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In systems combining type-II superconductivity and magnetism the nonstationary magnetic field of moving
Abrikosov vortices may excite spin waves, or magnons. This effect leads to the appearance of an additional
damping force acting on the vortices. By solving the London and Landau-Lifshitz-Gilbert equations we calculate
the magnetic-moment-induced force acting on vortices in ferromagnetic superconductors and superconductor-
ferromagnet superlattices. If the vortices are driven by a dc force, magnon generation due to the Cherenkov
resonance starts as the vortex velocity exceeds some threshold value. For an ideal vortex lattice this leads to
an anisotropic contribution to the resistivity and to the appearance of resonance peaks on the current-voltage
characteristics. For a disordered vortex array the current will exhibit a steplike increase at some critical voltage.
If the vortices are driven by an ac force with a frequency w, the interaction with magnetic moments will lead to a
frequency-dependent magnetic contribution 1), to the vortex viscosity. If @ is below the ferromagnetic resonance
frequency wr, vortices acquire additional inertia. For @ > wy dissipation is enhanced due to magnon generation.
The viscosity 1) can be extracted from the surface impedance of the ferromagnetic superconductor. Estimates
of the magnetic force acting on vortices for the U-based ferromagnetic superconductors and cuprate-manganite

superlattices are given.
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I. INTRODUCTION

Within the last 13 yr a number of fascinating compounds
have been discovered, revealing the coexistence of ferromag-
netism and superconductivity in the bulk [1-5]. These com-
pounds are U-based ferromagnets (except for the iron pnictide
EuFe;As; [5] with a superconducting transition temperature
of 25 K) which become superconducting at temperatures
~1 K under applied pressure, or even at atmospheric pressure.
Experimental investigation of magnetic properties of these
materials in the superconducting state is hampered by the
Meissner effect, making static measurements inefficient. How-
ever, important parameters can be extracted from dynamical
measurements of the spin-wave (magnon) spectrum, which
can be determined, e.g., by microwave probing [6,7] or using
Abrikosov vortex motion [8,9].

A number of papers have been devoted to theoretical
investigation of the magnon spectrum in magnetic super-
conductors [6,7,10-14]. Buzdin [10] determined the magnon
spectrum in a superconducting antiferromagnet with an easy-
axis anisotropy. Different types of spin waves in ferromagnetic
superconductors in the Meissner state have been studied by
Braude, Sonin, and Logoboy [6,7,11,12], including surface
waves and domain wall waves.

Experimental measurements of the ac magnetic suscep-
tibility of superconducting ferromagnets revealed that the
screening of the magnetic field created by magnetic moments
in these materials is incomplete [2,3]. This indicates that the
superconducting transition in the U compounds occurs in
the spontaneous vortex state. Only two papers so far have
addressed the influence of Abrikosov vortices on the magnon
spectrum in ferromagnetic superconductors. In Ref. [13]
coupled magnetic moment-vortex dynamics has been studied
in the limit of long wavelength A, > a, where a is the
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intervortex distance. Later [14], this analysis was extended to
the case A, < a. It has been demonstrated that in the presence
of a vortex lattice the magnon spectrum acquires a Bloch-like
band structure.

To study the spin-wave spectrum experimentally two simple
procedures have been proposed. The first method is based on
the direct excitation of magnons by an electromagnetic wave
incident at the sample [6,7,14]. Then information about the
spin-wave spectrum can be extracted from the frequency-
dependent surface impedance Z. Note that this procedure
can be applied also to ordinary ferromagnets, but in all
cases the high-quality crystalline surface is required. The
surface impedance has been calculated for a ferromagnetic
superconductor in the Meissner state [6,7] and in the mixed
state [14] for a static vortex lattice.

The second method is based on the indirect magnon
excitation: an external source of current sets in motion
the Abrikosov vortices, which start to radiate magnons
when the Cherenkov resonance condition is satisfied [8,9].
Here the current-voltage characteristics yield information
about the magnon spectrum. Since this method involves
Abrikosov vortices, it is specific for superconducting ma-
terials. Different phenomena arising from vortex-magnetic
moment interaction in magnetic superconductors have been
studied by Bulaevskii ef al. [8,9,15-18]. In Refs. [8,15] the
dissipation power due to magnon generation by a moving
with a constant velocity vortex lattice in a superconducting
antiferromagnet has been calculated. In Ref. [9] this result has
been generalized for the case of a vortex lattice driven by a
superposition of ac and dc currents. In Refs. [16] and [17]
a polaronic mechanism of self-induced vortex pinning in
magnetic superconductors is discussed. The motion of the
vortex lattice under the action of dc [16] and ac currents [17]
has been studied. Finally, in Ref. [18] it has been predicted
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that the flux flow should lead to the creation of domain walls
in systems with slow relaxation of the magnetic moments.

In the present paper, by solving the phenomenologi-
cal London and Landau-Lifshitz equations, we analyze the
problem of magnon generation by moving Abrikosov vor-
tices in ferromagnetic superconductors and superconductor-
ferromagnet (SF) multilayers. Theoretical investigation of the
latter systems is relevant in view of the recent success in fabri-
cation and characterization of cuprate-manganite superlattices
[19-21]. Also, recently an experimental study of the flux-flow
resistivity in Nb-PdNi-Nb trilayers has been reported [22].
Our consideration of bulk ferromagnetic superconductors,
on the other hand, is relevant to the U-based compounds
mentioned above. In this aspect, the present work complements
the preceding papers [8,9,15-18], which concentrated mainly
on antiferromagnetic materials. As we show, the presence of
ferromagnetism introduces its own specifics, as the magnon
spectrum in ferromagnets differs from the antiferromagnetic
spectrum. Our results also include the comparison of the cases
of a disordered and regular vortex lattice.

The outline of the paper is as follows. In Sec. II we give
a model of the ferromagnetic superconductor and derive a
general equation for the magnetic-moment-induced force f;,
acting on vortices in ferromagnetic superconductors. In Sec. I1I
this force is calculated for a vortex lattice and disordered vortex
array moving under the action of a dc transport current. Here
the differences in the dependence of f); vs vortex velocity for
ferromagnetic and antiferromagnetic materials are discussed.
Section IV is devoted to vortex motion under the action of an
ac driving force. The magnetic contributions to the vortex
viscosity and vortex mass are determined. In Sec. V it is
shown how the force f); can be estimated experimentally by
measuring the surface impedance. In Sec. VI the generalization
of our calculations for the SF multilayers is discussed. In the
conclusion a summary of our results is given.

II. THE INTERACTION FORCE BETWEEN VORTICES
AND MAGNETIC MOMENTS: GENERAL EQUATIONS

In the London approximation the free energy of the
ferromagnetic superconductor in the mixed state can be taken
in the form

F_/ 1 A—i—q)OVG 2+(r0tA—4nM)2
a 8 A2 20 8

Lo (OMOMY  KMi  BH.] o
2 8xl~ Bxi 2 ’

4

Here X is the London penetration depth, A is the vector poten-
tial, ® is the flux quantum (®y = whc/ |e| > 0), Oy is the su-
perconducting order parameter phase, M is the magnetization,
and o is a constant characterizing the exchange interaction.
The U-based ferromagnetic superconductors, listed in Table I,
have a strong easy-axis magnetocrystalline anisotropy, which
is accounted for by the term K Mi /2, where K is an anisotropy
constant, M, = M — (e - M)e, and e is a unit vector along the
anisotropy axis. The term BH, /47 in Eq. (1) accounts for a
uniform external field H,. All terms in the right-hand side of
Eq. (1) are integrated over the whole space, except for the
first term, containing XA, which is integrated over the sample
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TABLE I. Parameters of some ferromagnetic superconductors.
L = /a/K is the effective domain wall width, H,, is the anisotropy
field, py is the magnetic moment per U atom, wup is the Bohr
magneton, wy is the ferromagnetic resonance frequency (estimated
as wp ~ 2uyHy/h), and Vi, is the critical vortex velocity for
magnon radiation (see Sec. III). The data have been taken from
Refs. [1,23-25].

