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Study of two-dimensional mixed state of type-l 
superconductors 
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Institute of Physics Problems, USSR Academy of Sciences 
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We describe an experimental study of the destruction of superconductivity by current in hollow indium 
samples. In particular, we determine the destruction current I,, of the two-dimensional mixed state and 
investigate the temperature dependence of the paramagnetic effect in a weak longitudinal magnetic field. In 
addition, we investigate the mixed state produced on the surface of a bulky cylindrical sample when a strong 
longitudinal magnetic field is abruptly turned off. Particular attention is paid to the study of the structure 
produced in a two-dimensional mixed-state layer in the presence of a weak transverse magnetic field. The 
velocity and the characteristic dimensions of the structure are measured at various values of the temperature 
and current density in the sample and of the transverse magnetic field. 

PACS numbers: 74.30.Gn, 74.70.Gj 

Destruction of the superconductivity of hollow type-I 
superconductors by c u r r e n t  produces on the i r  inner  
sur face  a thin l a y e r  of two- dimensional mixed (TM) 
s t a t e  (private communication f r o m  L. D. Landau t o  D, 
Shoenberg, see Refs. 1 and 2). The TM s t a t e  has  been 
the subject  of a number of e ~ p e r i m e n t a l ~ - ~  and theoreti- 
~ a l ' ~ - ' ~  studies. Nontheless, many questions connected 
with the  proper t i es  of the T M  s t a t e  remain unanswered 
to this day. 

This  paper  consis ts  of two methodologically different 
par ts .  In the f i r s t  are described experimental  study of 
the TM s t a t e  produced on the inner  sur face  of a hollow 
cylindrical sample. In part icular ,  the c u r r e n t  IC2 re- 
quired to destroy the TM s t a t e  has  been measured. In 
addition to measurements  of I,,, w e  have investigated 
the temperature dependence of the  paramagnet ic  effect 
of the T M  s t a t e  in a longitudinal magnetic field. 

In the  second p a r t  are described experimental  s tudies  
of the T M  s t a t e  produced on the sur face  of a bulky cy- 
l indrical  sample  when a n  external  magnetic field is 
turned off. This  experiment, proposed by Dolgopolov 
and ~ o r o z h k i n , ~  is methodologically somewhat s i m p l e r  
than the destruction of the superconductivity of hollow 
cylinders by a current .  On the o ther  hand, the damping 
of the vort ical  c u r r e n t s  produces in the TM-state  l a y e r  
nonstationary ex te rna l  conditions, thereby limiting 
somewhat the experimental  possibilities.  P a r t i c u l a r  at- 
tention was  paid in the described experiments  to the 
study of the s t ruc ture  produced in the TM s t a t e  l ayer  
in a t ransverse  magnetic field. 

1. DESTRUCTION OF THE SUPERCONDUCTIVITY OF 
HOLLOW INDIUM CYLINDERS BY A CURRENT 

Experimental setup 

We used  f o r  the measurements  two single-crystal  
samples1' with identical dimensions: outside d iameter  
8 mm,  inside d i a m e t e r  4 mm, and length 55 mm. The 
tetragonal ax i s  was  para l le l  to  the sample  axis. The 
res i s tance  rat io  R300 K / ~ O  was  1700 and 1300 f o r  sam-  
p l e s  1 and 2 respectively. The c u r r e n t s  through the 
s a m p l e s  (up to 1200 A) w e r e  produced by a cur ren t  
t rans former  with superconducting windings in accord 
with a previously described procedure.4 The mounting 
of the samples  is i l lustrated in Fig. 1. Two p a i r s  of 
Helmholtz coi ls  4 and a solenoid 5 ,  located in the im- 
mediate vicinity of the sample,  could produce a t  the 
sample  a magnetic field of any s trength and direction. 

