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ABSTRACT

We present a brief description of the role played by the motion of magnetic vortices in the power dependence and
non-linearity of high T, superconductorsat rf and microwave frequencies. We then review the current understanding
of vortex motion at rf and microwave frequencies, and present broadband (45 MHz - 50 GHz) experimental results
which shows a striking crossover in the behavior of the vortex dynamics from a low-frequency interaction-dominated
regime, to a high frequency essentially single-particle regime. Finally, we discuss the impact these different regimes
of vortex motion have on the design and operation of high T, rf and microwave devices.
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1. INTRODUCTION

The most promising near-term significant application of high T, superconductivity is in rf and microwave
subsystems and components. Many of these applications require superconducting devices to operate under non-
optimum conditions, such as large magnetic fields and/or high microwave power. Under such conditions, where
high microwave power may induce an rf critical state,! the most significant limitations to the widespreaduse of
high T, components are the considerable power dependence exhibited by both passive and active devices, and higher-
order harmonic generation caused by non-linearities in the surface impedance. Many of these limitations are directly
related to the generation and/or motion of magnetic vortices under the influence of rf or microwave fields.

The importance of understanding vortex motion at microwave frequencies results from a simple
consequence: vortex motion in a superconductor causes loss. In addition, at finite frequencies the presence of
vortices will influence the surface impedance, causing non-linearities which can give rise to unwanted harmonic
generation and mode conversion. The frequency range from 45 MHz to 50 GHz includes many technologically
important applications, such as cellular telephone, PCS, and radarsysiems, and many devices that operateat these
frequencies will need to explicitly take into account the effectsof voriex motion if they are expected to operate at
high powers or fields. Also, such information is essential for non-reciprocal devices such as circulators and isolators
that require a fixed magnetic field to operate.?

This paper will examine the effect of the driving frequency on vortex motion in thin-film superconductors
in this high-field/high-power regime, with the ultimate goal of understanding the source of the power dependence and
non-linearity of presentand future high T, microwave devices. We will not address the issue of how vortices enter
the film, but will focus instead on the response of high Tc thin films when magnetic vortices are present. We find
that the response of the superconductor depends sensitively on the driving frequency, with a given response at low
frequencies(< 1 GHz), and a very differentresponse for high frequencies (> 10 GHz) for many temperatures and
magnetic field strengths.

2. VORTEX MOTION AT RF AND MICROWAVE FREQUENCIES

Here we will attempt to describe how one understands vortex motion in superconductors at rf and
microwave frequencies. We will simplify the discussion by examining separately the low frequency and high
frequency limits in the context of various theoretical models, and then will address what happens experimentally in
these two regimes, as well as in the intermediate frequency region.
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In the conventional superconductors, one understands the low frequency ac response in terms of the same
mean-field phase diagram that one uses at dc. At fields and temperawres above H,(T) one enters the mixed state,
characterized by a rigid Abrikosov vortex lattice that persists until the upper critical field, H.,(T), is exceeded. The
response in the mixed state at finite frequenciesis govemned by the strength of the pinning in the material, with
“superconducting” behavior observed as long as the ac current density is less than the dc critical current value. In the
high frequencylimit, however, one can observe drastically different behavior:3  the sudden onset of loss occurs in
the superconductoras one passes a characteristic frequency (called the “depinning frequency”), even with subcritical
ac current densities. Above this frequency the entire vortex lattice oscillates in phase with the driving frequency,
giving the same response as one would observe in the absence of any pinning. Hence for conventional
superconductorsin the mixed state, one can clearly demarcate two distinct regions in frequency: a low-frequency,
lossless regime in which the vortex lattice is effectively pinned (fd4epin) » and a high-frequency, lossy regime (f>
faepin) in which the response of the vortex lattice is the same as if :ge pinning were absent and the vortices were
free to move. For the conventional superconductor Pbln, the “depinning frequency”is on the order of ~7 MHz a
1.7 K, while for NbTa at 4.2 K the value is ~26 MHz.3

In the high T, superconductors a number of factors, such as the short coherence lengths, strong anisotropy,
and large thermal energies conspire to make the situation in the mixed state more complicated. In the low frequency
limit the main effectson the mixed state are the following: (a) the vortex lattice state is replaced by a novel vortex
glass state, in which the long range crystalline order of the vortex lattice is destroyed by pinning disorder and
thermal fluctuations, and (b) the appearance of a “vortex liquid” state at fields and temperatures well below the upper
critical field H_o(T). Fig. 1 shows a possible phase diagram for the high T, superconductor YBa,;Cu304 g
(YBCO).4 The vortex glass state remains a “true superconducting” state in which the losses g0 to zero in the limit
of very small current. For large currents, however, the current-voltage response in the vortex glass state can become
very non-linear. The vortex liquid state is characterized by finite losses in the superconductor for arbitrarily small
currents. This means that any practical device that makes use of superconducting properties must be operated well
below the vortex “melting” transition H.m(T).5
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Fig. 1. Possible vortex phase diagram for YBCO. The “melting” line H(T) separates a vortex solid state from a
vortex liquid state. The data points represent an experimental determination of the phase boundary as
discussed in section 4.

