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ABSTRACT 

We have measured the rf p rope r t i es  o f  bu l k  and t h i c k - f i l m  

high-Tc superconductors as func t ions  o f  temperature, frequency, 

and rf f i e l d  amplitude. The rf surface res is tance t y p i c a l l y  

depended s t rong ly  on f i e l d  amplitude, bu t  the  samples remained 

superconducting up t o  the  h ighest  f i e l d s  we could apply 

(-640 gauss). For example, a t  220 MHz, the  surface res is tance of 

a bu l k  p o l y c r y s t a l l i n e  YBa2Cu307,, sample ranged from 52pn a t  

50.05 gauss and 4.2 K t o  6.3 mn a t  640 gauss and 77 K. The 

s t a b i l i t y  o f  the  rf proper t ies  o f  t h i s  sample a f t e r  storage both 

i n  a i r  and i n  vacuum were a lso  invest igated.  
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1. INTRODUCTION 

The low rf surface resistance of superconductors make these materials 
desirable f o r  the construction of high-Q cavities.  With c r i t i ca l  temperatures 

(Tc) higher than the temperature of liquid nitrogen, and w i t h  the potential 
for  sustaining surface f ie lds  as high as 27,000 gauss while remaining 
superconducting,' the ceramic-oxide superconductors are candidates for  use i n  

t h i s  application. 

Unlike the dc resistance, the r f  surface resistance of a material in the 
superconducting s ta te  i s  not zero, nor i s  i t  necessarily low. In the 
framework of a two-fluid model, most, but  not a l l ,  of the electrons are bound 
i n  Cooper pairs; the remainder are normal-conducting.* The iner t ia  of the 
Cooper pairs keeps them from responding quickly enough t o  high-frequency 
radiation t o  prevent penetration of the radiation into the superconductor. 
The r f  f i e ld  which leaks into the superconductor drives the normal-conducting 
electrons, which in t u r n  collide w i t h  the l a t t i c e  and deposit thermal 
energy. According t o  Bardeen-Cooper-Schri ef f e r  (BCS) S-wave theory, f o r  
temperatures T 5 0.5 T the rf surface resistance i s  approximately:5 

C 

R, = 5 f2 exp ( -  A) 
T T 

where A i s  a constant, f i s  the rf  frequency, and A i s  the binding energy of a 
Cooper pair. In general, a constant term R, called the residual surface 
resistance needs to be added. I t  i s  caused by i r regular i t ies  i n  the material 
and i s  therefore unpredictable theoretical ly. The r f  surf ace resistance of 
most low-Tc superconductors, such as lead and niobium, fol low t h i  S relation. 
On the other hand, tha t  of the high-Tc ceramics appears to  deviate from the 
theory, ' particularly w i t h  regard t o  temperature dependence.4s5 

The high-Tc ceramics are characteristically poor thermal  conductor^;^ 
therefore, the use of high-conductivity substrates will probably be required 
t o  keep the ceramics cold while they are exposed to hi-gh rf f ie lds .  From a 
materi als-processing standpoint, s i lver  has been found to be compatible. We 
have fabricated a variety of bulk samples, and thick films on s i lve r  
substrates, of YBa2Cu307-, (YBCO) and Bi-Sr-Ca-Cu-0 (BSCCO), and have measured 
the i r  rf surface resistances versus temperature and r f  f i e ld  amplitude a t  

Proceedings of the Fourth Workshop on RF Superconductivity, KEK, Tsukuba, Japan

SRF89G20



frequencies from 150 MHz to  40 GHz. In this paper, we describe our 
measurement techniques and notable resu l t s ,  and we comnent on future  
i n i t i a t i v e s  f o r  research and development of high-Tc superconductors f o r  high- 
power rf  applications i n  l igh t  of the resul ts .  

