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In this paper we present a short overview on the results that can be obtained through the study of vortex mo-
tion at high frequencies. The phenomenological force balance for isolated-like vortices shaken by microwave
currents and subjected to viscous drag, pinning forces and thermal creep is recalled and physically presented.
The derived vortex motion resistivity, together with the main vortex parameters (viscosity 1 and flux flow resis-
tivity p 1 pinning constant k ,,, creep factor ), is then commented. Sample measurements are reported to illus-
trate the main aspects of the involved physical models.
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1. Introduction

High frequency studies of the electrodynamic response
of superconductors in the microwave range (1-100 GHz)
were fundamental for the understanding of their physics,
allowing for the determination, among the others [1], of the
existence [2] and type [3] of superconducting gap, of the
penetration depth [4], of critical fields [5], of dynamical
fluctuations [6], of the material anisotropy [7] and of pin-
ning anisotropy [8]. Studies of type II superconductors in
the mixed state are also relevant in view of applications.
For example, a revamped interest has recently emerged in
frontier fields like the hunt for Cold Dark Matter and de-
tection of axions [9,10] or particle physics with the design
of future colliders [11], where superconductors are re-
quired to work in high magnetic fields. Other recent lines
of research worth mentioning deal with the study of mi-
crowave-stimulated superconductivity in the mixed state
[12,13]; of superconductor/ferromagnet multilayers, where,
e.g., anomalous flux flow [14,15], magnon-fluxon interac-
tion [16] and thermodynamic O—r transition [17] were ob-
served and tunable motion of vortices through the rotation
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of magnetic moments implemented [18]; of the imaging of
high-speed vortices [19] and the exploitation of their mo-
tion for electromagnetic emission at microwaves [20]. In
this paper we will first focus on the models and concepts of
the high-frequency vortex dynamics (Sec. 2), then we will
present example experimental results on selected topics
(Sec. 3), concluding with a few remarks.

2. High-frequency electrodynamic response in
superconductors in the mixed state

In the microwave frequency range, the relevant experi-
mental quantity describing the frequency f = w/(27n) de-
pendent electrodynamic response of a (super)conductor is
the so-called surface impedance Z [21]:

Eﬂ=RS+iXS, )]
H)
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N

where Ej; and HH are the components of the electric and
magnetic fields tangential to the material limiting surface,
and R, and X are the surface resistance and reactance.
The surface impedance can be measured with various
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techniques and methods, with resonant methods preferred
because of their sensitivity (for a review, see e.g. [22,23]).

The explicit link between Z; and the relevant material
property, the conductivity o (or the resistivity p), depends
on the sample geometry and on the actual electromagnetic
(e.m.) field configuration. The bulk regime is prototypical:
there, the sample thickness ¢, > (A,5,,), i.e. much larger
than the length scale of exponential attenuation of the pen-
etrating e.m. field (being A and §, the London penetration
and normal skin depth, respectively). One then finds
Z, = \Jiougp in the local limit. For arbitrary ¢, the rela-
tion Z; <> p can be considerably more intricate [24-26],
with possible simplifications in thin films [27] where the
approximation Z, =~ p/t; can be sometimes exploited.

The conductivity o in the high-frequency regime, in ze-
ro magnetic field, is customarily described by the two-fluid
model [28] 6,y =6 —ioy =0pp —i/((s)uokz), with paral-
lel conduction channels attributed to superfluid o, (purely
inductive, with A the London penetration depth) and to
quasi-particle “normal” excitations cpp.

The application of a magnetic field larger than the low-
er critical field H_; drives a type II superconductor in the
mixed state. For / > H | fluxons (or “vortices”) thread the
superconductor and experience a Lorentz force (more gen-
erally, a Magnus force, see e.g. [29,30] for a discussion of
the nature of the force involved) by the microwave currents
which set them in oscillatory motion around their equilib-
rium positions. Fluxon motion, in turn, induces a varying
electric field which couples back with the currents. This
interplay has been addressed by various authors [31,32];
self-consistently solving for the e.m. and current distribu-
tion and vortex motion for small displacements u [31]
yields an overall resistivity p that can be written down as:
Pom T i/o 2

p= 2

1+ic /o,
where p,,, is the so-called vortex motion resistivity [33,34].
In order to derive an explicit expression for p,,,, one
writes down a single-vortex equation for the balance of the
forces (per unit length). The single-vortex dynamics is jus-
tified by the small oscillation amplitudes, smaller than the
intervortex spacing. In addition, one assumes that vortices
experience the same pinning potential. Thus, the following
phenomenological force (per unit length) balance equation
for a single fluxon (with flux quantum @, and axis along
the field direction n) moving with speed v is written down