Compound UGe, UCoGe URhGe
A (nm) 1000 1200 900

L (nm) 13,6 45 3450
H,, (T) ~100 ~10 ~10
12344 1.4 12%:3 0.07 UB 0.3 UB
wr (Hz) ~1013 ~1010 ~10!
Vi (cm/s) ~107 ~10° ~107
K =H,/M ~10* ~10* ~10°-10*

volume. Certainly, outside the sample M = 0. In the sample
the magnetization modulus is constant.

First, we determine the equilibrium state by minimizing F
with respect to M, and then with respect to A and 05. We
note that anisotropy field H,, = KM is typically very large
(see Table I): It is comparable to or greater than the upper
critical field. This means that the inequality B < H,, holds for
any internal field B that does not suppress superconductivity.
Then the transverse component of the magnetization M
can be estimated as M, < B/K <« M. Since K > 1, in a
zero approximation with respect to K~! we can neglect the
transverse magnetization (even in the anisotropy energy, which
appears to be proportional to K ~!). Then

2
1 D
FAb)~ | | o5 (A+ 5 Vs

+ B’ BM BH
8 0 4

‘r 2nM2] d’r, ()

where My = Me. For an arbitrary shaped sample further
minimization cannot be performed analytically. Here we
assume the ferromagnetic superconductor to be an ellipsoid.
The results derived below should be also valid in the extreme
cases of slabs and long cylinders. It is reasonable to assume
that the average internal magnetic field By in an ellipsoidal
sample will be uniform (compare with a dielectric ellipsoid
in a uniform external field; see Ref. [26]). Denoting the
superconductor volume as V, we can rewrite the free energy
as

B,H,
szpwm—Mww—z }
TT
B> BH,] ,
+ —_— = d°r + const, 3)
rev L8 4

where the constant does not depend on the magnetic induction
B, and f; is the free energy density of the vortex lattice:
o= (as 2ove) < )
S0\ 8z PR 8w/
Averaging is performed over a volume that is much larger
than the intervortex distance. The function fs(By) can be

054516-2



MAGNON RADIATION BY MOVING ABRIKOSOV VORTICES ...

determined explicitly by solving the London equation (11)
with a given vortex lattice density, corresponding to the average
field By. To transform the integral in Eq. (3) we introduce
several quantities: the self-field of the sample By = B — H,,
the magnetization Mg due to supercurrents, the effective full
magnetization Mgy = My + Mg, and the effective H field
Hes = Bs — 4r M. Then the integral can be transformed
as

B> BH.] , Bg 3 H}
—— d’r = —d°’r — —=d’r
rev L3 4 r¢v 87 r¢v 37
H? H?
/—effd3r—/ —#3r + const
87 rev 8T

v . N?
= _Meff (N — _> Meff + const.

2 4

Here N is the demagnetizing tensor, connecting the effective
magnetization and effective field inside the sample: Hey =
-N Mgs. Analytical and numerical values of N can be found
in Ref. [27]. Finally, if we eliminate Mg using the relation

M = (4 — N)~'(By — Hy),

we obtain

F—f(B) M.B BoH,
y = Jstbo 0bo yp

1 . .
—|—8—(B0 —H,)N@r — N)"'(By — H,) + const. (5)
T

Here the only variable is the internal field By, which should be
determined from the equation

oF 0 6
By ©
Equations (5) and (6) completely define the equilibrium state
of the ferromagnetic superconductor.

Now we proceed from statics to coupled vortex and
magnetization dynamics. We focus on two systems, for which
the derivation of the force acting on vortices is almost identical:
abulk ferromagnetic superconductor and an SF multilayer (see
Fig. 1), where S is an ordinary type-II superconductor and F
is a ferromagnet with a strong easy-axis anisotropy, K > 1.
For the multilayer system the same expression (1) for the free
energy isused with M = (O in the superconductor and A = oo in
the ferromagnet. We neglect the Josephson coupling between
neighboring S layers. This is justified for 210-nm-thick
ferromagnets: In the case of an ordinary (nontriplet) proximity
effect, superconducting correlations decay exponentially on a
scale of several nanometers in the ferromagnet.[28]

Let the vortices be aligned along the z axis (which is
perpendicular to the S-F interface in the multilayer system).
They may form a regular or disordered lattice. When the
vortices are set in motion by a dc or ac transport current, their
time-dependent positions are given by the vector functions
R;(z,1), lying in the xy plane, where i = 1,...,N,, and N,
is the number of vortices. In our calculations we assume the
vortices to be straight; i.e., R; does not depend on z.

As vortices move, the magnetic moments start to fluc-
tuate. We describe the magnetization dynamics using the
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FIG. 1. A scheme of the SF multilayer system. The dashed lines
denote vortices.

Landau-Lifshitz-Gilbert equation [29],

oM M §F v M

or _y( X(SM)+M2< x
where y is the gyromagnetic ratio, v is a dissipation constant,
and the free energy F is given by Eq. (1). We estimate the gyro-
magnetic ratio in the U-based ferromagnetic superconductors
as y ~ 2uy/h, where py is the magnetic moment per U atom
(see Table 1), and an angular momentum of //2 per U atom is
assumed.

The force acting on a single vortex per unit length of the

vortex equals

oM

(__L0F ®)

T L,oR/’
where L, is the vortex length. Averaging f; over all vortices,
we obtain the average force

1 JIF
f=— - 9
T o

When we considered the equilibrium state, the magneti-
zation component perpendicular to the easy axis e has been
neglected. Now we have to abandon this approximation, as it
would lead to a vanishing force acting on the vortices from the
side of the magnetic moments. We put M = M + m, where
m ~ M|, |m| < M, and linearize Eq. (7) with respect to m:

Jom
ot
(10)

om My x (@V?m — Km + B) + —=M,
_— = — X m— m —_— X
s Y Mo o Y 0

From this equation it is evident that magnetization fluctu-
ations are excited if the vortex field is not parallel to the
magnetization easy axis. In a ferromagnetic superconductor
this may be achieved by applying an external field at an angle
to the magnetization easy axis or by choosing an appropriate
sample geometry (for example, an ellipsoidal sample with the
magnetization directed along neither of the principal axes).
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The magnetic induction inside the superconductor should
be determined from the London equation,

SF
5_A ZO, or
B b 4
_v2 2 _ 70 2 @D(p — R -
v B+A2 =7 Zy : 37 (p—R)+ " rotrotm, (11)

where z; is a unit vector along the z axis. In the case of the
multilayer system (see Fig. 1), Maxwell’s equations inside the
F layers read

rotB =4rrotM, divB =0. (12)

On the SF interface appropriate boundary conditions must be
imposed:

B:|r = B:ls, Hyylr = Hyyls (13)
am
—1 =0. (14)
0z |

The last condition follows directly from Eq. (7), if no surface
term is present in the free energy (1).

We present the magnetic field as the sum of the vortex field
h and the magnetization field by, defined by

h P
~Vht 5 =3m ) 8% Ry, (15)
b
— V2by + k—j‘; = 47 rotrotm, (16)

inside the superconductor, and
roth=0, divh=0, an

rotby = 4w rotm, divby =0 (18)

in the ferromagnetic layers.

In Egs. (11)—(18) we neglected the magnetic field induced
by normal currents. These are given by j = oE, where o is
the normal conductivity, and E is the electric field. We first
estimate the contribution of the normal currents flowing in the
F layers of the multilayer system to the magnetic field. Using
both Maxwell’s equations for rot B and rot E, we obtain

dmor dmor 0B
rotrotB = rotE = — —,
c ¢z or
or
3’B dror OB
— + VB - — =0, 19
922 r 2 ot 19
where o is the conductivity in the magnetic layers. Assuming
9B o (VoV,)B
at e

where V is the flux velocity, we can see that the influence of
the normal currents on the magnetic field is negligible, if the
inequality

dwop

1V <1
c

holds, where [ is the characteristic in-plane length scale of
the problem. Similar arguments can be applied to the S
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layers. Then, for the multilayer system we find the following
constraint on the vortex velocity,

2

VL K (20)

41 max(o,,op)’
where o, is the normal-state conductivity of the superconduc-
tor. In the case of a bulk ferromagnetic superconductor, we
have to demand

2

c
V . 21
L < dro,l b

As we will see, the main length scales of the problem are the
intervortex distance a and the length L = \/a/K, which is
of the order of the domain wall width of the ferromagnet
(or ferromagnetic superconductor). Further on we assume
that Egs. (20) and (21) with [ = min(a,L) are satisfied.
Then, we may not take into account the normal currents in
Eqgs. (11)—(18).