2. MEASUREMENT APPARATUSES 

A standard technique fo r  determining the r f  surface res is tance (RS) of a 
sample involves the  use of resonant cavi t ies .  The sample i s  inserted i n  the  
cavity and modifies the qual i ty  fac tor  of the cavity. Measurement of the  
qual i ty  f ac to r  before and a f t e r  sample insert ion enables the calcula t ion of 
R,.~,' 

We employ two types of cav i t i es  i n  our measurements. In the  transverse 
electromagnetic (TEM) cavity (Figure l ) ,  a rod-shaped sample i s  supported on- 
axis  ins ide  a long, cylindrical  outer  conductor using a quartz tube. The 
sample behaves as a resonant coaxial l i ne  such t h a t  i t s  length corresponds t o  
one half-wavelength of the  r f  f i e l d .  In the transverse e l e c t r i c  (TE) cavity 
(Figure 2 ) ,  the  sample forms the bottom pla te  of a cyl indr ical  cavi ty  which we 
made t o  resonate i n  the  TEOl2 and/or TEOll modes. We have constructed 8 
cav i t i e s ,  6 TE and 2 TEM, f o r  experiments on samples ranging from small s i z e  
up t o  15-cm-diameter p la tes  (Table 1). 

In a typical  experiment t o  measure Rs versus temperature, the  temperature 
of the  cavity was monitored w i t h  sensors mounted a t  the top and bottom outer 
surfaces of the  cavity. The cavity and sample were cooled t o  4.2 K w i t h  

l iquid helium and a measurement was taken. The helium was subsequently boiled 
away using a small heater ,  and the cavity was allowed t o  warm slowly enough 
tha t  the  two sensors recorded the same temperature t o  within 0.5 K. T h i s  

assured a condition of approximate thermal equilibrium i n  the  cavity.  

For isothermal measurements of R, a s  a function of r f  f i e l d  amplitude, a 
TEM cavity was used. The cavity and quartz tube were flooded w i t h  e i t h e r  
l iquid helium or  l i q u i d  nitrogen so t h a t ,  a t  a l l  times, the  temperature of t he  
sample was known unambiguously. The peak r f  magnetic f i e l d  a t  the surface of 
the  sample was determined from the voltage reading of a cal ibra ted pick-up 
probe located halfway between the end-plates of the cavity,  a s  shown in  
Figure 1. 
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Figure 1. Generic TEM cavity. The sample is a rod 
acts as a resonant coaxial line. 
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Figure 2. Generic TE cavity. The sample is the bottom 
surface of the cavity. 
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Table 1. Apparatuses f o r  RF Measurements 

Cavi ty  Frequencies Capab i l i t i es  

TEM Cu 150-600 MHz .Large Samples (rods) 
RF Breakdown 

TEM Cu 600-1500 MHz Large Samples (rods) 
RF Breakdown 

T E ~  1,0129 TEM 1.5-4 GHz Large Samples (rods and p la tes  t o  200 cm2) 
ku, ~b Small Samples (disks, s ing le  c r y s t a l s )  

RF Breakdown 

T E ~ 1 1 , ~ 1 2  CU 8.0-12.4 GHz Large Samples (d isks and p l a t e s  t o  20 cm2) 

TE011,012 Cu 12.4-18 GHz Medium Samples (d isks  and p la tes  t o  7 cm2) 
TE011,012 CU, Nb 26.5-40 GHz Smal l Samp es (d isks and p l a t e s  t o  1 1.7 cm , s i n g l e  c r y s t a l s )  

Add i t i ona l  de ta i  1s on these c a v i t i e s  and the  measurement techniques can 

be found elsewhere. 10- 12 

3. RESULTS 

3.1 BULK POLYCRYSTALLINE RODS 

We fab r i ca ted  several bulk ceramic YBCO rods from phase-pure YBCO powder 

which was combined w i t h  several organics t o  form a p l a s t i c  mass and then 

extruded.13 A f t e r  f i r i n g ,  one such rod had a diameter o f  0.44 mm and a length  

o f  80 cm. To do measurements a t  d i f f e r e n t  frequencies, we broke t h e  rod  t o  

o b t a i n  the  desi red length. I n i t i a l  measurements a t  low rf f i e l d  amplitude 

