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We investigate the interaction of two centimeter-band microwaves produced by radiation 
incident on the surface of a ceramic sample. The main nonlinearity mechanism in this interaction 
is of the Josephson type. The experimental results are evaluated in the context of a model of long 
Josephson junctions. In a strong constant magnetic field the wave interaction is due to pinning of 
a soliton lattice. 

INTRODUCTION 

The microwave response of HTSC has a clearly pro- 
nounced nonlinear character. This is manifest in the depend- 
ence of the surface resistance on the wave amplitude, the 
subject of many recent investigations of both filmsis2 and 
ceramic ~ ~ e c i m e n s . ~ - ~  

We have used the more convenient, in our opinion, two- 
frequency method of investigating the nonlinear response of 
a superconductor when one wave (weak) directed to the 
sample is a probing one, and study the impedance at the 
frequency of this wave. The amplitude of the second wave 
responsible for the change of the impedance can be varied in 
a wide range. We use the model of long independent Joseph- 
son junctions to describe the interaction of two waves in a 
HTSC in the presence and absence of a constant magnetic 
field. 

where p is the phase difference between the wave incident on 
the cavity and the reference wave. Using switch 6 to set a 
phase shift e, = 0 or q, = 37/2, we can measure the real part 
r' or the imaginary part T" of the reflection coefficient. 

Generator pulse I changed the reflection at the frequen- 
cy w and the oscilloscope screen displayed a corresponding 
pulse duplicating exactly the form of the initial pulse, at least 
at pulse durations r, < 10 ps. At resonance the reflection 
coefficient is real and the expression for I" takes the simpler 
form 

Here q, = Q ; ' and qo = Q ; ' are the energy losses inside the 
cavity and in the coupling elements. The internal losses are 
determined by dissipation in the walls and in the specimen. 

EXPERIMENT AND RESULTS 90 = 4wa11 $- qsp = 4wa11 + PRs. (4) 

A YBaCuO disk 18 mm in diameter and 2 mm thick was 
placed on the bottom of a cylindrical cavity tuned simulta- 
neously to two frequencies, wl/237= 9.4 GHz and w/ 
237 = 18 GHz. At the lower of the frequencies the power was 
modulated by rectangular pulses and could vary in a wide 
range. The irradiation at the high frequency o was contin- 
uous. The experimental setup is shown in Fig. 1. The setup 
could record changes of the real or imaginary part of the 
surface impedance of the sample. It was possible to vary in 
the experiment and record with required accuracy the tem- 
perature and the external field; the pump power (of the 
strong wave of frequency w, ) was adjusted by an electrically 
driven attenuator and measured with a thermistor bridge. 
The voltage on diodes 7 and 8 was determined by the inter- 
ference of the waves reflected from the cavity and from the 
piston, with amplitudes TEinc and E,,,, respectively: 

Here R,  is the surface resistance of the specimen is a geomet- 
ric factor that takes into account the structure of the mode 
and the shape of the specimen. This very same factor deter- 
mines the frequency shift, in view of the finite imaginary part 
Xs of the surface impedance:' 

If the phase is chosen equal to zero, the signal on diode 7 is 
proportional to AR, in the time of the pulse AUof generator 
I : 

The coefficient r of reflection from the cavity takes here 
near the resonant frequency the form? 

where Q, and Qo are the external and intrinsic Q of the cav- 
ity, wo is the cavity frequency, and Aw = w - w, is the devi- 
ation from resonance. Choosing a reference-signal ampli- 
tude such that Eref > I'Ein, we get 

U-TIEin,Eref cos p + T"EinCEref sin p,  (2) 

FIG. 1. Block diagram of setup for the observation of microwave interac- 
tion. 1--Oscillator of frequency o , / 2 ~  = 9.4 GHz, 2-oscillator of fre- 
quency o/2a = 18.4 GHz, 3--cavity with sample, 4--dual waveguide 
bridge, 5-attenuator with electric drive, &movable piston, 7.8-micro- 
wave diodes, 9-stroboscopic integrator, I W c  voltmeter, Il-micro- 
wave power meter. 
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The circuit of the diode 8 does not respond to short pulsed 
signals, but records slow changes AR, due to change of the 
temperature or of the external magnetic field. The presence 
of two coupling irises in the cavity made it possible to change 
it at high frequencies for transmission, a fact used to estimate 
the ratio AR,/R, . 

