion of

an Abrikosov vortex lattice under the action of superimposed

dc and rf currents [53]. Here, n is an integer, f is the fre-

quency of the ac stimulus, and N is the number of vortex rows

between the voltage leads.

We believe that in our system, magnon Shapiro steps oc-

cur because of the synchronization of the moving vortex lat-

tice with the spin wave it excites. Specifically, the excited

spin wave interacts with the vortex lattice via eddy currents

induced in the superconducting strip. The presence of eddy

currents is revealed via the enhancement of the instability ve-

locity to v∗Ch which exceeds the instability velocity in the ref-

erence state, v∗, by about 10% (Fig. 3 e). An enhancement

of v∗ in the superconducting strip is seen even when there is

no magnon Shapiro step in the I-V curve (compare Fig. 2 a

and 2 b). Our following analysis of the vortex-lattice structure

by numerical simulations suggests that the found effect is con-

nected with preventing of the formation of “vortex rivers” [54]

by the eddy currents. Such “vortex rivers”, which are self-

organized Josephson-like junctions, are dynamically formed

regions with a suppressed superconducting order parameter,

which appear as precursors of the flux-flow instability [54].

Elucidation of the Cherenkov radiation of magnons

by a lattice of fluxons. To analyze the excitation of spin

waves by the moving vortex lattice, micromagnetic simula-

tions were performed using the MuMax3 solver [55], as de-

tailed in the supplementary materials. In the considered ge-

ometry, the spin-wave dispersion relation can be approxi-

mated by the quadratic law fSW(kSW) = fFMR + f̃SW(kSW)
with f̃SW(kSW) ∼ Ak2

SW (Fig. 4 a). Here, the ferromagnetic

resonance frequency fFMR determines the minimal frequency

at kSW = 0 and A is the exchange constant. The dispersion

for the moving vortex lattice is linear, with fVL = vVL/aVL =
vVLkVL/2π [20]. Accordingly, an increase of the vortex veloc-

ity vVL leads to a steeper slope of the straight line fVL(kVL),
which eventually intersects the parabola (Fig. 4 a). The condi-

tion for the dispersion crossing is fSW = fVL and kSW = kVL.

This resonance-like condition is the Cherenkov radiation con-

dition (Magnonic regime I). With a further increase of vVL, the

straight line fVL(kVL) intersects the parabola at two points.

A closer insight into the physics of Cherenkov radiation of

magnons by a lattice of fluxons can be gained from a consid-

eration of the dependences vSW(kSW) deduced from the dis-

persion curves.

Figure 4 b presents the dependence of the spin-wave

phase and group velocities, vph = 2π fSW/kSW and vg =
2π∂ fSW/∂kSW, on the wavenumber kSW. In this representa-

tion, different vortex lattice velocities correspond to the cross-

ings of vph(kSW) and vg(kSW) at different v levels parallel to

the k-axis. At the Cherenkov resonance condition, not only

vVL is equal to vg, but also vg = vph. This means that the

energy from the vortex lattice is spent for a monochromatic

excitation of spin waves which, in addition, are excited unidi-

rectionally, i.e. propagate only in one direction which is deter-

mined by the direction of motion of the vortex lattice. The ex-

cited spin wave propagates towards the detector region where

it is efficiently collected by the specially designed detector an-

tenna, resulting in a well-defined frequency peak (Fig. 4 c).

Distinct from this, out of the wavenumber resonant con-

dition, when vVL exceeds the threshold velocity of the

Cherenkov radiation, two spin waves are excited with dif-

ferent group velocities and wavelengths (see the interference

pattern in the top panel of Fig. 4 d). In this regime, which

we call the Magnonic regime II, one spin wave moves faster

than the vortex lattice and the other one moves slower. How-

ever, due to the very weak excitation and detection efficiency

for these wavelengths, their intensities are negligibly small

(Fig. 4 c). The excitation and propagation of spin waves in the

different dynamic regimes is illustrated further in the supple-

mentary materials (supplementary text and movies 1-3). The

estimated attenuation length of the generated spin waves (at

kSW ≈ 175 µm) is around 600 nm [56]. Together with sub-

40 nm wavelengths this makes a fast-moving Abrikosov vor-

tex lattice an interesting source for spin-wave excitation in

cryogenic magnonics.