In the free energy (1) the interaction of the vortices with
magnetization originates from the Zeeman-like term (a brief
explanation is given in Appendix A)

F,=— / Mhd’r.

Then, the magnetic-moment-induced force f); acting on the
vortices is

fy = — / m Vh.d°r. (22)

LyN,
Here it has been assumed that the perpendicular to the z-
axis component of the field h is negligible. In the case of SF
multilayers, this is true for a sufficiently small period of the
structure. To draw a parallel with preceding works [8,9,15-18],
where the susceptibility formalism has been used, we note that
f,; can be written in the form

1
L,N,

where X, is the susceptibility operator. If desired, the explicit

form of ¥, can be easily derived from Eq. (29), given below.

All further calculations in this section and Secs. III, 1V,

and V are carried out for a ferromagnetic superconductor. In

Sec. VI we discuss how our results can be extended to the case

of the multilayer system.

In the Fourier representation Eq. (22) reads

2

4;} i [ qmgohe.d?q. (23)

where for any function X(p) its Fourier transform is defined
as

£y = — / (Rech)Vh.dr,

fy =

1
X, =
T @ny

By Fourier transforming Egs. (10), (15), and (16), assuming
that all quantities do not depend on z, we obtain

/ X(p)e ' d2p.

om, 2
arvalie —yMp x [—(K + ag)m, + by, +hy]
v om,
+ WMO X a_tqa (24)
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D _iaR
hyy = ———— aR() 25
T 421 + A2g2) Xi:e (25)
by, = —dn 14 M) (26)
Mg = — T q2 T )»_2 .

It can be seen that the absolute value of the term by, in
Eq. (24) is much smaller than |Km,|. Further on we neglect
the magnetization field by, .

Equation (24) is an inhomogeneous linear differential
equation with constant coefficients with respect to m,. It can
be solved using standard methods. We are interested in the z
component of the magnetization, which equals

yMi ., ! , v\l
mye = F5=sin?0 [ byt (1 +’M>
—00

v\l ,
X exp [— (1 n iﬁ> io(q)t —t )]

- <1 - ii)_] exp [(1 - ii>_liw(q)(z - t’)i”dt’,
M M
(27)
where 0 is the angle between e and zj, and
w(q) = yM(K +aq®) = wp(1+L%¢*)  (28)

gives the magnon dispersion law in an ordinary ferromagnet,
if the dipole-dipole interaction is not taken into account (see
Ref. [30]). Here, wp = y MK is the ferromagnetic resonance
frequency. In the small dissipation limit, v < M, we have

Mi ‘
My, = % sin? 0 f hg(t)
—00

v / LV
X {eXp [(—i - M)w(q)(t -1 )} (1 - lM)
v V ,
— exp [(z - M)w(q)(t - t’)] (1 + iﬁ> }d: . (29)

Then the force f); takes the form

272y M !
£y = T[Tysinze / d’q f hg- (£ (1)
v —0oQ

X {exp [(1 - %) w(g)(t — t’)] (1 + l%)

— exp [(-i - %) w(q)t — r’)] (1 - i%)}qdﬂ.
(30)

III. MAGNON RADIATION BY VORTICES MOVING
WITH A CONSTANT VELOCITY

Let us consider the motion of vortices under the action
of a constant external force (e.g., spatially uniform and
time-independent transport current). Then the positions of
individual vortices are given by

Ri(#) = Rjo + Vo1 + AR; (7). (3D

Here the vectors R;¢ denote the vortex positions in a regular
lattice, V, is the average flux velocity, and AR;(¢) is
responsible for fluctuations of vortices due to interactions with
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pinning cites ((AR;(#)) = 0). It should be stressed here that
we do not take into account the influence of pinning on the flux
velocity. The effect that is important for us is the vortex lattice
distortion caused by impurities, which strongly influences the
efficiency of magnon generation.

The product of magnetic fields under the integral in Eq. (30)
is
Dy

2
quL(tft’)IC
4721 + )\%12)] ¢ ’

hqz(t,)h;z(t) = |:

K =" expliq(R;o — Rip) + iq[AR; (1)
iJ
— AR;(t)]}. (32)
Below we consider the cases of a perfect vortex lattice and
a disordered vortex array.

A. A perfect vortex lattice

The approximation used in this section is valid for suffi-
ciently weak pinning, when we can put

(eiq[ARj (1)—AR; (I')]) ~ 1,

where the averaging is over i. To ensure the fulfillment of this
condition, it is sufficient to demand

ARqg < 1, (33)

where AR is the characteristic displacement of vortices from
their positions in a perfect lattice. The inequality (33) must hold
for all q, giving a considerable contribution to the integral in
Eqg. (30). In the end of Sec. III B it is shown that this leads to
the condition

AR « min(L,a). (34)
When (33) holds, we have

47N, B
K=—3= 2 0a-6) (35)
G

where G are the vectors of the lattice, reciprocal to the vortex
lattice. After integration over q and ¢’ the magnetic force takes
the form

G
— 102
fM = qDOB())/M sin” 6 %: m
io(G)+ GV,
X .
0*(G) — (VL.G)? = 2i VL. Gw(G)

When the terms corresponding to G and —G are combined,
this can be written as

. G(GVy,)
fM = —)/I)BQCDO Sll’l29 Z T 12,202
— (1+22G?)

(GV)? + 0*(G)

x 2 . (30
[0*(G) — (GVL)*]* + 437(GVL)*0*(G)

where small terms of the order of v/M in the numerator have
been dropped. From this it follows that the force has local
maxima when for some G = Gy the condition

(Go) = V. Go (37
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is satisfied. This relation presents the well-known Cherenkov
resonance condition. When Eq. (37) holds, magnons with the
wave vector Gy are effectively generated. When the vortex
velocity is close to a resonance value, in the sum in Eq. (36) we
can drop all terms except the two resonant terms corresponding
to Go and —Gy. Then

_ G0
(1+22G2)’
y o(Gy)

[0(Go) — VL Gol? + 2:0%(Go).

It can be seen that the f); vs V; dependence for a given vortex
velocity direction exhibits a Lorentzian-like peak with the
width

i ~ —yvBy®Dgsin’ @

(38)

Vi
GoV, ’

v
AV, = Mw(Go)

The maximum value of fj, is
Yy M?By®(G sin” 6
(14 22G2)*vax(Go)

Another remarkable feature is that the force is directed at some
angle to the velocity of the vortices: f), is parallel to Gy and
not V. The angle between f, and V; may range from 0° to
90°. This effect also follows from Eq. (3) in Ref. [16], though
the authors did not mention it, because it has been assumed
that V, and fy, are always parallel.

Let us discuss how the Cherenkov resonances influence the
current-voltage characteristics. Abrikosov vortex motion in a
superconductor is governed by the equation

|fM |max = (39)

®
2y xzg = —f. (40)
C

The term on the left-hand side represents the Lorentz force,
with j being the macroscopic supercurrent density. All other
forces are represented by the term f. We take into account two
contributions to f: the viscous drag force —n'V and f),. Here n
is the viscosity due to order parameter relaxation processes and
normal current flowing through the vortex core [31]. Taking
the cross product of Eq. (40) and z,, we obtain the expression
for the current

J= =g Ve st o V) Xz (D)
The relation between j and E is the established via
1
E =—-(V. xB), (42)
c

which follows from Faraday’s law. According to Eq. (41), the
vortex-magnetic moment interaction leads to an increase Aj
of the current density at a given electric field E:

c c
Aj= —Fy| —E x z9 ) x 2.
J <I>0M<Bo 0) 0

According to Eq. (38), near the Cherenkov resonance we have

G
Aj = yvBycsin® GL()z
(14 22Gj)
x @(Go) 43)

[0(Go) — (20 x GOE]” + 2:02(Go)
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This relation indicates that the I-V curve exhibits a series of
peaks corresponding to the resonance electric fields given by

o(G) — B%(zo x G)E ~ 0. (44)