The c u r r e n t  needed to destroy the TM s t a t e  w a s  de- 
termined by measuring the sur face  impedance, using 
two coi ls  L 1  and L2. The coi ls  w e r e  f la t  s p i r a l s  and 
had approximately 40 tu rns  of copper  w i r e  of 20 y m 
diameter  each. The approximate dimensions of the 
coi ls  and the i r  a r rangement  in the sample  cavity are 
shown in Fig. 1. The coi ls  w e r e  connected in the tank 
c i rcu i t  of a measur ing  rf osci l la tor ,  whose change of 
frequency w a s  measured (and w a s  proportional to the 
changes of the imaginary p a r t  of the sur face  impedance) 
as the s t a t e  of the sample  w a s  varied. The osci l la tor  
frequency in these experiments  was  -10 MHz, and the 
change of frequency f,- f, when the sample  went f r o m  
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FIG. 1. Mounting the sample: 1-sample, 2-hermetic glass 
feed through insulators, +lead current conductors, 4-coils 
producing the transverse magnetic field, 5-solenoid; T- 
carbon thermometer, L-coil for the measurement of the sur- 
face impedance (an approximate picture of the coils is shown 
in the lower left). 

the superconducting to the normal state was several 
dozen kiloherz. The oscillator frequency was measured 
with an electronic frequency meter Ch3-24 equipped 
with an analog readout. 

The sample temperature was monitored in the course 
of the measurements with Allen-Bradley thermometers 
(T in Fig. I ) ,  which were secured to the inner surfaces 
of the samples. Both openings of the sample were 
sealed and the leads from the thermometer and from the 
measurement coils were passed through hermetic glass 
feedthrough insulators. This procedure eliminated 
completely the e r r o r s  due to the indeterminacy of the 
sample temperature even if the current raised the sam- 
ple temperature much above that of the helium bath. 

To measure the magnitude of the paramagnetic TM 
state in a longitudinal magnetic field we used an F-18 
microwebermeter. The magnetic-field sensor was a 
coil of several thousand turns of copper wire of 20 y m 
diameter. The coil was - 5 mm long and placed in the 
central part of the sample cavity. The earth's magnetic 
field was compensated for accurate to -0.02, using two 
pairs of Helmholtz coils located outside the cryostat. 

Measurement of the impedance of the T M  state at low 
currents 

Figure 2 shows the dependence of the changes of the 
frequency of the measuring oscillator, Af = f, - f, on the 

FIG. 2. Imaginary part of the surface impedance vs. current; 
sample 1, T = 2.9 K,  f,-f,, = 43 kHz. 

current in the sample. The abrupt increase of Af when 
the current decreased to values below I,, as well a s  the 
oscillations in time at  I < I,, is due to the motion of the 
residual parts of the normal phase of the sample, which 
no longer have axial symmetry, and their emergence to 
the outer surface of the sample. Similar phefiomena 
were previously observed2 in measurements with the 
aid of microcontacts. 

The measurements of the surface impedance agree 
with the conclusion, previously drawn5 from measure- 
ments of the current-voltage characteristics, that there 
is no intermediate state in samples of this geometry. 
In principle, an intermediate state can exist in hollow 
samples a t  currents only insignificantly higher than the 
critical value I, = frcrfl, (Y, is the outside radius of the 
sample). The superconducting regions can then emerge 
directly to the inner surface of the sample, and the 
normal states should be covered by a TM layer. The 
existence of the intermediate state becomes impossible 
i f  the current through the sample is 

(Y, is the inside radius). Thus, a t  I >  I ,  the dependence 
of the surface impedance on the current characterizes 
the change of the properties of the TM-layer properties 
with changing current. At currents lower than Zi, how- 
ever, if an intermediate state is produced in the sample 
volume, the surface impedance should decrease addi- 
tionally on account of the appearance of superconducting 
regions that emerge to the outer surface of the sample 
and, a s  is well seen from Fig, 2, the character of the 
dependence of Af on I remains the same up to I=I , .  
That there is no intermediate state in such samples is 
also attested by the results, presented below, of mea- 
surements of the dependence of the paramagnetic effect 
on the current through the sample. 