Evolution of vortex lattice configurations upon

Cherenkov radiation of magnons. For analysis of the

vortex lattice configurations at the Cherenkov radiation of

magnons, simulations relying upon the solution of a modified

time-dependent Ginzburg-Landau (TDGL) equation have

been performed. At the Cherenkov resonance condition

found from the micromagnetic simulations (Fig. 4 a), spin-

wave-induced eddy currents in the superconductor were

phenomenologically introduced by the term Am added to

the vector potential A in the TDGL. Details on the TDGL

simulations are provided in the supplementary materials.

The simulated I-V curves for the bare superconducting strip

and the superconductor/ferromagnet heterostructure are pre-

sented in Fig. 5 a. With increase of the amplitude of the eddy

currents, a constant-voltage step is developed in the I-V curve
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1-1

FIG. 4. Micromagnetic simulations of the Cherenkov radiation of magnons by fluxons. a Dispersion curves for spin waves at Hext = 1.85 T

and the vortex lattice moving with different velocities. b Dependence of the phase (vph) and group (vg) velocities of spin waves on the

wavenumber k. Magnonic regime I corresponds to a monochromatic and unidirectional spin-wave excitation at the Cherenkov resonance

condition vVL = vSW = vph = vg and kVL = kSW. c Spin-wave spectra in the detection area with multiplication factors, as indicated. d

Propagation of spin waves in the magnonic conduit.

(Fig. 5 c). This is accompanied by a dynamic ordering of the

vortex lattice, as concluded from the snapshots of the super-

conducting order parameter |∆| (Fig. 5 b). These snapshots

a shown for a selection of points in the I-V curves calcu-

lated without magnon radiation and with the magnon radia-

tion for two symmetries of the eddy currents (“vortex lattice”

and “vortex stripes” in Fig. 5 a). Specifically, without magnon

radiation, the flow of vortices ordered in a nearly hexagonal

vortex lattice (snapshot 1) loses its long-range order (snapshot

2) in the regime of nonlinear conductivity II (see also Fig. 2 a).

As the transport current increases, areas with a suppressed or-

der parameter are nucleated at the edge where the vortices

enter the superconductor, leading to the formation of “vor-

tex rivers” (snapshot 3). Within the framework of the theory

of edge-controlled flux-flow instability [54], the development

of vortex rivers leads to the formation of normally conducting

domains across the superconducting strip. This results in an

avalanche-like transition of the sample to the normal state.

When the excitation of magnons is modeled with a

resonance-like enhancement of the eddy currents, the I-V
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FIG. 5. TDGL simulations of the vortex motion upon Cherenkov radiation of magnons. a I-V curves for a superconducting strip without

magnon radiation and for two cases of Cherenkov radiation of magnons accompanied by a reconfiguration of the vortex lattice. b Snapshots

of the superconducting order parameter |∆| at points 1-9 in the I-V curves in panel (a). c Development of the magnon Shapiro step in the I-V

curve of the superconductor with increase of the amplitude dAm of eddy currents upon Cherenkov radiation of spin waves.

curve becomes flattened and the motion of vortices ordered

in a hexagonal lattice (snapshots 4, 5 and 6) or stripes (snap-

shots 7, 8 and 9) persists up to larger currents. Note, that in

the case of vortex stripes the section in the I-V curve corre-

sponding to the Cherenkov velocity reproduces the magnon

Shapiro steps observed experimentally. With a further current

increase, the vortex stripes hinder the development of vortex

rivers such that an ordered vortex-stripe state is preserved up

to yet larger transport currents (snapshots 8 and 9) as com-

pared to the case of hexagonal vortex lattice. These results are

valid only when the symmetry of the moving vortex lattice

corresponds to the symmetry of the eddy currents. For exam-

ple, at point 6 the ordering of vortices deviates strongly from

the assumed nearly triangular vortex lattice (snapshot 6) and

a transition to a non-ordered state occurs. Separately for the

stripe symmetry, the vortex lattice maintains its stripe-like or-

dering in a broad range of transport currents despite the same

amplitude of the eddy currents.