nv+kpu=J><(ﬁ(I)0)+Ftherm, (3)

which describes the vortex as a massless damped harmonic
forced oscillator, additionally subjected to a force repre-
senting thermal forces. For simplicity’s sake, no Hall terms
have been considered here [30,34]; similarly, no vortex
mass term (of the order of the total mass of the electrons in
the vortex core [30]) has been included, since it can be
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relevant only at the high edge of the microwave frequency
region [30].
From Eq. (3) p,,, is derived as

_ %+ 1w/
om =P 1+io/my

P “

which contains the flux flow resistivity Py = ®yB/Mm as
a prefactor and a characteristic angular frequency wy, relat-
ed to pinning. Each parameter in Egs. (3) and (4) repre-
sents a peculiar aspect of the physics of the vortex motion,
which we now describe.

Viscosity — flux flow resistivity: the viscous drag force
-nv, with viscosity m, or equivalently p 5, accounts for
power dissipation due to non-equilibrium conversions be-
tween QP and condensate [28] during the motion of vorti-
ces. Microscopically, n o (w,t)r [34] where o, is the
cyclotron angular frequency at B,,, T is the QP scattering
time in the vortex cores and () represents the average
over the Fermi surface [35]. Thus, n yields information
about QP scattering time and density of states in vortex
cores [28,36] and also outside for nodal superconductors
[37]. Through n or Py different scattering regimes (dirty,
clean, superclean) and scattering impurities can be identi-
fied [38-40], together with signatures for nodal/multiple
superconducting gaps [35,39,41]. It is worth stressing here
that in ac measurements, even in presence of pinning
which in dc prevents the exploration of the free flux flow
regime, the simultaneous determination of the real and
imaginary parts of the complex p,,, allows for the extrac-
tion of p 4.

Pinning constant: the elastic recall force —k ,u is due to
pinning: material defects with lowered condensation ener-
gy density allow to lower the overall system energy when
occupied by fluxons, thus becoming preferential sites for
fluxons. Describing their action as a spatially varying pin-
ning potential, the displacement u of fluxons from the equi-
librium sites (i.e the bottom of the pinning wells) is contrast-
ed by a pinning recall force. The latter, for the small
displacements occurring at high (microwave) frequencies,
can be linearized in u, with k, the so-called pinning con-
stant or Labusch parameter [42]. A rough estimation of the
maximum value k,** ~ poH 2 for core pinning of “rigid”
fluxons due to a defect having size equal to the fluxon can
be obtained equating the maximum “spring” pinning energy
12k, £2 (being & the coherence length) with the lost con-
densation energy per unit length of the vortex 1/2pyH, 62
(where H, is the thermodynamic critical field) having cross-
area oc &2 [34]. In this limiting situation (“single vortex pin-
ning”) k, is independent from B (being B=pyH, in the
London limit).

More generally, the effects of finite vortex line tension,
of heterogeneous pins, of collective pinning [34,39,43] can
be to some extent included considering an effective field
dependent & » (H).
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Thermal creep: to take quantitatively into account the
thermal effects on vortex motion, one assumes a Langevin
expression for the thermal force Fy..,. In Eq. (4) the
creep parameter 7y, then appears, with 0 <y <1. In the zero
creep y =0 limiting case, the characteristic frequency
wg = o, =k,/Mm, the well-known (de)pinning angular
frequency [44], first introduced in the seminal Gittleman—
Rosenblum work [33], which separates the low frequency,
low dissipation elastic dominated regime (0 < ®,) from
the high frequency, high dissipation regime (o> ®,). In
the opposite limit of maximum creep y = 1, thermally acti-
vated jumps completely wash out the pinning potential
leaving only a pure flux flow.

Anisotropy: lastly, it has to be noted that the above sca-
lar equations have been written considering isotropic su-
perconductors. Moreover, the Lorentz force — when J £/ B,
material anisotropy, and excitation microwave current with
different orientations on the sample surface (as typical in
many experimental setups [22]), can yield generally J } E,
so that a tensor description, with its added complexity, is
mandatory. Finally, pinning centers with different dimen-
sionalities (point, linear, planar or particles) bring an addi-
tional angular dependence, which is actively studied and
investigated to optimize technologically relevant super-
conductors [45]. A tensorial treatment of the vortex dy-
namics which enables to address these scenarios is report-
ed in [46,47].