(Brf) were taken a t  4.2 K and 77 K a f t e r  fabr ica t ion ,  and t h e  rod  was stored 

i n  a i r  f o r  t e n  months. Both l ow- f i e ld  and h i g h - f i e l d  measurements were then 

made. The low-f i e l d  measurements from the two t ime per iods agreed, i n d i c a t i n g  

t h a t  t he  rf p roper t i es  o f  the  sample were stable over t h e  ten-month 

i n t e r v a l .  Add i t iona l  low-f i e l d  measurements were made a f t e r  s t o r i n g  t h e  

sample i n  vacuum f o r  38 days. No s i g n i f i c a n t  change i n  the  l o w - f i e l d  data was 

observed. The lowest R, measured was 51.1 ~n a t  4.2 K arid 175 MHz. 

The l o w - f i e l d  behavior o f  Rs  i s  p l o t t e d  i n  Figure 3. It i s  character ized 

by a sharp t r a n s i t i o n  between the  superconducting s t a t e  and the  normal 

,s tate.  The frequency dependence o f  R, was approximately quadra t ic  a t  a l l  

temperatures below Tc = 9 1  K and was approximately square-root j u s t  above 
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Figure 3. Surface res is tance o f  bu lk  YBCO versus temperature a t  th ree  
f requencies and a t  low f i e l d  (Brf 2 0.05 G). Low-f ie ld data  

f o r  a bu lk  Pb-doped BSCCO sample a t  1.1 GHz i s  a lso  shown. 

Tc. The temperature dependences o f  F igure 3 d i d  not  f o l l o w  e i t h e r  BCS theory  

o r  a s i n g l e  power law over a wide temperature range. For comparison, t h e  low- 

f i e l d  Rs a t  -1 GHz of a t yp i ca l ,  s i m i l a r l y  f a b r i c a t e d  bu lk  r o d  o f  

Bi1.6Pb0.4Sr2Ca2C~30y i s  a l s o  shown i n  F igure  3. This sample has a t r a n s i t i o n  

temperature o f  approximately 110 K. 

The dependence o f  Rs on the rf f i e l d  amplitude a t  the  center  o f  t h e  YBCO 

sample f o r  T = 4.2 K and 77 K i s  i l l u s t r a t e d  i n  F igure  4. The sur face 

res i s tance  increased monotonical ly  as Brf was ra ised,  passing through a 

t r a n s i t i o n  reg ion  character ized by a st rong Brf -dependence, and s a t u r a t i n g  a t  

a value rough ly  5 percent o f  the  normal-state surface res i s tance  j u s t  above 

Tc. The sample remained superconducting out  t o  the  h ighest  f i e l d  achieved, 
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Figure 4. Surface res is tance o f  bulk YBCO versus rf 
f i e l d  amplitude a t  T = 4.2 K and T = 77 K. 

Brf 640 G ( a t  77 K and 190 MHz). I n  the  t r a n s i t i o n  regions, R, was s t r o n g l y  

dependent on temperature and exh ib i ted  a frequency dependence which was 

approximately quadrat ic.  I n  the h i g h - f i e l d  region, on the  o the r  hand, RS 
showed a weak dependence on both temperature and frequency. 

3.2 THICK POLYCRYSTALLINE FILMS ON S1 LVER SUBSTRATES 

I n  e a r l i e r  e f f o r t s ,  t h i c k  f i l m s  o f  YBCO were fab r i ca ted  by app ly ing  

s l u r r i e s  t o  s i l v e r  substrates, and several o f  these f i l m s  had rf surface 

res is tances comparable t o  bulk specimens. 14,15 We have r e c e n t l y  fab r i ca ted  

t h i c k  f i l m s  o f  BSCCO on s i l v e r ,  again by apply ing h igh -v i scos i t y  

s l u r r i e s .  l6 Two d i f f e r e n t  processing techniques were used; "4336" sampl es 

were produced using powders der ived from the compound Bi4Sr3Ca3Cu6OX, and a 

"2212" sample was produced using powders der ived from Bi2Sr2CaCu2OX. A l l  o f  

t h e  f i l m s  were approximately 80-pm th ick ;  t he  4336 samples had diameters of 