In the experiment, the coupling strength between the fluxon

and magnon subsystems (i.e. the amplitude and spatial distri-

bution of the eddy currents) is a poorly accessible quantity. In

the simulations, the introduction of the amplitude of the eddy

currents as a free parameter allows us to demonstrate a contin-

uous evolution of the I-V curves from the nonlinear conduc-

tivity regime II followed by the instability jump regime III (as

for the bare superconductor reference sample, Fig. 1 a) to the

voltage step regime M1 followed by the steep upturn regime

M2 and the instability jump regime III in the I-V curve for

the superconductor/ferromagnet heterostructure (Fig. 5 c). In

addition, the TDGL simulations illustrate that a higher insta-

bility current I∗Ch and instability velocity v∗Ch can indeed be

achieved upon the Cherenkov radiation of magnons by fast-

moving fluxons. The enhancement of I∗Ch and v∗Ch occurs be-

cause the transition of the moving vortex lattice to the vortex

river regime is prevented by the eddy currents induced by the

excited spin wave for both the vortex stripe and the vortex lat-

tice symmetries.

Finally, regarding the sub-40 nm wavelengths (wavenum-

bers kSW > 170 rad/µm) of the excited/detected spin waves,

we should emphasize that the excitation of propagating spin

waves with wavelengths below 100 nm represents a criti-

cal task of modern magnonics [40–45]. Excitation of short-

wavelength exchange spin waves is challenging because of

low microwave-to-magnon conversion efficiencies at the sub-

100 nm scale. Here, we have demonstrated a new paradigm

for the excitation of short-wave (exchange) spin waves by

Abrikosov vortices as fast-moving magnetic perturbations,

with wavelengths by about a factor of two smaller than the

shortest wavelengths of spin waves previously observed ex-

perimentally [40–45]. In addition, because of the periodic-
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ity of the vortex lattice, the spin-wave excitation is unidirec-

tional (spin wave propagates in the direction of the vortex mo-

tion) and monochromatic (wavelength is equal to the vortex

lattice parameter). This makes the magnon Cherenkov radia-

tion by fast-moving vortices an excellent spin-wave source for

magnonic applications at the nano-scale.

Summarizing, Cherenkov radiation of magnons by fast-

moving fluxons has been experimentally realized in a ferro-

magnet/superconductor heterostructure. The phenomenon has

been evidenced by the magnon Shapiro step in the current-

voltage curve of the superconductor and by the direct mi-

crowave detection. It is found that the frequency of the excited

spin wave is equal to the washboard frequency of the vortex

lattice while its wavelength is determined by the vortex lattice

period. The excitation is monochromatic and unidirectional

due to the match of the spin-wave group and phase velocities

with the velocity of the vortex lattice. In combination with the

excitation of very short (sub-40 nm) wavelengths, inaccessi-

ble by other approaches, this makes the magnon Cherenkov

radiation by fast-moving fluxons a valuable spin-wave gen-

eration mechanism for applied magnonics. Finally, we have

demonstrated that the magnon radiation preserves the long-

range order of the vortex lattice and enhances the current-

carrying ability of the superconductor.
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MATERIALS AND METHODS

Fabrication of the microwave nano-antenna. Fabrication

of the system began with the deposition of a 40/5 nm Au/Cr

film onto a Si (100, p-doped)/SiO2 (200 nm) substrate and its

patterning for electrical dc and microwave measurements. In

the sputtering process, the substrate temperature was T =
22◦C, the growth rates were 0.055 nm/s and 0.25 nm/s, and

the Ar pressures were 2×10−3 mbar and 7×10−3 mbar for

the Cr an Au layers, respectively. The microwave ladder an-

tenna was fabricated from the Au/Cr film by focused ion beam

(FIB) milling at 30 kV/30 pA in a dual-beam scanning elec-

tron microscope (FEI Nova Nanolab 600). The multi-element

antenna consisted of ten nanowires connected in parallel be-

tween the signal and ground leads of a 50 Ω-matched mi-

crowave transmission line. The antenna had a period p =
108 nm with the nanowire width equal to the nanowire spac-

ing, so that its Fourier transform contained only odd spatial

harmonics with λ1 = p and λ3 = λ1/3 = 36 nm, that made it

sensitive to spin-wave wavelengths of 36±2 nm in our exper-

iments.