Frequency dependence: more complex dynamics appear
when the vortex oscillation time becomes comparable with
the fluxon system propagation times of the perturbation
(e.g. in the frequency range of tens of MHz [48]), or when
more than one collective oscillatory mode takes place (e.g.
due to concurrent surface and volume pinning [49]) or when
the fluxon system is near a liquid-glass transition (below
1 GHz, as determined in YBCO [50]). In these cases, the sim-
ple Eq. (3) with its single zero/pole frequency dependence
fails and more complex models are required [39,48,51].

3. Measurement examples

In this Section we present some sample measurements,
performed at fixed frequency and temperature 7 by means of
a dielectric resonator operating at f = 47.3 GHz [52], which
exemplifies the typical information that can be gained from a
high-frequency study. Samples are cuprate thin (100-200 nm)
films: pure YBayCuzO7-s (YBCO), YBCO added with
BaZrOs-based artificial pinning centers (YBCO/BZO) to
increase pinning efficacy, and TlhBayCaCuyOg+, (TBCCO).
First presented measurements are performed by applying a
varying magnetic field (0 < pyH < 0.8 T') perpendicular to
the sample surfaces, i.e. parallel to the material crystallograph-
ic ¢ axis. The induced variations of the surface impedance
A (H)=Z,(H)-Z,(0)~=p,,,(H)/d was measured at
fixed T'=76-77 K, yielding directly p,,, >~ p since o, r is
essentially field-independent at low H. Neglecting creep
(see [53] for the evaluation of the corresponding uncertain-
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Fig. 1. p s(H) for selected T'in a YBCO sample.

ties arising through this approach), the flux flow resistivity
p (Fig. 1, in YBCO for various 7'; Fig. 2, in the various
materials at fixed 7') and the pinning constant kp (H)
(Fig. 3) are extracted through Eq. (4). It can be seen that
Py (H) vs H in YBCO is almost linear, and increases with
T, consistently with a constant m, as foreseen by simpler
models at low fields [54], according to which p 5 =p,B/B,,
(with p,, the normal state resistivity). In Fig. 2, it can be seen
that the addition of BZO particles does not significantly
change p 4+ On the other hand, the flux flow resistivity in
TBCCO exhibits larger values even if the reduced tempera-
ture is lower (7, ~92 K and 7, ~104 K for the presented
YBCO and TBCCO samples, respectively). The cause of this
large difference (almost one order of magnitude) is to be
ascribed to the fundamental physics of the quasi-particles
dissipation in the vortex cores, since p < n_l oc <(,OC‘E>;71
(see Sec. 2). Concerning pinning (see Fig. 3), it can be seen
that BZO-addition increases the pinning effectiveness, yield-
ing kp with higher values in YBCO/BZO with respect to
YBCO; TBCCO, on the other hand, exhibits the lowest va-
lues, even if the reduced temperature 7/T, is lower. Also the
field dependence changes: almost constant in YBCO/BZO,
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Fig. 2. p g (H) in various cuprate samples.
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Fig. 3. k,(H) in various cuprate samples.

hinting to more rigidly pinned and short-moving fluxons,
down to TBCCO which exhibits a pronounced decreasing
k,, linked to its softer flux lines caused by higher anisot-
ropy [39].

Figure 4 presents angular measurements performed on a
YBCO thin film at 7 = 78 K. By varying the angle 6 be-
tween the magnetic field H, with fixed intensity
Hy =0.75 T and the sample c axis, p,,,(0) was obtained.
Through the analysis described in [55], a mass anisotropy
vy =5 was determined, and hence, the kp (0). It can be seen
that kp (8) shows a feature-rich angular dependence which
allows to discriminate the superposition of the mass anisot-
ropy (wide hump) and ab planes pinning (tight peak
around 0 = 90°).

4. Final remarks

In this short review we have presented some of the physics
which can be extracted from high-frequency electrodynamic
studies of superconductors in the mixed state.