The absence of an intermediate state, which initially 
seemed quite strange, become quite understandable in 
light of the ideas reported in a preceding paperi6 con- 
cerning the intermediate state. In fact, for the investi- 
gated samples, the maximum possible diameter of the 
periodic structure of the intermediate state amounts a t  
I=Z, to -3  mm (see Ref. 16), which is much less than 
the cavity diameter. Thus, only a Gorter structure of 
the intermediate state could exist in these ~ a m ~ l e s . ' ~ * ~ ~  
It should be noted that it does not follow at  all from the 
described experiments that superconducting regions of 
the Gorter type a r e  never produced in the interior of 
the sample. It can only be stated that the formation of 
such regions is s o  rare,  that their contribution to the 
measured quantities is negligibly small. 

Measurement of the TM-state destruction current 

It turned out that the current a t  which the TM state is 
destroyed was tens of times larger than the critical 
value. At such currents account must be taken of a 
number of effects that can lead to substantial e r r o r s  in 
the determination of IcZ. These effects include the over- 
heating of the samples by the current and the appearance 
of a transverse magnetic field due to imperfections of 
the geometry of the sample and of the current lead. To 
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determine the value of this transverse field, we investi- 
gated the effect of an external transverse magnetic field 
on the impedance of the TM state a t  various currents in 
the sample. The results of these measurements a r e  
shown in Fig. 3. 

If the external magnetic field is perpendicular to the 
surface of the sample in the region of the measuring 
coils, the dependence of the impedance on the field 
takes the form of a symmetrical curve with a minimum 
(Fig. 3a). The position of the minimum shifted in pro- 
portion to the current-in the sample, with the positions 
of the minima on the Af(H,) curves being the same for 
both measuring coils. It is natural to assume that the 
position of the minimum corresponds to the instant 
when this magnetic-field component is cancelled out. 

The dependence of the surface impedance on a field 
parallel to the sample surface is more complicated 
(Fig. 3b). Thus, Af increases rapidly upon application 
of a magnetic field parallel to the magnetic field of the 
current in the TM-state layer, and varies more smooth- 
ly when the magnetic field is oppositely directed. From 
the symmetry of the curves plotted for  different coils it 
is possible to determine in this case, too, the instant of 
cancellation of the transverse magnetic field. 

After determining the dependences of both magnetic- 
field components on the current, it is possible to can- 
cel out this field in the cavity of the sample and elimi- 
nate i ts  influence on the properties of the TM state. To 
this end, both pairs of the coils that produced the trans- 
verse field were connected through corresponding vol- 
tage dividers to the same source used to supply the 
compensating coil of the current meter (see Ref. 4). 
The current through the coil then changed automatically 
in proportion to the current in the sample, and by suit- 
able choice of the proportionality coefficient it was pos- 
sible to maintain the transverse magnetic field in the 
cavity equal to zero for all changes of the current in 
the sample. 

Figure 4 shows a plot of Af against the current near 
I,*. Simultaneously with plotting Af, another x - y re- 
corder was used to plot the resistance of the carbon 
thermometer (T in Fig. 1); such a plot is also shown in 

FIG. 3. Dependence of the impedance on the transverse mag- 
netic fields: sample 1 ,  T = 3.384 K, I, = 3.58 A. a) Dependence 
on HI: 1-I=4.5 A; 2-I=15 A ,  3-1 =25 A ,  4-1 =35 A.  b) De- 
pendence on Hz: 1,11-I =4.5 A,  2,2'-1=9 A,  3,3'-1=20 A. 
The primes mark curves obtained with another measuring coil. 

FIG. 4. Dependence of the parameters of sample 1 on the cur- 
rent near Ic2: l and l'-successive plots of the surface im- 
pedance (f,-&= 38 kHz); 2-plots of carbon-thermometer re- 
sistance, 3-dependence of I, on the current through the sam- 
ple (recalculated from curve 2). 