1.3 cm and 15 cm, and t h e  2212 sample had a 5.1 cm diameter. None o f  t h e  

samples was e n t i r e l y  phase-pure as judged by x-ray d i f f r a c t i o n .  
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The rf sur face res is tance of these samples was measured as a f u n c t i o n  o f  

temperature a t  low rf f i e l d  amplitude (50.1 gauss) us ing  th ree  o f  t h e  copper 

TE c a v i t i e s  described i n  Table 1. The data  i s  shown i n  F igure 5. The 4336 
samples had Tc = 81  K, and t h e  2212 sample had Tc = 83 K. The surface 

res is tances  measured a t  low temperatures were approximately cons is ten t  w i t h  a 

quadra t ic  frequency dependence, i nd i ' ca t i  ng t h a t  t h e  rf performance o f  t h e  4336 
and 2212 f i l m s  were comparable desp i te  t h e i r  very d i f f e r e n t  processing 

procedures. A t  low temperatures, t he  2212 sample behaved l i k e  room- 

temperature copper a t  t he  X-band frequencies o f  t he  rf f i e l d s  t o  which i t  was 
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Figure  5. RF sur face res is tance versus temperature o f  BSCCO t h i c k  f i l m s  
on s i l v e r  a t  low f i e l d  (Brf 5 0.1 G). C i r c l e s  correspond t o  
t h e  4336 samples; t r i a n g l e s  correspond t o  t h e  2212 sample. 
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exposed. The performance o f  these f i l m s  was a lso  s i m i l a r  t o  t h a t  achieved 

r e c e n t l y  i n  bulk BSCCO. For a 2212 p e l l e t  o f  surface area 0.013 cm2, a 

sur face res is tance o f  3.0 mn a t  3 GHz, 4.2 K, and low f i e l d  has been 

reported,17 which i s  comparable i n  magnitude t o  RS o f  the 15-cm-diameter 2212 

f i l m  w i t h  l a r g e r  surface area (182 c$). 

As a f i r s t  step toward i d e n t i f y i n g  ways t o  improve the rf proper t ies  o f  

p o l y c r y s t a l l i n e  BSCCO, we acquired a h igh l y  tex tured bulk sample o f  

Bi1.6Pb0.4Sr2Ca2Cu30y of dimensions 2 cm i n  diameter by 0.5 m i n  thickness. 

The i n t r o d u c t i o n  o f  Pb i n t o  the  BSCCO l a t t i c e  r e s u l t s  i n  zero dc res is tance a t  

temperatures near 110 K. We measured the surface res is tance o f  t he  sample as 

a f u n c t i o n  o f  temperature a t  29.2 GHz i n  a TE c a v i t y  a t  low f i e l d .  As i s  seen 

i n  F igure 6, t h e  t r a n s i t i o n  from the  normal s ta te  t o  the  superconducting s t a t e  

s t a r t e d  a t  Tc = 110 K; it was broad by comparison w i t h  the  t r a n s i t i o n  o f  t h e  

t h i c k  f i l m  on s i l v e r .  A t  temperatures T 2 77 K, the  surface res is tance o f  t he  

Pb-doped sample was lower than t h a t  o f  the  undoped sample by a fac to r  -5. 
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Figure 6. Comparison o f  rf surface res is tance versus temperature a t  low 
f i e l d  o f  bulk Pb-doped BSCCO versus BSCCO t h i c k  f i l m  on s i l v e r  a t  
29.2 GHz. 
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4. DISCUSSION 

Resonant superconducting cav i t i es  f o r  high-power rf appl ica t ions need t o  

have low surface resistances whi le sustaining high peak f i e l d s  on the cav i t y  

wal ls. For example, a resonant s t ruc ture  f o r  accelerat ing charged p a r t i c l e s  

w i l l  r equ i re  surface resistances no higher than a few tens o f  micro-ohms a t  

surface f i e l d s  as high as a few hundred gauss and a t  frequencies i n  the  range 