The existence of a vortex glass state and the associated glass to liquid transition has been predicted by
Fisher, Fisher, and Huse.6 Experimental evidence for such a transition has been observed in dc measurements’ and

SPIE Vol. 2559/ 39



in finite frequency measurements8:9 on YBCO thin films. The finite frequency measurements show that at the
liquid to glass transition the frequency dependence of the real andimaginary parts of the complex resistivity can be
written as power laws:

p1(0) ~ 0™ p2(0) ~ ©*2

with a = ay (= 0.73) at the vortex liquid to glass transition9, and with &) > (<) a, below (above) the glass to
liquid transition. The ac measurements described above did not extendinto the microwave regime, with the highest
measured frequency being approximately 600 MHz. It should be pointed out that in the conventional
superconductors this “melting” transition occurs essentially at the upper critical field H o(T) and the vortex liquid
region in the H-T phase diagram is unobservably narrow.

For the high T, superconductors one might also expect qualitatively different behavior if the driving
frequency is sufficiently high. This is because as the measurement frequency increases, the probing time scale
becomes shorter, not allowing vortex lines enough time to interact with other vortices. Hence for high frequencies
one might expect mean field models such as those employed for conventional superconductorsto be more
appropriate than the vortex interaction based glass/liquid models mentioned above. In this limit the vortices behave
as individual flux lines. However, the short coherence length and random pinning potential in the high T,
superconductors mean that the interaction between the pinning potential and the vortices may be more complicated
than for the conventional superconductors, where it is assumed that the rigid vortex lattice interacts with a single
periodic pinning potential.

Several experiments performed on YBCO films at microwave frequencies (~10 GHz)m'12 have been
successfully interpreted using mean-field based models.]3 Measurements in the terahertz mgime14 (500 GHz-1
THz) also support the mean-field picture. In addition, far infrared measurements! > are also in agreement with
single-particle models’ 6 that neglect vortex-vortex interactions. The value of the “depinning frequency” for YBCO
extracted from the microwave measurements! 912 seems to be much higher than for the conventional materials (~40
GHz at 77 XK!1), which would imply a much wider operational frequency range for a high T deviceat a given
temperature. However, these results seem to be in contradiction with the lower frequency experiments that support
the vortex glass-based models described above.

3. EXPERIMENT: CORBINO MEASUREMENTS

Given the above considerations, measurements on superconductors spanning a wide frequency range in the
rf, microwave, and millimeter-wave regimes seem very desirable. Fig. 2 shows the experiment setup of such a
measu:vfe,mem,17 in which the superconducting film forms a short circuit across a coaxial transmission line. The
complex reflection coefficient Sy is then measured over the continuous frequency range from 45 MHz to 50 GHz
using an HP8510C vector network analyzer. The measured reflection coefficient Sy is relatedto the surface
impedance Z of the film by the relation

Z(TB,0) = Zo 1+ Su(T.B.0)

1-811(T.B,w)
where Zj is the characteristic impedance of the TEM mode in the coaxial line. For a film of thickness tg << A
(where A is the penetration depth of the film), the measured surface impedance can be simply relatedto the complex
resistivity p* (= p; + ipp) by

' zTBw)=EE30) (<<
10

Hence by measuring the complex reflection coefficient of a superconducting film as a function of frequency,
temperature, and external magnetic field strength, we are able to obtain simply the complex resistivity over this

wide parameter space. Note also from Fig. 2 that the superconductor can be biased with a dc currentand that the &
resistance can be measured simultaneously with the ac measurement.

Such an experimental configuration offers several advantages. The disk-shaped region of the sample
exposed between the inner and outer coaxial conductors is referred to as the Corbino geometry, and is beneficial
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when studying vortex motion because the edges of the sample are effectively eliminated and do not contribute to the
creation and/or pinning of vortices. The coaxial geometry also means that the same mode (TEM) can be used to
measure at all frequencies, as opposed to stripline or microstrip resonators, which use different modes, and hence
different field distributions, for different (discrete) frequencies. Another result of using the coaxial TEM mode is that
the field distribution in the film is particularly simple, with the fields and currents proportional to 1/r, and uniform
throughout the film thickness (for sufficiently thin films).
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Fig. 2. Schematic diagram of reflection measurement apparatus. The coaxial cable can also be biased with an
external dc current. The inset shows a top view of the Corbino contact to the superconducting film.