Fig. 4. The lower curve shows the change of I, a s  a re- 
sult of the overheating of the sample by the current. 
The strong oscillations on the plot of Af against I a r e  
due to fluctuations of the sample temperature fluctua- 
tions produced when the helium boils intensely. 

Figure 5 shows the ratio of I,JI, a s  a function of the 
temperature for the two investigated samples. The 
values of I,, determined with the two measuring coils 
agreed within the limits of the measurement accuracy. 
We also etched the inner surface of sample 2 with hy- 
drochloric acid to remove a layer - cm thick. This 
etching likewise failed to produced noticeable changes 
of I,,. 

The sharp decrease of I,JI, when T, is approached 
agrees with the theoretical  calculation^.'^'" However, 
this agreement can not serve a s  a confirmation of one 
model o r  another, since this behavior of I,,/I, follows 
also from quite obvious considerations. In fact, the 

FIG. 5. Temperature dependence of IC2/Ic: .-sample 1 ,  o- 
sample 2. 
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TM-state layer should be destroyed in any case if the 
current density j  reaches a value such that j d m - c H d 4 s  

(dm is the smallest possible thickness of the TMstate). 
The layer thickness cannot be l e ss  than ((T), and con- 
sequently increases a s  T, is approached, and it is this 
which leads to a decrease of I,~I, in proportion to 1/ 
5 ( T ) .  This greatly overestimates ICz, inasmuch a s  a 
number of factors, such a s  the additional energy con- 
nected with the layer and others, make the destruction 
current much smaller. 

Thus, the decrease of I,~I, a s  T, is approached is a 
more o r  less trivial fact if the thickness of the TM- 
state layer is of the order of ((2'). On the other hand, 
a decrease of 1~~1,  with decreasing temperature and 
with increasing electric field (on going a sample with 
higher resistance) offer evidence that the processes 
that take place in the layer a r e  of an essentially dif- 
ferent character than assumed in the calculations. 

Temperature dependence of the paramagnetic effect of the 
T M  state 

If a sample with a TM-state layer on i ts  inner surface 
is placed in a weak longitudinal magnetic field H e ,  then 
the longitudinal magnetic field He in the cavity will 
greatly exceed the external Such a paramag- 
netic effect was observed earlier in indium and tin 
sample, but the measurement interval was restricted 
to temperatures not too fa r  from T,. It was noted there 
that the magnitude of this effect is practically indepen- 
dent of temperature. In the present study we extended 
the measurement region to the entire temperature 
range attainable by pumping on ~e~ vapor, and it turned 
out that the paramagnetic effect of the TMstate in- 
creased substantially when the temperature is lowered. 

Figure 6 shows plots of the paramagnetic effect p 

F I G .  6 .  Dependences of p = HI /H,  on the current, He = 0.05Hc, 
samplel: a) 0 - T = 3 . 3 7 3 K ,  I c = 6 . 3 A ;  +-T=3.361 K ,  I c = 9 . 3  
A; @--T = 3.32 K ,  I , =  19.3 A .  b) @-T = 3.32 K ,  I c = 1 9 . 3  A ;  A -  

T = 2 . 9 8  K ,  Ic=102  A;  0-T =2.62 K ,  1 ,=182 A;  A-T r 2 . 1 3  K ,  
I ,=250 A;  0 -T=1 .34  K ,  I c = 4 0 0  A .  

= H , / H ,  against the current through the sample, ob- 
tained a t  various temperatures. When the temperature 
is lowered, p increases noticeably; in addition, the 
form of the dependence of JL on I also changes, par- 
ticularly a t  currents close to critical. 

It was initially assumed that the increase of with 
decreasing current, which is observed a t  high tem- 
peratures, is due to the formation of an intermediate 
state in the interior of the sample. It turned out sub- 
sequently, however (see Refs. 5 and 16), that in sam- 
ples of this geometry no intermediate state i s  produced 
even a t  I=I,. The absence of an intermediate state is 
attested to also by the dependences of p on I at  lower 
temperatures. In fact, if an intermediate state is pro- 
duced in the vicinity of T,, it should all the more be 
produced a t  lower temperatures, when the surface ten- 
sion on the phase separation boundary decreases. 
Thus, the increase of p with decreasing current is due 
to the change of the properties of the TM state. 