Moreover, close to the resonance the additional current Aj
is directed along the vector zg x Gy and not E. As a result,
locally the resistance is anisotropic. Here it is important to
take into account that generally the directions of the vectors
Gy and V, are not independent: It is known (for isotropic
amorphous [32,33] and polycrystalline [34] materials) that
a moving vortex lattice tends to reorient itself so that its
shortest translation vector is either parallel or perpendicular
to V., depending on the the flux velocity and magnetic
field. This effect is a consequence of vortex interaction with
pinning centers or with the the quasiparticle tail of another
vortex, as follows from theoretical considerations [35,36]
and numerical simulations [37]. In our case the interaction
of vortices with magnetic moments also should affect the
vortex lattice orientation. As a result, in amorphous and
polycrystalline superconductors the resistivity may remain
isotropic even in the presence of magnetic moments. However,
in monocrystalline materials there is a competing effect:
Here, in the static case the energetically favorable vortex
nearest-neighbor directions are defined by the symmetry of
the crystal [38]. When vortices move, the interplay of the
two mentioned effects yields the stationary orientation of the
vortex lattice. Then, the angle between V and Gy may be a
complicated function of the current and magnetic field, and the
anisotropy predicted by Eq. (43) is at least partially preserved.

Considering macroscopic ferromagnetic superconductors
and multilayer systems, care should be taken when applying
Eq. (43) to the whole sample: It is known that even a small
concentration of pinning sites destroys the long-range order
in the vortex lattice [39]. In fact, vortex lattice domains are
formed in large superconducting samples; see Refs. [38,40]. In
monocrystalline samples, as mentioned above, the symmetry
of the crystal makes only few orientations of the vortex
lattices energetically favorable. This fact allows us to put
forward a qualitative argument. Let us denote as G the set
of all reciprocal lattice vectors for all vortex lattice domains.
Since there are only few possible orientations of the domains,
the set G consists of isolated points. We claim that when the
applied electric field satisfies Eq. (44) for some G € G, the
enhancement of the current should be observable. Hence, even
if there are several vortex lattice domains, the peaks on the
current-voltage characteristics are present. The measurement
of the peak voltages at different applied magnetic fields makes
it possible to probe the magnon spectrum w(q).

B. A disordered vortex array

In this section we analyze the opposite extreme case of a
vortex lattice with considerable disorder. This situation may
be realized in weak magnetic fields, By < ®o/A> (a > 1),
when vortex-vortex interaction is weak and the lattice is easily
destroyed by defects and thermal fluctuations. Assuming that
the quantities AR j(¢) and AR;(¢') for i # j are not correlated,
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we find that

K=PY aRoRo) 1, (oalaRO-AR 1)
i
47‘[230
= PN, [ o 2 0a-6)- 1]
G
N, (e[q[AR,-(t)fARi(t/)]% (45)
where

P = [ sRe

and the averaging is over i. Next we assume that the vortex
position fluctuations A R; are sufficiently large, so that P < 1
forg 2 L. As we will see, the main contribution to f; comes
from g ~ L, so the behavior of /C at smaller ¢ has a negligible
effect on the result derived in this section. For an estimate of
the required characteristic value of AR;, we note that if the
quantity R;(¢) has a Gaussian distribution function, then the
condition P « 1 is satisfied for (AR?) > L2

Concerning the second term on the right-hand side of
Eq. (45), one can see that

<eiq[ARi (t)—AR; (l/)]> =1,

whent = ¢/, and
(e IARO-ORON) — p ¢ ]

when |t — #'| = o0. To proceed further, we put

(e AR O=ARN)  p=li=11/@)

where the time 7t(g) is chosen so that (|q[AR;() —
AR;(@")]|) ~ latt —t' = 7(g). Our last assumption is that the
vortex self-correlation time 7(g) is much larger than w(g)~" at
q~ L~!. Then, due to the small factor P, the contribution to
f)s of the first term on the right-hand side of Eq. (45) can be
neglected, and we can put

K= Nve_”_"‘/f(‘”. (46)

After integration over ¢, Eq. (30) yields

yM®2sin? 60 / qd’q
fM ~
a+

47.[2 )L2q2)2
y iw(q)
wX(q) — (qV1)? —2i(qV)T (@)

(47)

where tfl(q) = 1t7!(g9) + vw(g)/M, and in the numerator
terms proportional to v/M have been dropped. The main
contribution to the integral comes from q lying in the vicinity
of two circles in the q plane, given by w(q) = £qV (this
equation specifies the Cherenkov resonance condition). Near
the circle w(q) = qV we make the following transformation:

*(q) — (qV1)* = 2i(qV.)7, ' (q)
~ 20(q)[w(q) — qV — it (@)l
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For the circle w(q) = —qV the transformations are analo-
gous. Then
y M@} sin’ 0 qd’q
fM ~

472 (14 22g2)2

i
x R

e — - (48)
w(q) —qVL — ity (q)
The last fraction in the right-hand side resembles the expres-
sion
i

fx)—ie’

which reduces to §( f (x)) when ¢ — +0. Hence, the last factor
in Eq. (48) also can be replaced by a § function, when 7, Yq)is
sufficiently small. To derive the limitation on 7, 1(¢) we direct

the g, axis along V and rewrite the denominator of the large
fraction in Eq. (48) as

Re

wr(1+ quz) —qVL — irl_](q)

VEY o
o (1-8) i

th

Vi \?
2 2
+wrpL (61x — m)"’ qy | >

where Vi, = 2wr L. Now it is evident that the § function can
be introduced in Eq. (48) when

. Vi
7, (@) K wF —2—1.
th
Then
de>3sin29/ qd’q
fy ~— 8 —qV.). (49
M - T4 3270 @@ — Vi) (49)

Here two points should be noted: (i) The expression for fy,
does not depend on the dissipation rate and on the artificially
introduced time t(g); (ii)) Eq. (49) can be derived from
Eq. (36) in the limit of an extremely sparse vortex lattice,
when summation can be replaced with integration.

Technical details of integration in Eq. (49) are given in
Appendix B. The final result is

y M®2sin? 6 v
£, — _yM@osO Ve OV, — V)V
M e |: (Awp %3 m)VL

(50)
for A > L. Equation (50) asserts that the quantity Vy, is the

magnon generation threshold velocity. The maximal value of
fu is reached at V, = Awpv/2 3> Vi

CD(%J/M sin” @

8203w p33/2
The influence of the magnetic force fy; on the current-

voltage characteristics, in general, has been discussed in the

previous section. According to Eqgs. (41) and (42), at the
electric field E = Vi By/c the average current density should

|fM|max = (51)
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(2)
2 2, 2 22

(b)

— o (1+L’q)
S

FIG. 2. The magnon spectra in an (a) antiferromagnet and (b)
ferromagnet. The dash-dotted line is given by w = Vg, where V.
is the vortex velocity at which magnon generation becomes efficient
(V. =V, for antiferromagnetic superconductors and V, = Vj;, for
ferromagnetic superconducors).

exhibit a stepwise increase by

-3/2
) c y M ®yc sin® 0 Vi Y
Aj = EfM(Vth) =—->5—|1+ Vin-
0

Srtwh A

The maximum enhancement of the current density due
to vortex-magnetic moment interaction is reached at E =

V2 wF By /c and equals
dycy M sin? 0
8v/2M3wp33/2

In Ref. [15] it has been predicted that in antiferromagnetic
superconductors in the sparse lattice limit the current enhance-
ment Aj is proportional to /V; — V. (at V| > V), where V,
is some critical velocity. This result is in contrast with ours:
We found that Aj ~ ®(V, — Vj) near the magnon generation
threshold. This difference is due to different magnon spectra
in ferromagnets and antiferromagnets; see Fig. 2. In an antifer-

A] max —

romagnet w(q) = /w3 + 522, where wy is a gap frequency
and s is the short-wavelength magnon velocity. As the vortex
velocity is increased, the resonance condition w(q) = V. q
is first satisfied at infinitely large g. However, at g > &1,
where £ is the coherence length, the Fourier components
hg, are exponentially small. Magnon generation becomes

efficient at ¢ ~ &, which is reached at a critical velocity that
roughly equals V. = ,/w3&2 + s2. In short, the generation

threshold in antiferromagnetic superconductors corresponds

PHYSICAL REVIEW B 89, 054516 (2014)

to an intersection of the curves w = w(g) and w = Vg atg ~
£~ [see Fig. 2(a)], yielding a Aj ~ /V; — V. dependence.
On the contrary, in ferromagnetic superconductors at V; =
Vin the curves w = w(g) and w = Vg touch each other at
g = L' < €71 [see Fig. 2(b)]. This fact leads to a stepwise
increase of the current at the threshold vortex velocity.
Finally, we need to make a remark concerning the condi-
tion (33), providing that the ideal lattice approximation can
be used. It follows from Fig. 2(b) that near the generation
threshold magnons with wave numbers g &~ L~ are generated.
This means that for V; 2 V4 the main contribution to the
integral in Eq. (30) comes from g ~ L~'. Thus, the condition
AR « L should be imposed to ensure the applicability of
the perfect lattice approximation. Of course, we should also
demand AR <« a: Otherwise, the § functions in Eq. (35)
corresponding to G # 0 are strongly suppressed.