The experimental results are shown in Figs. 2-5. 

DISCUSSION 

The sensitivity of HTSC ceramic samples to both con- 
stant and microwave magnetic fields is due to the presence of 
a large number of weak Josephson couplings between the 
superconducting granules. Microwave investigations make 
it possible to estimate the parameters of these couplings. 
Many studies have been made of the influence of a constant 
magnetic field Ho on the surface impedance Z(Ho,w) of ce- 
ramic HTSC samples (see, e.g., Ref. 8). The method used in 
the present study makes it possible to investigate the sup- 
pression of Josephson couplings by microwave fields for dif- 
ferent dc fields. Thus, the interaction of a Josephson medium 
with microwave fields is characterized by two physical pa- 
rameters, the impedance Z(Ho,w) at the test frequency w 
and its change AZ(Ho,Hl,w,w,) by application of an addi- 
tional microwave field H ,  at a frequency w ,. We shall discuss 
mainly the real part of the impedance, i.e., the surface resis- 
tance R, (Ho,w) and its change AR, (Ho,Hl,o,w,). The field 
dependences of these quantities are characterized by the fol- 
lowing distinguishing features: 

1. At H, = 0 the surface resistance R, (Ho,w) saturates 
in sufficiently strong constant magnetic fields 
Ho>H0,,, -3 30 Oe (Fig. 2a). 

2. For each value of Ho the surface resistance is in- 
creased by additional pumping at a frequency w, (Fig. 2b). 
The change AR, (Ho,H, ) of the surface resistance also satu- 
rates at large pump amplitudes HI > H, ,,, (Fig. 3). The 
maximum increase of the surface resistance AR,,,, 
X (Ho) = AR, (Ho,H, > H, ,,, ) decreases with increase of 
Ho and reaches a plateau at Ho $ Ho ,,, . The foregoing pecu- 
liarities are illustrated in Fig. 6. 

3. A weak microwave field influences the surface resis- 

FIG. 2. a) Relative change AR, /R, of surface resistance at 18.4 GHz as a 
function of the dc magnetic field (without pump); b--relative change of 
surface resistance under the action of a wave with amplitude 7.5 Oe and 
frequency 9.4 GHz as a function of the dc magnetic field. 

FIG. 3. Dependence of relative change AR,/R, of surface resistance at 
18.4 GHz on the pump power at 9.4 GHz at different values of the dc 
magnetic field. [Under the conditions of our experiment we had on the 
sample surface H- -UP ' I 2 ,  where H- is the microwave amplitude and P 
the microwave power (watts), and a- 1.2 (Oe/W) "2].  

tance much more strongly than a constant field of the same 
strength. At low power levels the difference can exceed an 
order of magnitude. This circumstance is noted also in Refs. 
1-3. 

It is natural to attribute the saturation of AR, at large 
values of HI to complete disruption of the Josephson cou- 
plings within the skin depth. The penetration of the test field 
over the contacts into the interior of the sample is limited 
only by dissipation. The presence of a finite change AR(Ho) 
induced in the surface resistance by the pump at Ho > H,,,, 
shows that in such fields the Josephson junction still in- 
fluences the penetration of the test field into the sample. 

THEORETICAL MODEL 

The physical properties of granulated superconductors 
depend substantially on the relation between the granule size 
and the Josephson depth 6,. The latter can be estimated by 
using the characteristic value of the field that changes sub- 
stantially the sample impedance, Ho=. 10-30 Oe, 

P, W 

FIG. 4. The same as Fig. 2b, but the pump amplitude is 0.15 Oe. 
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with the boundary condition on the surface 

FIG. 5. Change AR,/R, of surface resistance at the trial frequency at low 
pump power levels for different values of the dc magnetic field. 