Figure 7 shows plots of p against T a t  various values 
of the current. The increase of p at  I=1.21, a s  T, is 
approached is due to the change of the character of the 
dependence of p on I. 

~ e s t ~ e n ' ~ ' ~ ~  has considered the influence of the longi- 
tudinal magnetic field on a TM-state layer within the 
framework of the model of Andreev and Bestgen.I1 In 
this model, the TM state is a homogeneous layer in 
which the superconducting pairs a r e  moved by an elec- 
tr ic and a magnetic field. The theoretical calculations 
a re  valid in this case if the superconducting current I: 
in the layer is small compared with the normal current 
I: whereas the opposite is the case in the experiment 
( I :  >>I,*). It should be noted, however, that many theo- 
retical conclusions a r e  in quantitative agreement with 
the experimental results. This is all the more inter- 
esting since the paramagnetic sign of the effect was ob- 
tained under the assumption that the TM-state layer is 
perfectly homogeneous. On the other hand, i t  must be 
noted that the temperature dependence of the effect 
(Fig. 7) differs substantially from the theoretical pre- 
dictions. Thus, according to Ref. 12, when the critical 
temperature is approached the paramagnetic effect 
should decrease in proportion to [ ( ( T ) ]  -'I4, i.a, the 
paramagnetic effect should vanish near T,, while in ex- 
periment the effect is observed also in the immediate 
vicinity of T,. 

FIG. 7 .  Dependence of the paramagnetic effect on the tempera- 
ture, sample 1 ,  He=0.05Hc: curve 1-I=&, 2-Z=2.81,, 3- 
1=1.91c, 4-1=1.2IC. 
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2. STUDY OF THE STRUCTURE OF THE TM STATE 
IN  A TRANSVERSE MAGNETIC FIELD 

Experimental setup 

The investigated sample was single-crystal indium in 
the form of a cylinder 8 mm in diameter and 150 mm 
long, with the tetragonal axis parallel to the crystal 
parallel to the sample axis. The resistance ratio (de- 
termined by measuring the damping of the vortical cur- 
rents) was R,, ./R, ,= 3.2 x lo3. The sample mounting 
is illustrated in Fig. 8. 

The longitudinal magnetic field (up to 700 Oe) was 
produced by a solenoid located outside the cryostat. 
For a more accurate orientation of the magnetic field 
parallel to the sample axis, two superconducting tin 
films were used (2 in Fig. 7). The resistance of the 
films in field much less than the critical value has a 
sharp minimum when the field is parallel to the film 
plane. The films were mounted perpendicular to each 
other on the same holder as the sample and were para- 
llel to the sample axis with accuracy not worse than 
5'; the accuracy of the parallelism of the magnetic field 
to the film planes was even several times higher. In 
addition, we were able to produce a weak (up to 60 kOe) 
transverse magnetic field using a pair of Helmholtz 
coils. 

In these experiments we investigated the TM state 
produced on the sample surface after turning off the 
external magnetic field, and consequently a s  rapid a 
turning-off of the solenoid current was required. On 
the other hand, the solenoid that produced the longi- 
tudinal magnetic field was placed outside the cryostat, 
and had correspondingly larger geometric dimensions 
and a larger inductance, s o  that an abrupt turning-off 
of the current could damage the insulation of the sole- 
noid. To limit the voltage of the solenoid, it was con- 
nected in parallel to several chains of KS630 avalanche 
diodes. When the circuit was opened the solenoid 
voltage was thus maintained constant a t  a level 800- 

1 

7 

J 

4 

5 

FIG. 8. Sample mounting: 1-holder, 2-sample, 3-micro- 
contacts, 4-ballistic coil, 5-superconducting films for the 
adjustment of the magnetic field. 
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1000 V, and the field decreased linearly with time at a 
rate 3.5~ lo4 0e/sec. 