The experimental technique described above can be used to measure the response of the superconducting
mixed state over a very wide and technologically important frequency range (45 MHz - 50 GHz) in the f and
microwave regime. The sensitivity allows for measurement of changes in the complex resistivity p* of ~10-9 Qm
at low frequencies for a 1000 A film. Also, for a perfectly conducting standard, the system measures a reflection
coefficientof magnitude unity to +4% over the entire frequencyrange. The ac currentdensity can also be varied, by
changing the microwave power, although for the measurements described here it was kept small, approximately 80-
200 A/cm2. Experiments were carried out with several c-axis YBCO thin films of thickness ~1000A fabricated by
pulsed laser deposition on LaAlO4 substrates.
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4. EXPERIMENTAL RESULTS

Data from our measurements of the mixed state of YBCO thin films is shown in Figs. 3 and 4, which
display the frequency dependenceof the real and imaginary parts respectively of the complex resistivity at a
temperature of 80.2 K and an applied magnetic field of 0.4 T. The complex resistivity p* relates the time dependent
electric field to the time dependent current density in the superconductor according to

E=p*]

The real part of the complex resistivity p; is a measure of the energy loss, while the imaginary part p, is a measure
of the reactance, or energy stored. Also shown Fig. 3 are mean-field fits to the data(dashed lines), and fits to the
vortex solid to liquid scaling forms p; ~ ©%1 ad p, ~ @2 (solid lines). The fitting function for the mean field
fits is taken from ref. 13 and is given by

€+ (m'r)2 +i(l-g) wt
1 + (01)?

where py is the flux-flow resistivity, which is the loss one would measure due to vortex motion with no pinning:
pr = Bog/n, where 7 is the vortex viscosity coefficient, B is the applied magnetic field, and ¢ is the flux quantum.
Also, ¢ is the flux-creep factor (which is bounded between 0 and 1) and 1 is the plucked vortex relaxation time.

p*(w) = pf

Figs. 3 and 4 clearly show one of the major results of our work: at low frequencies the data follow the
vortex solid to liquid scaling models, while at high frequenciesthe data show good agreement with a mean field
description. Measurements carried out at other points in the B-T phase space near the liquid to glass transition show
similar behavior. The cross-over frequency from scaling to mean-field behavior occurs for the data in Figs. 3 and4
at about 10 GHz, and the data shows a smooth transition from the low-w regime to the high-© regime. We can
obtain the characteristic vortex relaxation time T (which gives the “depinning frequency” f4.;-~1/1) from the mean-
field fit 1o the high frequencydata. We find for instance at T=78 K and H=0.3 T, that 1/t ~ 13 x 109 sec-1, which
is somewhat larger than earlier results from YBCO crystals,! 8 but smaller than that obtained for a thick (~1um)
YBCO film.11 Also, using the value of pf obtained from the fit, we extractm ~ 2 x 10-8 Nsec/m? for T=80.2 K
andHy, =0.4 T. The mean-field fits also give valuesof € in the range 0.05 < € < 0.5 for80 K< T < 86 K and0
<Hyg<1T.

p, (107 Qm)

Frequency (GHz)

Fig. 3. The frequency dependence of p; () for a YBCO c-axis thin film at T=80.2 K and H=0.4 T. The solid line
represents p; %1, with oy = 0.81, and the dashed line represents the mean-field fit. The inset shows
the same data on a log-log plot.
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Fig. 4. The frequency dependence of P2( ) for a YBCO c-axis thin film at T=80.2 K and H=0.4 T. The solid line
represents p, o ©%2, with a2 = 0.93, and the dashed line represents the mean-field fit The inset shows
the same data on a log-log plot.

We can also gain some insight into the nature of vortex motion from the detailed shape of the P vs. Hyg
curves shown in Fig. 5, which displays p)(H) measuredat T=83.5 K for various frequencies, along with mean-field
fits. The mean-field fits are obtained using the full expressions for p* (given above)and 1t = n/xp[{loz(v) -
1}/(1, (v) In(v)}) with variablesv = UpH)2kgT and e = Io(v)z, where Ig(v) and I, (v) are modified Bessel functions
of the first and second kind, which account for the thermally activated hopping of vortices over barriers of height
Up. Note that v can be written as v = H*/H if we assume the barrier height depends on the magnetic field as Ug~
1/H, so that H = H* represents the field at which Up(H) = 2kgT andsignificant flux creep begins to occur. The data
measuredat 11 and 13 GHz follow the mean-field description for all fields. The 11 and 13 GHz fits yield values for
H® ~ 3.5 Tesla, N ~3.2 x 10-® Nsec/m2 and a pinning force constant x, = 3.5-4.5 x 103 N/m2, The low
frequency data (f=3 GHz and 6 GHz), however, cannot be reconciled witg the mean-field fit with reasonable
parameter values. The magnetic field dependence therefore corroborates the conclusion drawn from the frequency
dependent data: the mean-field description is adequate for the high frequency data (f > 10 GHz) while the low
frequency data requires consideration of vortex-vortex interactions,