Here il is the London penetration depth and cPO is the flux 
quantum. For YBaCuO at 77 K i l z 2 . 2 .  lop5 cm. An esti- 
mate yields 6 ,  =: 1 pm. Since a typical granule size is L -- 10 
pm, a limit 8, < L is realized for the samples employed. In 
this limit, the physical properties of the system are adequate- 
ly described by a simple model of non-interacting long Jo- 
sephson  junction^.^.'^ This means that the response of the 
superconductor to an alternating field consists of indepen- 
dent responses of the junctions, and the surface resistance 
can be represented as 

where n, is the total length of the junctions per unit area, 
( R ,  ) is the average surface resistance of an individual junc- 
tion. The problem thus reduces to a determination of the 
surface resistance of a junction as a function of its param- 
eters, and to averaging over the parameters. 

The response of a junction to an alternating field is de- 
scribed by the sine-Gordon equation 

FIG. 6.  Schematic dependence of the surface resistance on the dc magnet- 
ic field without (curve I)  and with microwave (curve 2). 

Here wo = [ (277c/cP0) ( jJ /C)  ] ' I 2  is the plasma frequency, 
r = cPo/(2rCjJR) is a dissipative parameter, C and R are 
the capacitance and quasifrequency per unit area, j, is the 
Josephson current density, and HJ = Q0/(?rZ6,il) the criti- 
cal field of the junction. The random functiong(r) describes 
the structural inhomogeneities in the Junction. It is further 
assumed that 

(g(r)g(rf)) = yd(r - r'). (11) 

The structural inhomogeneities lead to pinning of the 
soliton lattice produced when the constant field breaks into 
the junction. The critical current at which the lattice breaks 
away from the pinning centers does not depend on the field 
in fields H ) H J  and is estimated at" 

We use for estimates the parameter values j, - lo4 A/cm2," 
H, - 10 Oe, a,- 1013 s-', j , / j ,  - 7- l op i3  s. Since 
the test field fi is assumed weak, it is convenient to express 
the phase in the form 

The surface resistance of the junction is determined by the 
value of the alternating component of the phase 
B(r,t)  = 8(r)exp(iwt) on the boundary x = 0: 

The minimum impedance for typical transitions (w g w,, I/ 
r )  is realized at Ho = H I  = 0 

A strong high-frequency field destroys the Josephson junc- 
tion completely. This is equivalent to a possibility of neglect- 
ing the term proportional to sin 8 in the left-hand side of Eq. 
( 9 ) .  The impedance of the junction reaches then a maximum 
value 

The nature of the high-frequency response in the presence of 
weak additional pumping depends substantially on the ratio 
of the external field H, to the Josephson field H,. In weak 
fields Ho < H, the alternating field penetrates into the junc- 
tion to a distance on the order of the Josephson depth. The 
surface resistance increases then by a value on the order of 
(Ho/HJ)2RJmi, ,  compared with the value R,,, in a zero 
magnetic field. A soliton lattice is produced in the junction 
in fields Ho > H j ,  facilitating greatly the penetration of the 
alternating field into the sample and increasing the dissipa- 
tion. In this limit, the field penetration into. the junction is 
limited by pinning of the soliton lattice. This means that in 
the region Ho > Hj the response is determined by structural 
inhomogeneities in the junction. It is convenient to define 
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the disorder intensity by the value of the critical currentj, . I 1  
The presence of a finite current value j, denotes that the dc 
field does not destroy the Josephson coupling completely. 
This is the cause of the nonlinear signal in strong fields 
H o )  H,. Let us estimate the surface resistance in this field 
region. In the soliton-lattice state the phase distribution in 
the junction can be written in the form 

e(r, 2 )  = B0(x + Up@) + U(r,  t ) ) ,  (17) 

where the function O 0 ( x )  describes the phase distribution in 
an ideal junction, Up (r)  and U(r, t )  are the displacements of 
the soliton lattice as a result of inhomogeneities and variable 
fields, respectively. The displacement U(r, t )  satisfies the 
equation 

wherep and q are the mass and viscosity of the soliton lattice 
per unit area, a is a soliton-lattice parameter, C, , is the flex- 
ural modulus, and& is the pinning force. 