C. Estimates of the threshold vortex velocity in ferromagnetic
superconductors and SF multilayers

Let us check whether it is possible to observe the features
connected with the Cherenkov resonances on the current-
voltage characteristics of ferromagnetic superconductors and
SF multilayers. To satisfy the condition (37), sufficiently
large vortex velocities Vi > Vy, are required. Estimates of the
threshold velocity for known ferromagnetic superconductors
are given in Table I. One can see that the values of Vy, are
very large. The question arises as to whether such veloc-
ities are compatible with superconductivity in the U-based
superconductors. To investigate this question we estimate the
supercurrent density jy, which is sufficient to accelerate the
vortices up to the velocity V. Equation (41) yields

..o

Jin = Eovth- (52)
For the viscosity n we use the Bardeen and Stephen ex-
pression [41] (which is a good estimate for relatively slow
processes) [42],

n = ®oHe0n/c”, (33)

where H., = ®(/(2m&?) is the upper critical field. For the
normal-state conductivity we use Drude’s estimate,

e*nt

mVp'

oy ~

Here n is the concentration of charge carriers, m is their mass,
£ is the mean free path, and Vp is the Fermi velocity. Then

. entH.,V,
Jin ~ ——2 (54)
mcVg

This value should be compared with the depairing current
density, which is given within the BCS theory by

A

mVF’

Jor ~ en

where A is the superconducting gap. We demand jy, << jer. Us-
ing the relation A ~ L Vg /£ (valid for clean superconductors)
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we can rewrite the inequality above as

Vin < %VF. (55)

In the U-based compounds the coexistence of superconductiv-
ity and ferromagnetism appears in clean samples with £ 2> &.
The Fermi velocities are of the order of 108 cm/s in UGe, and
10° cm/s in UCoGe and URIGe; see Refs. [43—45]. Thus, the
inequality (55) is satisfied in neither of these compounds, and
our model breaks down at vortex velocities below Vi,. This
is a consequence of the high magnetic anisotropy and large
quasiparticle mass in the U compounds.

The situation seems to be more optimistic in SF super-
lattices. Certainly, we should consider if Eq. (53) is valid for
multilayers. A study of the vortex viscosity in superconductor-
normal metal multilayers is presented in Refs. [46] and [47].
It has been shown that Bardeen-Stephen viscosity (53) may be
significantly modified for vortices inclined with respect to the
z axis or for strongly conducting normal metal layers. Still, in
our case Eq. (5§3) is a good order-of-magnitude estimate for
ds ~ dp and o < o0, where ds and df are the thicknesses
of the superconducting and ferromagnetic layers (see Fig. 1),
respectively.

Recently, a number of experimental papers
[19-21] have reported successful fabrication of high-quality
YBa;Cu307/Lay/3Ca;;3MnO;3 superlattices. In Ref. [48] the
value H,, = 1200 Oe for Lay 7;Cay3MnOs is given, though it is
noted that the anisotropy is significantly influenced by strain.
Strictly speaking, Lag7Cag3MnO3 with M = 530 emu/cm’
(see Ref. [48]) and K & 2 is not in the K > 1 limit, which
means that the magnetostatic term by, in Eq. (24) cannot be
ignored. However, the order-of-magnitude estimate for Vi,
given here remains valid for ferromagnets with K ~ 1, and it
can be applied to the mentioned compound.

The measured domain wall width in Lay7;Cap3MnOs,
denoted as § in Ref. [49], is 12 nm. Assuming y ~ ug/h,
where up is the Bohr magneton, we obtain the following
estimate for the vortex threshold velocity:

Vi = 2y HyL ~ 10* cm/s. (56)

The Fermi velocity in YBa,;Cu3 Oy is on the order of or greater
than 107 cm/s [50]. Thus, the condition (55) can surely be
satisfied in the cuprate-manganite superlattices.

Of course, the Bardeen-Stephen estimate for the viscosity
n may break down at transport currents that are considerably
smaller than the depairing current. This may happen, for
example, due to the Larkin-Ovchinnikov instability [51,52] (in
dirty samples at high temperatures) or due to the overheating
instability. These effects lead to a dependence of n on E
and thus to a nonlinear current-voltage characteristic. Still,
considering that vortex velocities 10° cm/s can be achieved
in the linear flux-flow regime in both high-temperature [53]
and low-temperature [54] superconductors, one can expect the
effects caused by the magnon radiation to be observable.

IV. MAGNON RADIATION BY A HARMONICALLY
OSCILLATING VORTEX LATTICE

As shown in Sec. III C, magnon generation in U-based
ferromagnetic superconductors by a vortex array moving with
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constant velocity seems problematic due to the extremely
high required vortex velocities. In this section we study a
more feasible approach to magnon generation in magnetic
superconductors, analyzing the case of a harmonic external
current acting on the vortices. Experimentally, the oscillating
current in the superconductor can be created using the
microwave technique (for example, see Ref. [22]). Then,
the surface impedance yields information about the high-
frequency properties of the sample; see Sec. V.

Before we calculate the force f);, we note that there is an
obvious limitation on the frequency w for the applicability
of the London approach, namely hw < A, where A is the
superconducting gap. On the other hand, magnon radiation by
vortices starts at w > wp. Hence, it is required that hiwr < A
to make the resonant features described below observable.

Subjected to the action of a harmonic force, in the linear
regime the vortices oscillate harmonically:

R;(#) = R)j + Re ™" + R*e™ "', (57)

Here R, are the equilibrium positions of the vortices, which
are defined by vortex-vortex interaction as well as pinning. The
vectors R}, do not necessarily form a regular lattice, unlike
R;o. R is the amplitude of vortex oscillations. We consider
frequencies of the order of the ferromagnetic resonance
frequency in ferromagnetic superconductors, wr ~ 100 GHz.
This frequency is several orders of magnitude larger than the
typical depinning frequency [55]. This fact makes it possible
to neglect the influence of the pinning force on vortex motion
and to assume that the oscillation amplitudes of all vortices
are equal to R.
The product of the magnetic fields in Eq. (30) equals

hy ()R (1)
2
= L ’C’eiq(Ri(t)*Ri(I’))
472(1 4+ 22¢?)
q)o 2 ! . /
“mraazgy | KU HARO - Ri@OIL - 58)

where
Ty PV
K = § :e iqR}p+iqR, _ Nv <§ :e zqR[0+lqR/0>‘ (59)
i,J Jj

Here the averaging is over i. The linear with respect to R
contribution to the force takes the form

iK'qR
f 0 dZ —iwt _
M= 8n2N | sin / /oo RES IO

% { lio@)— g o@l—1) _ e[—iw(q)—ﬁw(q)](r—r/)} qdt’ + c.c.

—ia)t')

Mo} K()aR
~ 7 (an_”‘”/dzq&
w(q) B

* [wz(q) — w? = 2i ww(q) ® (61)} q+c.c.

(60)

Here c.c. denotes the complex conjugate. Like before, we
neglected small terms on the order of v/ M.
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To proceed further, the explicit form of K'(q) is required.
Again, we consider the cases of a perfect vortex lattice and a
disordered array.