To study the structure produced in a TM-state layer 
in the presence of a transverse magnetic field, we 
used the microcontacts employed previously19sm to in- 
vestigate the dynamic intermediate state. The micro- 
contacts were copper wires of 20 p m  diameter touching 
the sample surface. Up to five microcontacts were 
placed a t  the same time on the sample; the arrange- 
ment of the contacts for one of the experiments is shown 
in Fig. 8. To keep them from shifting, the microcon- 
tacts were glued to the sample after placement with 
highly diluted BF-2 adhesive. 

To observe microcontact-resistance oscillations due 
to the motion of the normal domains in the TM-state 
layer we used an a c  measurement setup. It consisted 
of two identical channels and could register simul- 
taneously the resistance oscillations of any two micro- 
contacts. 

The block diagram of one of the channels is shown in 
Fig. 9. TO increase the operating speed of the setup we 
used a measuring current of relatively high frequency 
(the operating frequency of one of the channels was 200 
kHz, and that of the other 160 kHz). The alternating 
current flowed from the generator G through a resis- 
tance Ri = 680 and microcontact 2. The voltage from 
the microcontact was applied to the input of amplifier 
Amp; the amplified voltage was detected, smoothed by 
a chain of RC filters and fed to the input of one of the 
beam of the two-beam storage oscil~oscope 0. With the 
aid of the phase shifter PS and the variable resistor R2 
it  was possible to compensate for part of the voltage on 
the microcontact and by the same token increase the 
sensitivity of the setup. The transformers T r l  and Tr2 
decoupled the grounded circuits of the amplifier and 
generator. 

The oscilloscope sweep was triggered by the delayed- 
pulse generator DPG, which was started a t  the instant 
when the magnetic field was turned off. Such a trig- 
gering method made it  possible to investigate the pat- 
tern produced a t  various time intervals after turning 
off the magnetic field. 

The operating speed of the measurement circuit i s  
determined, in particular, by the bandwidth of the am- 
plifier Amp. We have therefore constructed amplifiers 

OxiIIoscopa triggering 

FIG. 9. Installation for the observation of the time variation 
of the microcontact resistance: 1-sample, 2-microcontact, 
G-GZ-33 sound generator, Amp-amplifier with full-wave rec- 
tifier at the output, PS-phase shifter, 0-two-beam storage 
oscilloscope S1-51, DPG-delayed-pulse generator G5-35;  Trl 
and Tr2-decoupling transformers, L-coil to trigger the DPG 
a t  the instant when the longitudinal magnetic field is  turned off. 
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with bandwidths from 50 to 500 kHz; to exclude the 
mutual influence of the channels, resonant filters were 
connected in the amplifier, each tuned to the frequency 
of the other channel. The resultant operating speed was 
determined mainly by the time constant of the detector 
filter and amounted to -20 psec (the r ise  time of the 
rectangular pulse). 

Simultaneously with the investigation of the layer 
structure with the aid of the microcontacts, we were 
also able to measure the rate of decrease of the longi- 
tudinal magnetic field in the sample by means of a bal- 
listic coil (4 - in Fig. 8) consisting of 2 x104 turns of 20- 
pm copper wire. 

Measurement of the damping rate of the circular 
currents 

After turning off the longitudinal magnetic field, 
whose value exceeds H,, the magnetic field outside the 
sample is zero, and inside the sample it exceeds He 
as before; the situation on the sample surface is then 
perfectly analogous to the conditions on the inside sur- 
face of a hollow cylinder; this should lead to the onset 
of the TM state. The TM-state serve a s  it were a s  the 
connecting link between the region outside the sample, 
where the magnetic field is zero, and the normal metal 
in the central part of the sample, where the magnetic 
field is at any rate not less than the critical value. 