200-1800 MHz. Our data on bulk Y B ~  (Figure 4) i nd ica te  t h a t  a t  low f ie lds ,  

s u f f i c i e n t l y  low surface resistances are achieved, but  a t  high f i e l d s  (e.g., 

2100 gauss) the  surface resistance i s  too  large by a f ac to r  of -100. Our 

observation t h a t  the sample remains superconducting a t  h igh rf f i e l d  i s  

favorable, however. 

The BSCCO t h i c k  f i l m s  may also have surface resistances o f  i n t e r e s t  a t  

low f i e l d s .  I f  they have a quadratic frequency dependence over a s u f f i c i e n t l y  

wide range o f  frequencies, then, f o r  example, t h e i r  low- f ie ld ,  low-temperature 

surface res is tance a t  200 MHz would be -40 pn. I f  the h igh ly  textured bulk 

sample o f  Pb-doped BSCCO a lso exh ib i t s  a quadratic frequency dependence, i t s  

projected surface resistance at  low f i e l d  and low temperature i s  -2 pn a t  

200 MHz, a value comparable t o  t h a t  observed i n  the bulk YBCO sample. 

Other inves t iga to rs  have also seen a pronounced r f - f i e l d  dependence o f  Rs 

i n  p o l y c r y s t a l l i n e  high-Tc superconductors,'* though it i s  uncer ta in  whether 

s ing le  c r y s t a l s  e x h i b i t  t h i s  property. An attempt t o  f i n d  field-dependence i n  

YBCO s ing le  c r y s t a l s  gave r e s u l t s  i h i c h  were near ly independent o f  f i e l d .  19 

However, i t  seems tha t  t h i s  data re fe r s  t o  upper bounds. Thus, although i t  i s  

c l ea r  t h a t  the  surface resistance o f  s ing le  c r ys ta l s  can be lower than 

po lycrys ta ls ,  the f i e l d  dependence o f  the surface resistance o f  s ing le  

c r ys ta l s  i s  s t i l l  an open question. 

The poor thermal conduct iv i ty  o f  the ceramic oxides motivates the  

development o f  t h i n  f i l m s  on high-conductivi ty substrates. The minimum f i l m  

thickness must be o f  the order o f  1 vm, corresponding t o  a few rf penet ra t ion 

depths, i n  order t o  sh ie ld  the substrate from the rf f i e l d .  To coat 

complicated geometries, f o r  example s t ruc tures used i n  i o n  accelerators,20 a 

method t ha t  does not involve l i ne -o f -s igh t  deposi t ion may be needed, such as 

chemical vapor deposit ion. Accordingly, the next step toward p r a c t i c a l  high- 

power rf appl ica t ions o f  these mater ia ls i s  the production o f  su i tab le  t h i n  

f i lms, f i r s t  on large surface areas, and second on compl ica ted shapes. 
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I n  view o f  the h igh- f ie ld  propert ies o f  po lycrys ta l  l ine  ceramics 

described here, i t  i s  necessary t o  measure the surface resistance versus f i e l d  

o f  t h i n  f i lms.  Information from these measurements w i l l  a i d  those who 

fabr i ca te  the f i l m s  i n  an i t e r a t i v e  process t o  reduce the h igh- f ie ld  surface 

resistance t o  useful  levels. To i n i t i a t e  t h i s  process, we are now bu i ld ing  a 

niobium c a v i t y  f o r  h i gh - f i e l d  measurements a t  850 MHz o f  f l a t  samples w i t h  

surface areas nominally 6.5 cm2. I n  the meantime, u n t i l  a method f o r  

producing f i l m s  wi th  adequate rf proper t ies  i s  found, niobium w i l l  continue t o  

be the mater ia l  o f  choice f o r  the construct ion o f  high-power resonators. 
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