A. A perfect vortex lattice

Let us assume that pinning is sufficiently weak, so that
gAR < 1, (61)

where AR ~ ‘R;O — R,-o| is the characteristic deviation of
the vortices from their positions in a perfect lattice. The
inequality (61) should hold for all q, giving a considerable
contribution to the integral in Eq. (60). The characteristic value
of g is estimated below.

For g AR « 1 we have

. 47*N,B
K = TO Y 5q - G). (62)
0 G

Substituting Eq. (62) into Eq. (60), assuming that the vortex
lattice is either square or regular triangular, we obtain
fy = ionyRe ™ +c.c., (63)
iy M®,B G?
_¥ ¥ e o Osinzé?Z—
2w . (14 A2G?)?

[ o(G)
X
0*(G) — 0* = 2i g ww(G)

M =

- a)_l(G)} . (64)

Here we have introduced the complex quantity 7,,, playing
the role of a generalized vortex viscosity. Indeed, when 7y, is
purely real, the magnetic force is simply f); = —nydR;/dt.
In our system there is a phase shift between the vortex velocity
and f),, and the more general expression (63) is valid. Further
on we call 1y, the magnetic viscosity.

The ideal vortex lattice is likely to form when vortex-vortex
interaction is sufficiently strong or the intervortex distance is
sufficiently small. Let this distance be much smaller than the
London penetration depth, which means By > ®(/A%. Then
AG > 1 for all G # 0, and

'y M®, B
Ny ~ _ P PoSd ZKE‘) 0w sinZGZszafl(G)
G20
2 2 a4V -1
x [a) (G) — 21Mww(G)] . (65)

Now we consider the behavior of 1, in different frequency
ranges. First, let the frequency be below the ferromagnetic
resonance frequency (w < wys). Then magnon generation is
inefficient. However, if we put v = 0, the force f;; will not
vanish below the generation threshold, unlike in the case of
constant vortex velocity. Instead, the magnetic viscosity will be
purely imaginary, signifying that there are no magnetic losses.
In Fig. 3 we plot the imaginary part of  vs magnetic field By
dependencies for different frequencies (below wr) and for a
fixed angle 6.

At frequencies above the ferromagnetic resonance fre-
quency magnetic dissipation cannot be neglected, and the real
part of ny becomes significant. In Fig. 4 we plot the ny,
vs By dependencies for different frequencies and for a fixed
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0.0 s
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B

FIG. 3. The Im(n,,) vs magnetic field dependence at frequencies
below the ferromagnetic resonance frequency for an ideal triangular
vortex lattice [see Eq. (65)]. no = )/M<I>(2) sin? 6’/(2)»40)12r .

angle 6 and dissipation rate v/M = 0.02. The graphs exhibit a
sequence of Lorentzian-like [Re(7,,)] and N-shaped [Im(7,)]
features, located at some resonant field values, Bg, which are
determined from the relation

o(G) = w. (66)

a)=1.la)F

n,, 1,

0.00 0.01 2 0.02 0.03
BL/®

0 0
FIG. 4. The n, vs magnetic field dependencies for frequencies
above the ferromagnetic resonance frequency [see Eq. (65)]. no =
y M ®}sin? 6/(20*w?%). The vortices form an ideal triangular lattice.
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For small fields these features may overlap, but the resonance
corresponding to the highest field remains well distinguish-
able. For a triangular vortex lattice the largest resonance field
equals

R

zﬁ“’o(z_l),

SJTZF [

and for a square lattice

Bo — 1 (I)() w 1
R_47T2L2 wWF '

Solving Eq. (66) with respect to G, we obtain

G=qy=L" /“’;—:’F. 67)

Hence, like in Sec. III A, the peaks on the 1y vs By
dependencies must be observable if the characteristic deviation
AR of the vortices from their positions in an ideal lattice
satisfies

AR < min(g; ',a). (68)

When o < wp one can see from Eq. (65) that the main
contribution to 7y comes from the vectors G for which
w(G) — w is of the order of wr — w, since the terms on the
right-hand side of Eq. (65) are proportional to [(G) — w]™!
when v — 0. Then, taking into account Eq. (68), for an
arbitrary frequency w we obtain the following applicability
condition for the ideal lattice approximation:

. wF
AR < min |:a,L —:| . (69)
Vo — wF|

Note that when the frequency is close to wp this condition is
weaker than the one imposed by Eq. (34).

We conclude this section by giving a numeric estimate of
the magnetic viscosity. When the resonance condition (66) is
satisfied, we obtain from Eq. (65)

)/M(I)QBO M

AMG202 v
Since ByG~2 ~ &, and the lowest allowable value of w is
wp =y MK, we have

M

5 M
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We make the numeric estimate for UCoGe, the ferromagnetic
superconductor with the lowest ferromagnetic resonance fre-
quency. In Ref. [3] we find the value 12 ¢ €2 cm for the normal
resistivity, and the maximal value 200 A for the coherence
length. Using Table I, we obtain

M -5
UM/UNT?’X 107 (72)

Data on the ratio M /v are not available yet. The small factor
1073 in Eq. (72) appears due to the large magnetocrystalline
anisotropy of UCoGe: It can be seen from Eq. (71) that ,,/n
is proportional to K 2 since wp = y M K. Hence, to increase
the ratio of 1y, to n, compounds (or multilayer systems) with
a lower anisotropy are preferable.

B. A disordered vortex array

Now consider the situation when the vortex lattice is
strongly distorted by pinning centers. To obtain a qualitative
understanding of the behavior of 7, in this case, we calculate
the magnetic viscosity under the assumption that the quantities
R}, and R’ for i # j are absolutely uncorrelated. In other
words, we assume that there is even no short-range order in
the vortex lattice, so that the average concentration of vortices
at a distance R from a given vortex does not depend on R and
equals By/®g. Then

K'=nN,|1 +< > e"quo+"qR3-o>

JG#D)

B . B
=N, (/ Vi R2R 4 1) =N, [4n2—°5(q) + 1] .
%) D

(73)

For clarity, we stress here that the product 4, (ﬂ)h;z (1) does not
decay with increasing ¢ — ¢/, unlike in the case of a constant
driving force; see Eqgs. (32) and (46). This is explained by
the fact that the vortices oscillate close to their equilibrium
positions and do not travel from one pinning site to another.

S = — - (70)  Thus, the positions R;(z) and R;(¢’) of a single vortex are
KX\ wWFr V . . . .
always well correlated, corresponding to an infinite correlation
Then, according to Eq. (53), the ratio of 1y, to n is time 7(g).
£2¢2 With K’ given by Eq. (73) the magnetic viscosity takes the
< ——. 71 form
nm/n S > Kidoro, (1)
J
iyM®} > 3d
= — L0 gin g / 74 LC T (74)
4w o (14+¢%22)? | 0w (q) — w? —ic

Here, like in Sec. III B, we assume that the imaginary term —ie (¢ > 0) in the denominator is an infinitesimal. To simplify
the expression on the right-hand side of Eq. (74), we note that the contribution to the integral from small ¢ (¢ < A~!) can be
neglected in the A > L limit. Then we can put 1 + A%¢* ~ A?¢? and cut the integral off at g = A™!:

(q)

iyM®} [ dg
= —

4wt

Al g {[w+w(q)][w(q)—w—ie]

_ w—l(q)} . (75)
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Further integration should not present difficulties. For A > L we obtain

Twr 2w?

n— + In

A [ W+ ofF wr

yM@% sin® 0
Ny =

@(w—a)p)—i[ 5

8rwwrAit | 2(w — wrF)

Like in the previous section, below the ferromagnetic reso-
nance frequency the magnetic viscosity is purely imaginary.
However, unlike in the case of a perfect vortex lattice, now the
viscosity does not depend on the magnetic field. It should be
also noted that in the limit By — 0 Eq. (64) after summation
transforms into (76); i.e., the cases of isolated vortices and
chaotically placed vortices are equivalent, like in Sec. III. The
nu Vs o dependence is depicted in Fig. 5.