At x = 0 the connection between the surface resistance 
and the lattice displacement U ( 0 )  is 

Substituting in ( 19) the solution of Eq. ( 18) in an approxi- 
mation linear in U we arrive at the estimate 

If the pinning is so weak that the relation j,/j, ( w r  is satis- 
fied, turning on the pump leads to an insignificant increase of 
the surface resistance: 

Using the above parameters, we obtain the estimate 

R ~ m a x  - R ~ s a t  - 0,04. 
R J m  

Experiment yields for this ratio a value ~ 0 . 0 1 .  

CONCLUSION 

The model considered explains, at least qualitatively, 
most experimental facts on the microwave interaction in a 

granulated YBaCuO superconductor. What remains un- 
clear is the stronger action on the superconductor by the 
alternating field than by the corresponding dc field. It seems 
to us that this is due to the different distributions of the dc 
and ac currents in the sample. This is clearly seen using as an 
example the concentrated junction considered in Refs. 13 
and 14. In this approximation Eq. ( 9 )  is replaced by the 
relation 

--- I "% ICsine = J ,  + i m s  cut + ~ ~ m s  cult. ( 2 2 )  R 2e dt 

The current Jo corresponds to the dc magnetic field, to the 
test microwave field, and J ,  to the pump. R and I, are the 
total resistance of the junction and the critical current 
through the junction, respectively. Calculation of the contri- 
bution due to Jo and J ,  to the absorption at the frequency o 
shows that at small Jo and J ,  the absorption is proportional 
to J i  and J :  with identical proportionality coefficients. It is 
easy to posit, however, that under realistic conditions a mi- 
crowave field of amplitude H ,  produces in the region of the 
junctions responsible for the absorption a larger current 
than the dc field Ho. 

The authors thank V. F. Gantmakher, A. A. Golubov, 
V. D. Kuk, H. Miiller, A. Portis, and M. Hayn for helpful 
discussions. 

"It must be noted that the critical current obtained in ceramic samples is 
determined by the current's own magnetic field and is therefore much 
smaller than j, (see, e.g., Ref. 12 ) . 

' A .  M. Portis, E. W .  Cooke et al., Appl. Phys. Lett. 58, 307 (1991 ). 
'D.  W .  Cooke, P. N .  Arendt, E. R.  Gray et al., ibid. 58, 1329 (1991 ). 
'S .  M. Resende and F. M. de Aguiar, Phys. Rev. 39,9715 (1989). 
4J .  R. Delayen, J .  o f  Supercond. 3,243 ( 1990). 
5B. Bonin and H. Sofa, Supercond. Sci. Techn. 4, 257 (1991 ). 
6J. Slater, Microwave Electronics, McGraw, 1942. 
7L. D. Landau and E. M. Lifshitz, Electrodynamicsof Continuous Media, 
Pergamon, 1984. 

' A .  M. Portis, Microwaues and Superconductivity: Processes in the Inter- 
granular Medium. Springer Series in Solid-State Sciences, J .  G. Bednorz 
and K .  A. Muller, eds., Springer (1989). A. A. Romanyukha, Y u .  N .  
Shvachko, and V .  V .  Ustinov, Usp. Fiz. Nauk 161, 37 (1991) [Sov. 
Phys. Usp. 34,862 (1991)l .  

9A. A. Golubov and A. E. Koshelev, Physica C 159, 337 ( 1989). 
'9. L. Hylton, A. Kapitulnik, M. R.  Beasley et al., Appl. Phys. Lett. 53, 

1343 (1988). 
"V .  M. Vinokur and A. E. Koshelev, Zh. Eksp. Teor. Fiz. 97,976 ( 1990) 

[Sov. Phys. JETP 70, 547 ( 1990) 1. 
I2H. Dersch and G .  Blatter, Phys. Rev. B 38, 11391 (1988). 
I3A. DuIcic, B. Ravkin, and M. Pozek, Europhys. Lett. 10, 593 (1989). 
'"A. Dulcic, R.  H. Crepeau, J .  H. Freed et al., Phys. Rev. B 42, 2155 

(1990). 

Translated by J .  G. Adashko 

462 JETP 76 (3), March 1993 Koshelev et al. 462 