Fabrication of the Nb-C superconducting microstrip.

Fabrication of the ladder antenna was followed by direct-

writing of the superconducting strip, at a distance of 2 µm

away (edge-to-edge) from the microwave antenna. The

45 nm-thick Nb-C microstrip was fabricated by focused

ion beam induced deposition (FIBID). FIBID was done at

30 kV/10 pA, 30 nm pitch and 200 ns dwell time employing

Nb(NMe2)3(N-t-Bu) as precursor gas [38]. The supercon-

ducting strip and the ladder antenna were covered with a

3 nm-thick insulating Nb-C layer prepared by focused elec-

tron beam induced deposition (FEBID). Before the deposi-

tion of the Co-Fe magnonic waveguide a 48 nm-thick insu-

lating Nb-C-FEBID layer was deposited to compensate for

the structure height variations between the antenna and the

Nb-C strip. The elemental composition in the Nb-C mi-

crostrip is 45±2 % at. C, 29±2 % at. Nb, 15±2 % at. Ga, and

13±2 % at. N, as inferred from energy-dispersive X-ray spec-

troscopy on thicker microstrips written with the same de-

position parameters. The Nb-C microstrip had well-defined

smooth edges and an rms surface roughness of <0.3 nm,

as deduced from atomic force microscopy scans over its

1 µm×1 µm active part, prior to the deposition of the Co-

Fe layer. The distance between the voltage leads was 1 µm.

To prevent current-crowding effects at the sharp strip edges,

which may lead to an undesirable reduction of the experimen-

tally measured critical current (and the instability current), the

two ends of the strip had rounded sections [57].

Superconducting properties of the Nb-C microstrip.

The resistivity of the microstrip at 7 K was ρ7K = 551 µΩcm.

Below the transition temperature Tc = 5.60 K, deduced by us-

ing a 50% resistance drop criterion, the microstrip transited

to a superconducting state. Application of a magnetic field

Hext ≈ 2 T led to a decrease of Tc(0) to Tc(2T)≈ 5.1 K. Near

Tc, the critical field slope dHc2/dT |Tc = −2.19 T K−1 corre-

sponds, in the dirty superconductor, to the electron diffusivity

D = −4kH/[πe(dHc2/dT |Tc)] ≈ 0.5 cm2 s−1 with the extrap-

olated zero-temperature upper critical field value Hc2(0) =
12.3 T. The coherence length and the penetration depth at zero

temperature were estimated [58] as ξc =
√

h̄D/kBTc = 9 nm

(corresponding to ξ (0) = ξc/
√

1.76 = 7 nm) and λ (0) =

1.05 ·10−3
√

ρ7KkB/∆(0)≈ 1040nm. Here, ∆(0) is the zero-
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temperature superconducting energy gap and h̄ the Planck

constant.

Fabrication and properties of the Co-Fe magnonic con-

duit. The Co-Fe microstrip was 1 µm wide, 5 µm long

and 30 nm thick. It was fabricated by FEBID employing

HCo3Fe(CO)12 as precursor gas [59–61]. FEBID was done

with 5 kV/1.6 nA, 20 nm pitch, and 1 µs dwell time. The ma-

terial composition in the magnonic waveguide is 61± 3 at.%

Co, 20± 3 at.% Fe, 11± 3 at.% C, 8± 3 at.% C. The oxygen

and carbon are residues from the precursor in the FEBID pro-

cess [62]. The Co-Fe conduit consisted of a dominating bcc

Co3Fe phase mixed with a minor amount of FeCo2O4 spinel

oxide phase with nanograins of about 5 nm diameter [59]. The

random orientation of Co-Fe grains in the carbonaceous ma-

trix ensured negligible magnetocrystalline anisotropy [59].

An external field Hext of about 1.75 T was enough to mag-

netize the Co-Fe magnonic conduit in the direction perpen-

dicular to its plane. Further details on the microstructural and

magneto-transport properties of Co-Fe-FEBID were reported

previously [59].