The surface current density is close to C H , / ~ T  and 
depends little on the current density in the normal part 
of the sample.5p' The electric field in the TM-state 
layer is determined by the current density in the normal 
part  in the sample and can be determined from the fol- 
lowing simple considerations. In fact, if we neglect the 
thickness of the TM-state layer [which should be of the 
order of 5 (01 compared with the sample diameter, then 
it can be stated that the processes that take place in the 
sample (except for the layer occupied by the TM state) 
a r e  fully analogous to the processes in a normal sam- 
ple when the magnetic field is abruptly decreased to 
the value H,. 

Thus, if a TM-state layer is present on the sample 
surface, the magnetic field in the central part of the 
sample is only asymptotically close to the critical 
value, remaining a t  all  time somewhat higher than He, 
and one might expect a situation wherein the normal 
state of the central part of the sample is maintained by 
currents in the TM-state layer, to last an arbitrarily 
long time. However, negligibly small inhomogeneities, 
which a re  always present in various samples, cause 
the TM-state layer to lose stability when the circular- 
current density is decreased, and the fluctuations of the 
layer thickness begin to increase. Individual sections of 
the layer a r e  then converted into macroscopic super- 
conducting regions that grow into the interior of the 
sample and crowd out the longitudinal magnetic field 
through the resultant normal regions. The axial sym- 
metry is thereby upset. 

The distribution the density of the circular currents 
in the sample assume after turning off the magnetic 
field the form 

where t is the time elapsed from the instant when the 
magnetic field is turned off, Ho is the turned-off mag- 
netic field, o is the conductivity of the sample in the 
normal state, r, is the sample radius, J i b )  is a Bessel 
function of f i rs t  order, and p, a r e  the positive zeros of 
the Bessel function, numbered in increasing order. 

The current density on the boundary of the TM-state 
layer with the normal part of the sample is j ,  = j  (yo, t). 
The voltage on the ballistic coil is 

V =  (2nro/cr) j,Ar, (1) 

where N is the number of turns in the coil. 

Figure 10 shows in a semilog scale the time depen- 
dences of VH, /(H, - H,). It is seen that the plots con- 
structed in this manner coincide a t  high current densi- 
ties with the curve (dashed) obtained for the sample in 
the normal state (at T>  T,). At large values of f, 
meaning a t  low current density, the plots obtained a t  
temperatures below T, l ie noticeably higher than the 
dashed curve on Fig. 10. This means that the rate of 
decrease of the longitudinal magnetic flux in the sample 
is higher than in a normal-metal sample under the 
same conditions. This increase in the rate of change of 
the magnetic flux is obviously due to development of in- 
stabilities in the TM-state layer and to the conversion 
of the latter into individual superconducting domains. 
All the measurements described below pertain the 
case of sufficiently high density of the circular current, 
when a TM-state layer exists on the sample surface 
and the function V(t) agrees with that calculated from 
Eq. (1). 

The properties of the TM state should be determined 
by the current density in the sample normal part ad- 
jacent to the layer and by the intensity of the electric 
field in the TM-state layer. The average electric field 
in the layer coincides with the electric field in the nor- 
mal metal near the layer, and the latter field is in turn 
proportional to the current density and to the resis- 

FIG. 10. Plots of VH~(H~-H, )  against the time elapsed from 
the instant when the longitudinal magnetic field was turned off: 
H,= 700 Oe: A-T = 2.32 K, H, = 147 Oe; 4 -T = 2.96 K, Hc = 65 
Oe; 0-T=3.31 K, Hc=130e;  0-T ~ 1 . 4  K, H,=250 Oe. 
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tivity of the normal metal. Thus, in this sample the 
properties of the TM state (at fixed values of the ex- 
ternal magnetic fields) should be uniquely determined 
by specifying the density of the circular currents in the 
normal metal on the boundary with the TM-state layer, 
j,, which can a r e  naturally measured in units of a 
= c ~ J 4 l r r , .  Different values of j, can be obtained either 
by measuring the delay time 7, between the instant when 
the magnetic field is turned off and the instant of ob- 
servation. In most experiments Ho =700 Oe, and j, was 
varied by varying rd. 

investigation of the TM-state structure with the aid of 
microcontacts 

The dimensions of the contacts can be estimated from 
the change AR of the resistance when the sample goes 
from the superconducting to the normal state." The 
various investigated contacts had AR in the interval 
6 X  1.5 x 1 0 ' ~  ohms, corresponding to contact di- 
ameters from 0.3 to 1 pm; all the results reported be- 
low pertain to any contact. 