C. Vortex mass

As we have seen, at w < wr the magnetic viscosity is
imaginary. Moreover, at v < wp the viscosity is proportional
to w. This signifies that the vortex can be ascribed a mass per
unit length, M,, so that the equation of motion becomes

d*R;
Y dr?

where f., includes all forces, except for the force f);. The mass
is defined by

= fexh (77)

M, ="M (78)

@ |y=0

Before we give explicit expressions for M,, we should
comment on the connection between the vortex mass en-
hancement and the self-induced polaronic pinning mechanism,
studied in Refs. [16] and [17]. In the mentioned papers it
has been assumed that the magnetization dynamics is purely
dissipative, i.e., v/M > 1, which is in contrast to our case. In
fact, v/M > 1 is a necessary condition for the formation of
polaronlike vortices. Thus, the polaronic pinning mechanism
contributes rather to the real part of n,, than to its imaginary

104

/M,

5

-10 T : " Y : :
0.0 0.5 1.0 1.5 2.0
a)/a)F

FIG. 5. The frequency dependence of the magnetic viscosity, 7y,
for a disordered vortex array; see Eq. (76). The value In(AL/L) = 4.3
of UGe; has been used. 19 = y M @2 sin® /(21 *w?).

Wy — @

daall]

(76)

L 2w+ wr) wF 2wr — w)

(

part, and it is not related to the vortex mass enhancement
discussed here.

Using Eq. (65), we find that the magnetic contribution to
the vortex mass for a perfect lattice is

Yy M P By

M, =53

sin? 0 Z G20 3(G), (79)
G+#£0

when By > ®(/A%. For a disordered array we obtain from
Eq. (74)

Mq)Z o] 3d
o DU [t
0

(L+ g2 (1 + L)

3
T W

N yMCIDS sin? 0

A
A= —5) G L. (80
167w A% ( "L ) @>1). @9

Let us estimate the characteristic magnetic contribution M,
to the vortex mass and compare it with the electronic
contribution (see, for example, Ref. [56]), which is present
in any superconductor:

2 m*Vp
73 h
We give estimates for the ferromagnetic superconductor
URhGe. The values of wp = yMK and A can be found
in Table 1. The electron mass and Fermi velocity for one
of the Fermi surface pockets of URhGe were measured in
Ref. [45]. The values given there are m = 22m, and Vp =
4.4 x 10° cm/s, where m, is the free electron mass. Then

e =

. (81)

M®}
M, ~ (I 107 g/cm,

M, ~ 10720 g/cm.
16nw3Fk4 g/

It can be seen that the magnetic contribution to the vortex mass
is negligible for URhGe. Estimates for UGe, and UCoGe
yield the same result. This happens due to the very large
ferromagnetic resonance frequency wp in these compounds:
Note that the right-hand side of Eq. (80) contains a);3. The
situation is the same as for the magnetic viscosity; see Egs. (71)
and (72). Thus, the magnetic mass M, should be detectable in
materials with a smaller ferromagnetic resonance frequency.

V. DISCUSSION OF THE MAGNETIC VISCOSITY
MEASUREMENT

A simple experimental method to study vortex dynamics in
type-1I superconductors is based on the measurement of the
surface impedance. A possible geometry for such experiment
is depicted in Fig. 6. We consider the simplest situation,
when the vortices are perpendicular to the sample surface and
the probing electromagnetic wave with the amplitude h, is
normally incident on this surface. Then, for a nonmagnetic
superconductor (Mg = 0), theory [31,57] predicts that in a
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L

FIG. 6. The geometry for the measurement of the surface
impedance of a ferromagnetic superconductor. The dashed lines
denote vortices.

wide range of parameters the surface impedance Z(w) equals
—iwups\ 2
Z(w) = (—’) , (82)
4
where p is the static differential magnetic permeability,

_ dBy,
~ dH,.’

and p; is the flux-flow resistance,

Bdg
pr=

2’
Thus, the experimental value of the surface impedance
provides information about the viscosity coefficient 7.

We prove that for a ferromagnetic superconductor a range
of parameters exists, where Eq. (82) can be applied, if the
magnetic viscosity is taken into account: 1 should be replaced
with n 4+ ny.

First, we outline the applicability conditions of Eq. (82) for
an ordinary superconductor. Within the continuous medium
approximation used in Ref. [57] an alternating external field h,
excites a long-wavelength and a short-wavelength mode in the
superconductor. For convenience, we call these modes type-1
and type-2, and denote the z projections of their wave vectors
as ki and kj, respectively. These quantities are explicitly
defined by Equation (24) in Ref. [57]. To use the simple
expression (82) for the impedance, three conditions must be
fulfilled: (i) k1| A < 1, (i) |ki| < k2|, and (iii) k2| L; > 1
(L, is the sample thickness; see Fig. 6). According to Ref. [57],
the conditions (i) and (ii) are satisfied if

q’OCL
Bo)\.zn ’

oL wec= (83)
where Cj, is an elastic modulus of the vortex lattice. This
inequality presents a limitation on the frequency. We would
like to note that in the limit H,; < By < H, where H, is
the lower critical field, the condition (83) can be weakened,
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namely,

Dy By
47 0%y

This follows directly from Eq. (22) in Ref. [57].

Let us turn to the case of a ferromagnetic superconductor.
We assume the sample is a slab with dimensions L,, L,
and L, where L; < Ly,Ly; see Fig. 6. The x axis, parallel
to the large surface of the sample, is the magnetization easy
axis. In fact, the slab geometry is not a key point for us,
but the equilibrium magnetization must be parallel to one of
the sample surfaces. By applying an external field we can
provide that the internal field By is parallel to the z axis. In
the slab geometry the components of the demagnetizing tensor
are Ny, ~ 0, N,y ~ 0, N, & 4m. Then, according to Eq. (5),
if the external field is H, = (—47 M,0, H,,), the internal field
equals By = (0,0, H,,).

Now we discuss the surface impedance of a ferromagnetic
superconductor. Compared to the case of a conventional
superconductor, an additional complication arises due to the
presence of new degrees of freedom. These are connected with
magnetization dynamics and lead to the appearance of new
magnonlike modes. Such modes can be directly excited by an
electromagnetic wave even in the absence of vortices [6,7],
and they may significantly influence the surface impedance.
However, in our geometry the excitation of these modes can
be avoided, as demonstrated below.

If the frequency is not too close to the ferromagnetic
resonance frequency (o — wr| /wr > K~') we can neglect
the magnetostatic interaction in the Landau-Lifshitz equation
when analyzing the additional magnonlike modes, as we have
done in Sec. II (where the term b, has been dropped). Then,
in the limit of small dissipation, Eq. (10) takes the form

w <K wp = (wp > wc). (84)

om M m (85)
— = x a— — .
or e 922

This yields two modes, which we label as types 3 and 4:

. k
m = (zo F iyo)ms3 4e' ™4,

ky=L""! /ﬁ—l, kg =iL™! /w%+1, (86)

where ms3 and my4 are scalar amplitudes. Now suppose
that the magnetic field h, in the probing electromagnetic
wave oscillates along the x axis, i.e., along the equilibrium
magnetization (see Fig. 6). We assume that inside the sample
the alternating magnetic induction (b), averaged over the
xy plane, is also parallel to the x axis. It will be shown
that this statement is self-consistent. Indeed, for (b) parallel
to My we see from Eqs. (10) and (14) that 9(m)/d¢t = O.
This means that the magnonlike type-3 and type-4 modes
are not excited. In the type-1 and type-2 modes (m) = 0,
but (b) # 0. Hence, these modes differ from their analogs
in nonmagnetic superconductors only by the presence of the
magnetic contribution to the viscosity, 1, which is due to
the Fourier components m, with q # 0. Then, according to
Ref. [57], the internal field (b) will be parallel to the probing
field h, (which follows from the London equation (11), if the
deformation of the vortex lattice is taken into account). Thus,
we have proved the validity of our assumption, having shown
in addition that only the type-1 and type-2 modes are excited.
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Strictly speaking, the effective viscosity for the long-
wavelength type-1 mode differs from n + 1,,, because the
vortices are not straight. However, since |k | < A~ 1, the radius
of curvature of the vortices is sufficiently large to make this
difference negligible.