Electrical resistance measurements. The I-V curves

were acquired in the current-driven mode in a He4 cryostat

equipped with a superconducting solenoid. The external mag-

netic field Hext was tilted at a small angle β = 5◦ with respect

to the normal to the sample plane (z axis) in the plane per-

pendicular to the direction of the transport current. The field

value was varied between 1.75 T and 1.95 T, inducing a vor-

tex lattice with parameter aVL =
√

2Φ0/
√

3Hext. Here, the

small field tilt angle β ensures that the field component Hextz

acting along the z axis is only negligibly smaller than Hext

with (Hext −Hextz)/Hext . 0.5%. The transport current ap-

plied along the y axis in a magnetic field H ≈ Hext = Hz ex-

erted on vortices a Lorentz force acting along the x axis [48].

The voltage induced by the vortex motion across the super-

conducting microstrip was measured with a nanovoltmeter. A

series of reference measurements was taken before the depo-

sition of the Co-Fe conduit on top of the Nb-C microstrip. No

voltage steps were revealed in the I-V curves of the bare Nb-

C strip. By contrast, constant-voltage steps in the I-V curves

were revealed after the deposition of the Co-Fe magnonic con-

duit on top of the Nb-C strip. The vortex velocity vVL was

deduced from the I-V curves by using the standard formula

vVL = V/(BL) [48], where V is the measured voltage, B is

the induction of the external magnetic field and L = 1 µm

the distance between the voltage leads. The rarely achieved

combination or properties in the Nb-C superconductor–weak

volume pinning, close-to-perfect edge barrier and a fast relax-

ation of non-equilibrium electrons–allow for ultra-fast motion

of Abrikosov vortices, which are usually not achievable in su-

perconductors because of the onset of the flux-flow instability

[63–67].

Microwave detection of spin waves. The microwave

detection of spin waves was done using a microwave lad-

der nano-antenna connected to a spectrometer system which

allowed for the detection of signals at power levels down

to 10−16 W in a 25 MHz bandwidth [51]. The detector

system consisted of a spectrum analyzer (Keysight Tech-

nologies N9020B, 10 Hz-50 GHz), a semirigid coaxial cable

(SS304/BeCu, dc-61 GHz), and an ultra-wide-band low-noise

amplifier (RF-Lambda RLNA00M54GA, 0.05-54 GHz).

Micromagnetic simulations. The micromagnetic simu-

lations were performed by the GPU-accelerated simulation

package MuMax3 to calculate the space- and time-dependent

magnetization dynamics in the investigated structures [55]. In

the simulations, following parameters were used for the Co-

Fe magnonic conduit: saturation magnetization Ms = 1.4−
1.5×MA/m, exchange constant A= 15−18 pJ/m, and Gilbert

damping α = 0.01. The best match of the simulation re-

sults with the experimental data has been revealed for Ms =
1.45 MA/m and A = 17 pJ/m. The mesh was set to 2× 2 nm2,

which is smaller than the exchange length of Co-Fe (≈ 5 nm).

An external field Hext in the range 1.75-1.95 T, which was suf-

ficient to magnetize the structure to saturation in the out-of-

plane direction, was applied at a small angle β with respect to

the z axis in the xz plane. A fast-moving periodic field modu-

lation was used to mimic the effect of the moving vortex lat-

tice. The oscillations mx(x,y, t) were calculated for all cells

and all times via mx(x,y, t) = Mx(x,y, t)−Mx(x,y,0), where

Mx(x,y,0) corresponds to the ground state (fully relaxed state

without any moving magnetic field source). The disper-

sion curves were obtained by performing two-dimensional

fast Fourier transformations of the time- and space-dependent

data. The spin-wave spectra were calculated by performing a

fast Fourier transformation of the data in a region which was at

a distance of 1 µm away from the spin-wave excitation region.

The simulation results were first validated by a comparison

with the results of analytical calculations. Namely, the spin-

wave dispersion curve for the Co-Fe was first compared with

the dispersion curve calculated within the framework of the

Kalinikos-Slavin theory [56]. It should be noted that the rel-

evant angle in the Kalinikos-Slavin theory is the angle θ at

which the effective magnetic field Heff is tilted with respect

to the z axis. This angle θ and the effective field Heff were

extracted from micromagnetic simulations. Boundary condi-

tions of fully pinned spins at the edges of the Co-Fe conduit

were used. The dispersion curves calculated by using the an-

alytical Kalinikos-Slavin theory fit very well with the simula-

tion results.