We have shown that a lot of important information can
be extracted: measuring the real and imaginary parts of the
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Fig. 4. k,(8) ina YBCO sample.
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resistivity allows for the extraction of the flux-flow resis-
tivity from the pinning effects. We have shown that the
flux-flow resistivity in YBCO exhibits a conventional,
linear dependence with the applied field. The pinning con-
stant is very material dependent. In particular, k, reaches
large values in YBCO with BZO nanorods. Moreover, the
field dependence in the YBCO/BZO sample is mainly flat,
pointing to the promotion of a single-pinning regime. By
contrast, in TBCCO kp attains its lowest values, because
of the very large anisotropy of TBCCO. We should men-
tion that we have limited ourselves to linear regimes with
respect the excitation currents power levels. When the mi-
crowave power is high enough, important nonlinear effects
set in [56,57]. Applications such as beam screen for the
future colliders in the high energy physics, where one
expects high power levels in the GHz range in intense
magnetic fields (of the order of 16 T) [11], present chal-
lenging scenarios which open new research line to be in-
vestigated.
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®isnka pyxy BUXopiB 3a JONMOMOIO BUMIpIOBaHb
MiKpOXBUITbOBOIO NOBEPXHEBOrO iMNegaHcy
(Ornsim)

N. Pompeo, A. Alimenti, K. Torokhtii, and E. Silva

3anpornoHOBaHO KOPOTKHI OIVIAA PE3y/bTaTiB, OTPHUMaHHX
IPH BUBYCHHI PyXy BHXOpIB IIPM BHCOKHMX 4acToTax. IIpencras-
JeHO (eHOMeHoNorivHMi OanaHc CcWil Uil KBa3iOJHMHOYHHX
BHUXOPIB, 1110 KOJMBAIOTHCS I1ijl BIVIMBOM MiKPOXBHJIBOBUX CTPYMiB
Ta BiIUyBarOTh B’SI3KE TEPTs, CWIIM HiHIHI'Y W TEPMOAKTHBOBAaHHUI
Kpin. OOroBOPIOIOTHCS BUXPOBHI MUTOMHIA OMIp Ta iHIII BaXKJIUBI
BUXPOBI MapaMeTpH (B’SI3KICTh 1), MUTOMHM OMIp y pexKHUMIi pery-
nspHOi Tedii pg; KOHCTAHTa MiHIHTY Ky, Ta Kpin-akrop x). Hasene-
HO MPHKJIAJ CKCICPHMEHTAIBHUX pe3yJbTaTiB I iMrocTparii
OCHOBHHX aCIEKTiB PO3TIIHYTHX (i3MYHUX MOJIEIICH.

Ki1r040Bi CJ10Ba: OBEPXHEBHIA OIip, TUTOMHI OMIp MOTOKY, KOH-
CTaHTa MiHIHTY.
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Physics of vortex motion by means of microwave surface impedance measurements

dursmka OBMKEHMS BUXPEWN NOCPEACTBOM N3MEPEHUIA
MUWKPOBOIHOBOIO NOBEPXHOCTHOIO MMMNeaaHca
(O630p)

N. Pompeo, A. Alimenti, K. Torokhtii, and E. Silva

[Ipennoxen kpaTkuil 0030p pe3yabTaTOB, MONYYCHHBIX NPH
U3y4YeHHUHU JABW)KEHUS] BUXpeH MpH BeICOKUX dacToTax. [Ipencras-
JeH (EHOMEHOJOTHUECKUH OalaHc CWI ISl KBa3MOJMHOYHBIX
BUXpEH, KOJEOIMIOmMXCsA MOJA BO3JEHCTBHEM MUKPOBOIHOBBIX

Low Temperature Physics/Fizika Nizkikh Temperatur, 2020, v. 46, No. 4

TOKOB M HCIIBITHIBAIOMINX BS3KOE TPEHHE, CHJIBI IMHHUHTA U Tep-
MOAKTHBUPOBaHHBIN Kpuml. OOCYXIaloTCd BUXPEBOC YICIBHOE
CONPOTHUBIIEHUE M APYTHE Ba)XHbIE BUXPEBbIC Mapamerpsl (Bsi3-
KOCTb 1], YACJIbHOE CONPOTHBIEHHE B PEKUME PETYISIPHOTO Tede-
HUS Pf; KOHCTAaHTA NMUHHMHIA K, n Kpun-¢paxrop ). [Tpusenen
MpUMep AKCHEPUMEHTAIBHBIX PE3YNbTaTOB [UIS HINTIOCTPALUH
OCHOBHBIX aCHEKTOB PACCMaTPUBAEMbIX (HU3NUECKUX MOJIETICH.

Kirouessie cioBa: TIOBEPXHOCTHOEC COIIPOTUBJIICHUE, YACJIBLHOC
COIIPOTUBJICHUE NOTOKA, KOHCTAHTa MMHHUHTA.
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