The p; vs. H curves for the high frequency data can also be used to locate approximately the “melting
transition” in the H-T phase diagram. If we take as a criterion for melting that p; (H,,)) = 0.1p,, wherep, is the
normal state resistivity at T, then one obtains for the “melting line” the points shown in Fig. 1. The field for
which this criterion is satisfied also corresponds to a peak in the quantity po(H)/H vs. H, which is the imaginary
part of the dynamic mobility of the vortex in the mean field picure!3 (p* = Boou*, wherep* is the complex
dynamic mobility). Although this is not a stringent criterion for the melting of the vortex lauice,d it provides an
order of magnitude estimate for H.,(T).

DI ION

Our experimental results serve to connect two seemingly contradictory sets of experimentalresults. The &
and low frequency experiments show much evidence for the existence of a vortex glass/liquid state. However,
microwave, THz, and far-infrared experimental resuits are well described by the mean-field models. Our experiments
show that both sets of results are in fact consistent, with the broad frequency range of our measurements providing a
bridge between these two very different regimes. The crossover from the vortex glass/liquid scaling behavior to the
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mean-field-like behavior as the frequency increases is likely relatedto a crossover from intervalley transitions,}9
where the vortices move collectively by thermally activated hops between different metastable states in the random
pinning potential, 10 intravalley oscillations,! 9 where the vortices move individually and the motion is dominantly
confined within the random pinning potential well. Here we will consider the implications of such a picture for
practical devices expected to operate at rf and microwave frequencies.

p,(107 Qm)

H(Tesla)

Fig. 5. Field dependence of p; (H) fora YBCO thin film for various frequencies at T=83.5 K. Dashed-dot lineis a
mean field fit for 3 GHz. Solid line and dashed line are mean field fits for 11 and 13 GHz respectively.
Inset p;(H) for OSH<IT.

The lack of a theory for the finite frequencyresponse of both the vortex glass and vortex liquid states away
from the glass-to-liquid transition makes it difficultto accurately predict the response of a device operated in these
regions of phase space. Our results indicate that one must go to high frequencies (> 10 GHz for the emperatures
and field strengths investigated here) before the details of the pinning potential and vortex viscosity become
important. It is therefore necessaryto further study the ac response, particularly of the vortex glass state, to better
predict the behavior of a practical device operated in this (large) region of the B-T phase diagram.

Note that the scaling theory predicts the behavior of p(w) at the vortex glass-to-liquid transition will be
universal, independent of the microscopic details of the system, so that there s little one can do experimentally to
engineer the vortex behavior at the glass-to-liquid transition. However, if one wants highly reproducible surface
impedance properties in a magnetic field, the vortex glass-to-liquid transition is very attractive. To take advantage
of this, one can design a non-reciprocal device to operateat a magnetic field strength and temperature which is near,
but just below, the vortex glass-to-liquid transition.

The complicated mixed state response of the high T, superconductors has many other consequences for
applications. The existence of a “melting” transition well below the upper critical field imposes additional design
constraints for high T, devices. To fully exploit the advantages offered by superconducting materials, such devices
should be operated below the “melting” line H_(T) shown in Fig. 1. Therefore, for both dc and rf/microwave

devices, it is important to maximize the pinning strength of the material, in order to push the melting line H_(T) to
the highest possible fields and temperatures.

The existence of a “depinning frequency” implys a maximum operable frequency for an ac deviceat a given
field and temperature. The mean-field expm::ssion1 3 for fdepin =1k ~ Kpm shows that increasing the strength of the
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pinning also helps to increase the “depinning frequency.” Above this frequency the pinning strength of the material
becomes less and less important, and materials controls lose their effectiveness.

6. CONCLUSIONS

In summary, understanding the behavior of vortices in high T_ superconductors at rf and microwave
frequenciesis necessary for the development and operation of many practical high T, devices. To that end, we have
shown experimental evidence for a crossover in the frequency response of the mixed state of the high T,
superconductor YBCO from a low-frequency regime that can be described by vortex glass/liquid models to a high
frequency regime which can be well described by mean-field models. Such experimental results provide important
insights into the power dependence and non-linearities of high T, microwave and rf devices, which helps to remove
these barriers to the more widespread application of superconductivity at 1f and microwave frequencies.
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