In the investigated range of fields about 2 T, the vortex lat-

tice is dense and the modulation of the local magnetic field

along z-component at the vortex cores and between them is

small, with ∆Bz ≈ 0.1 mT. This is because the magnetic pen-

etration depth λ (∼ 1 µm) is much larger than the vortex-

lattice parameter aVL (≈ 35 nm) in the Nb-C strip. How-

ever, the other components of the field modulation also con-

tribute to the spin-wave excitation. Given the large number

of vortices (850-950, depending on the applied field value)

threading the 1µm×1 µm part of the superconductor under-

neath the Co-Fe magnonic conduit at the magnetic fields of

interest, such a small modulation of the magnetic field in-

duced by the moving vortex lattice was enough to excite spin

waves propagating over the 2 µm distance between the su-

perconducting microstrip and the microwave antenna. Within

the framework of the Kalinikos-Slavin theory [56], the spin-

wave decay length was estimated as 600 nm at the wavenum-
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ber kSW = 175 rad/µm.

In the experiment, the external field Hext was directed at

a small tilt angle β with respect to the normal to the sample

plane. The angle β lied in the xz-plane and it was nominally

set to β = 5◦ in the experiment. It should be noted that distinct

from the limiting case of forward volume spin-wave (FVSW)

geometry with β = 0◦, the magnetization M of the Co-Fe con-

duit at β 6= 0◦ is directed not along Hext, but along the effective

field Heff tilted at the angle θ away from the z-axis. The angle

θ and the effective field Heff depend strongly on the angle β .

The dependences θ (β ) were deduced from the micromagnetic

simulations for a series of values of the saturation magnetiza-

tion Ms, exchange stiffness A, and the thickness of the Co-Fe

waveguide.

Various spatial field profiles and arrangements of vortices

as moving magnetic perturbations were used in the simula-

tions. Namely, the excitation of spin waves was checked for

saw-tooth, cosine and meander-like magnetic induction pro-

files, as well as for vortices ordered in a hexagonal, square

and squeezed-square (stripe-like pattern) lattices. The largest

spin-wave amplitude was achieved with a field modulation

induced by a moving array of periodically arranged vortex

stripes, while the smallest spin-wave amplitude resulted for

a hexagonal vortex lattice.

Time-dependent Ginzburg-Landau simulations. The

evolution of the superconducting order parameter ∆ = |∆|eiφ

was analyzed relying upon a numerical solution of the modi-

fied TDGL equation [68]

π h̄

8kBTc

(

∂

∂ t
+

2ieϕ

h̄

)

∆ =

= ξ 2
mod

(

∇− i
2e

h̄c
A

)2

∆+

(

1− Te

Tc
− |∆|2

∆2
mod

)

∆+

+i
(divjUs

s − divjGL
s )

|∆|2
e∆h̄D

σn

√
2
√

1+Te/Tc

,

where ξ 2
mod = π

√
2h̄D/(8kBTc

√

1+Te/Tc), ∆2
mod =

(∆0 tanh(1.74
√

Tc/Te − 1))2/(1 − Te/Tc), A is the vector

potential, ϕ is the electrostatic potential, D is the diffusion

coefficient, σn = 2e2DN(0) is the normal-state conductivity

with N(0) being the single-spin density of states at the Fermi

level, Te and Tp are the electron and phonon temperatures,

and jUs
s and jGL

s are the superconducting current densities in

the Usadel and Ginzburg-Landau models

jUs
s =

πσn

2eh̄
|∆| tanh

( |∆|
2kBTe

)

qs, (1)

where qs = ∇ϕ + 2πA/Φ0, and jGL
s =

πσn|∆|2
4ekBTch̄

qs.

The vector potential A = (0,Ay,0) in the TDGL equation

consists of two parts: Ay = Hextx+Am, where Hext is the ex-

ternal magnetic field and Am is the vector potential of the mag-

netic field induced in the superconducting strip by spin waves.