An electromagnetic wave polarized in the y direction (h, =
heyyo) Tequires separate treatment, which is outside the scope
of this paper. Here, the magnonlike modes of types 3 and 4 must
be taken into account. For a study of the surface impedance in
the case h, L My (in a different geometry), see Ref. [14].

VI. MAGNON EXCITATION IN SF MULTILAYERS

In this section it is shown how our results can be extended
to the case of SF multilayers with S and F being an ordinary
type-1II superconductor and ordinary ferromagnet, respectively.
We consider structures with a sufficiently small period d (see
below) and with vortices oriented perpendicular to the layer
surfaces; see Fig. 1. Then, the generalization of the results
from Secs. II-1V is straightforward if two points are taken into
account.

(1) Since the magnetic moments now occupy only a fraction
of the sample, the force fy; is reduced by a factor of d/d}.,
where dj, < dp is the effective thickness of the ferromagnetic
layer. Formally, all expressions for f;,, starting with Eq. (23),
should be multiplied by d}./d. The quantities d}. and dp
coincide if the mutual influence of the superconducting
and magnetic orders is negligible. However, this is not the
case for cuprate-manganite superlattices. Experimental papers
report giant superconductivity-induced modulation of the
magnetization [20] and the suppression of magnetic order in
the manganite layer close to the SF interface [21]. In the latter
case, d/F < dp, but both quantities are of the same order of
magnitude.

(ii)) Due to the fact that the structure is only partially
superconducting, the in-plane London penetration depth now
equals Ap = A(d/ds)'/?; see Ref. [58], for example. The
expression for the single vortex field

Dg

h,,~ ——— 87
Y (gl (87)

can be used if the period d of the structure is much smaller
than the characteristic in-plane length scale of the problem.
To apply our results for the case of a constant driving force,
we have to demand d <« min(a, L), according to Sec. III. The
constraint is somewhat weaker in the case of the harmonic
driving current. Indeed, as we have seen in Sec. IV A, the
main contribution to fy; comes from g ~ L™!'\/Jw/wr — 1];
hence, the limitation on the period of the structure is

d < min |:a,L L}
V o — wF|

Finally, we discuss briefly a recent paper by Torokhtii
et al. [22], where the flux-flow resistivity in Nb-PdNi-Nb
trilayers has been measured. It has been reported that in the
presence of the magnetic PdNi layer the flux-flow resistivity in
Nb exceeds the Bardeen-Stephen estimate [41], as if the vortex
viscosity is reduced by the interaction with magnetic moments.
At first sight, this seems to contradict our prediction. However,
this experiment cannot be interpreted in the framework of
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the model used here, since the ferromagnetic alloy PdNi
does not possess a well-defined magnetic anisotropy, and the
magnon modes cannot be characterized by a wave vector
q due to the lack of translational symmetry. Moreover, the
dependence of the critical temperature of Nb on the PdNi
layer thickness signifies strong influence of the magnetic order
on superconductivity. We suppose that the explanation of the
viscosity reduction in the mentioned experiment requires a
more complicated microscopic treatment.

VII. CONCLUSION

We have calculated the magnetic-moment-induced force
f) acting on moving Abrikosov vortices in ferromagnetic
superconductors and SF multilayers. When the vortices are
driven by a dc transport current, magnons are efficiently
generated when the vortex velocity exceeds the value Vi, =
2wp L. As aresult, narrow peaks appear on the current-voltage
characteristics of the superconductor if the vortices form a
regular lattice. Within a vortex lattice domain the current may
be not parallel to the electric field. For a disordered vortex
array a steplike feature should appear on the current-voltage
characteristics. This behavior is in contrast with antiferromag-
netic superconductors, where the increase of the current at
the magnon generation threshold is proportional to /U — U,,
where U is the voltage and U, is some threshold value [15].
According to our estimates, the transport current required to
reach the vortex velocity Vi, in the U-based ferromagnetic
superconductors is of the order the depairing current due
to the large magnetic anisotropy of these compounds. On
the other hand, in cuprate-manganite multilayers [19-21] the
required current is well below the depairing current, so the
mentioned features may be observable on the current-voltage
characteristics of such systems.

If the vortices are driven by an ac current, the interaction
with magnetic moments results in the appearance of a complex
magnetic contribution 1,, to the vortex viscosity. We deter-
mined this quantity for the cases of an ideal vortex lattice and
a disordered vortex array. For low frequencies, v < wp, the
magnetic contribution to the vortex mass has been estimated.
From the n,, vs magnetic field and frequency dependencies the
magnon spectrum in the ferromagnetic superconductor can be
extracted. Experimentally, 17,, can be determined by measuring
the surface impedance of the sample in the geometry, where the
equilibrium magnetization is parallel to the oscillating external
magnetic field.
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APPENDIX A

In this Appendix we prove that the magnetic-moment-
induced force acting on vortices can be written as (22). We
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have to calculate the variation of the free energy when all
vortices are shifted by an equal vector, and the magnetization
is kept fixed. To simplify the calculations we use the fact that
the free energy acquires the same variation if the vortices are
kept fixed, and the magnetization is shifted in the opposite
direction. Then

a SF ;
SF = | (=-6A+ =M ) d’r
5A M

According to the London equation § F/5A = 0 the first term
on the right-hand side vanishes. Also, the terms in Eq. (1)
which depend only on M (e.g., the exchange energy) are not
affected by the magnetization shift. Hence, only the term

§F = —/BSMd3r (A1)
remains, and the force acting on a vortex is
1 oM 1 B
Fa)x, = —/B—d =— —Md°r.
N,L, 0x; N,L, 0x;
Presenting the magnetic field as B = h 4 by, we have
frr = a1 + a2, (A2)
1 oby 4
i)y = — —Md’r,
a1y, NULU/ ox, r
1 oh
f112)y = —Md°r.
e = =37 / o "

Note that the term f;;; does not depend on the vortex positions.
Hence, to calculate this term we can place the vortices
anywhere in the superconductor. Let us position the vortices in
an area with uniform magnetization (M = const). Then, fy»
vanishes, and f;; = f;;. On the other hand, in the area with
homogenous magnetization by, = 0 inside the superconductor
(in the ferromagnetic superconductor this happens due to
London screening, and in the SF multilayer system the field
b, is simply confined to the ferromagnetic layers). Hence,
the magnetization has no influence on the magnetic field and
supercurrent in the vortex region, and the force f), vanishes.
Then, fy;; = 0, and for any vortex positions fy; = fy;». From
this follows Eq. (22).

APPENDIX B

In this Appendix we show how the integral in Eq. (49)
can be evaluated. We introduce the dimensionless quantities
Il=L/\ 1, =V, /(wp)) and g = Aq and direct the g, axis
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along V. Then fy, = 0, and

)/MCD%Sinze gxdz 2 2
=— S +17g -1
Futx TETEm a1 (I +17g" = Lgx)
_ yM®}sin’0 / (L+ 2731+ %¢” — lhgy)
4722V, (14 g%? ’
_ yM®sin?6 12/ 5(1+12g2_lvgx)d2
O 4mayy 1+ g2 8
81+ 17> — I, g,
(- [ g)dzg] (B1)
8
Now we make a coordinate shift, redesignating g, — 1, /(21%)
by g,
; y M®2 sin? 0 {/ 5(¢* — g3)d’g
Mx = — 2 2
AmAtVL L+ 82+ (g + 3)
— dZ
L - 1)/ e’ gO) 1 ®
L
1 + gV v+ ﬁ) ]
where

2 2 12
=I"(=-1).

Further, we assume that V; > Vy, so that g(z) >0 (at Vp <
Vin fum = 0). Integration over the modulus of g is now
straightforward. Then

7 y M ® sin” 0 /‘2” dy
Mx = ——————
8TAVL o 1+ gd+ g + kgocosy

2 —1dy

+/2n { . 1 (B3)
0 ( 2, 2 0 )

1+g0+m+l—2gocos¢

where ¢ is the polar angle in the g plane. Integration can be
completed using standard methods or a table of integrals. The
result is

yMCD(Z) sin? @

l
[ |
822V, = )14

2 -~ l2 =3/2
[(1—1—) +l—4] .

(B4)

fo:_

If we return to dimensional variables and recall that L < A,
we obtain Eq. (50).
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