Two kinds of Am are considered

Am = dAm sin(2π(y− vCht)/ax)sin(2πx/ay),

Am = dAm sin(2π(y− vCht)/ax),

where vCh is the Cherenkov velocity and ax and ay are param-

eters of the order of aVL. The first expression for Am models

the resonance response of the ferromagnet in the presence of a

nearly triangular vortex lattice moving with the velocity vCh.

The second expression for Am accounts for the assumed ap-

pearance of vortex stripes at the resonance condition. Physi-

cally, the second expression is connected with the much larger

amplitude of spin waves (inducing a larger dA) in comparison

with spin waves excited by a triangular vortex lattice, as in-

ferred from the micromagnetic simulations. The component

of the vector potential Am induces eddy supercurrents in the

superconductor, which affect the vortex motion. The ampli-

tude dAm controls the amplitude of the eddy currents in the

considered model as the relation between the superconduct-

ing eddy currents and Am follows from the equation for jUs
s .

The electron and phonon temperatures, Te and Tp, were

found from the solution of following equations

∂

∂ t

(

π2k2
BN(0)T 2

e

3
−E0Es(Te, |∆|)

)

=

= ∇ks∇Te −
96ζ (5)N(0)k2

B

τ0

T 5
e −T5

p

T 3
c

+ jE,

∂T 4
p

∂ t
=−

T 4
p −T 4

τesc
+ γ

24ζ (5)

τ0

15

π4

T 5
e −T5

p

Tc
,

where E0 = 4N(0)(kBTc)
2, E0Es(Te, |∆|) is the change in the

energy of electrons due to the transition to the superconduct-

ing state, ks is the heat conductivity in the superconducting

state

ks = kn

(

1− 6

π2(kBTe)3

∫ |∆|

0

ε2eε/kBTe dε

(eε/kBTe + 1)2

)

,

kn = 2Dπ2k2
BN(0)Te/3 is the heat conductivity in the normal

state, the term jE describes Joule dissipation, and τesc is the

escape time of nonequilibrium phonons to the substrate. The

parameter γ is defined as γ =
8π2

5

Ce(Tc)

Cp(Tc)
, where Ce(Tc) and

Cp(Tc) are the heat capacities of electrons and phonons at T =
Tc, and the characteristic time τ0 controls the strength of the

electron-phonon and phonon-electron scattering [68].

The electrostatic potential ϕ was found from the current

continuity equation

div(jUs
s + jn) = 0,

where jn =−σn∇ϕ is the normal current density.

The boundary conditions at the microstrip edges, where

vortices enter and exit it, were jn|n = js|n = 0 and ∂Te/∂n= 0,

∂ |∆|/∂n = 0. At the edges along the current direction the

boundary conditions were Te = T , |∆| = 0, js|n = 0, and

jn|n = I/wd. The latter boundary conditions model the contact

of the superconducting strip with a normal reservoir being in

equilibrium. This choice provides a way to inject the current

into the superconducting microstrip in the modeling.

For the simulation results shown in Fig. 5, the modeled

length of the microstrip is L = 4w, the width w = 50ξc, the

parameter B0 =Φ0/(2πξ 2
c )≃ 4.15 T, where ξc = 8.9 nm. The
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calculations were done with parameters γ = 9 and τ0 = 925 ns

for NbN as their values for NbC are unknown, but supposed to

be of the same order of magnitude. A variation of γ and τ only

leads to quantitative changes in the I-V curves and without

qualitative changes in the vortex dynamics. In simulations dA

was varied between 0 (no ferromagnet layer) and 0.1Φ0/2πξc

which corresponds to about of 1/4 of the depairing velocity

for superconducting charge carriers (Cooper pairs) or critical

qc
s ∼ 0.35Φ0/2πξc of the superconducting strip at B = 0 and

T = 0.8Tc. The parameters ax and ay were chosen to model

a triangular moving vortex lattice in absence of the ferromag-

netic layer and far from the instability point (see snapshot 4

for the distribution of the superconducting order parameter in

Fig. 5(b)). In Fig. 5 we present the results for v = 110ξc/τ0,

ax = 5.5ξc and ay = 9.2ξc (aVL = 4.9ξc at B = 0.3B0). We

find that the width and the slope of the “plateau” in the I-V

curve weakly vary with small variations of ax and ay, while

the value of vCh controls the position of the voltage “plateau”.
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