Figure 'la show oscillOgrams (192) of the On FIG. 1 1 .  Oscillograms of time dependence of microcontact 
the m i c r ~ c ~ n t a c t  a s  a function of the time elapsed from voltage: T =  2.8 K, H, = 8 6  Oe, f f 0 =  7 2 5  Oe. a) T3= 5 msec: 1 -  
the instant of magnetic-field turn-off, plotted at various i = 0.7 mA, H,= O; 2-i= 9 mA, H,= O; 3-i = 9 mA, H,= 7 Oe. 
measurement currents i through the contact. For small b) i = 6.5 mA, rd= 14.6  msec: 1-H,  0 ,  2-H,= 5 Oe, 3-H, 

measurement contacts, the contact voltage rapidly = 9  Oe. 

reaches the value V, corresponding to the superconduc- 
ting state of the sample. With increasing i, the contact 
voltage exceeds V, even when a noticeable time has 
elapsed after turning off the magnetic field. Thus, by 
the contact resistances we can differentiate between the 
superconducting and TM states. All the oscillograms 
of Fig. 11 were obtained at the same apparatus gain, 
and the voltage change V, - V, of the contact voltage on 
going from the superconducting state not only Ialls co 
increase in proportion to the current, but even de- 
creases somewhat at larger measurement currents, 
i.e., the superconductivity in the region of the contact 
is partly destroyed at large measurement currents by 
the current flowing through the contact. This difference 
between the superconducting and TM state was observed 
also earlier2 in dc measurements. 

of the voltages of two contacts. It is seen that all the 
irregularities of the voltage oscillations of one of the 
contacts a re  duplicated with some delay on the other, 
corresponding to a separation of 0.1 mm along the 
cylinder generator. The time shift is proportional in 
this case to the distance between the contacts (this was 
verified by measurements on different pairs of con- 
tacts). No correlations whatever were observed be- 
tween the resistance oscillations of contacts placed in 
the intersection of the cylinder with a plane perpendicu- 
lar  to its axis (for example, contacts III, IV, and V in 
Fig. 8). It can be concluded on this basis that the struc- 
ture in the layer moves in a direction perpendicular to 
the current in the sample. This structure, at least at  
small values of H, , should take the form of closed 
normal-phase regions surrounded by a layer of the TM 

In our experiments, in the absence of a transverse state. 
magnetic field, no inner structure of the TM state was By measuring the time of motion of the structure be- 
observed at all. However, in the absence of a magnetic tween the contacts, we can determine the speed u and 
field perpendicular to the sample surface in the region the period a of the structure. Figure 13 shows the de- 
Of the contacts, a structure was in the layer pendences of the average period of the structure on the 
and moved under the influence of the current; this re- 
sulted in oscillations of the contact voltage (Fig. l l a ,  
curve 3). The same situation i s  shown in greater de- 
tail in Fig. l lb .  When a transverse magnetic field i s  
applied, normal regions a re  produced in the layer, and 
the gaps between them are  occupied as  before by the 
TM state; this is attested by the fact that the minimum 
voltage on the contact remains noticeably h i ~ h e r  than 
vs. 

The structure produced in the TM-state layer in a 
transverse magnetic field can be investigated by ob- 
serving the motion of the regions between two contacts, FIG. 1 2 .  Oscillogram of voltage on two microcontacts. as- 
in analogy with the earlier investigations of the dynamic tance between contacts 0.1 mm. T= 2.8 K, Hc= 86 Oe, H o = 7 2 5  
intermediate state.laM Figure 12 shows oscillograms Oe, H A =  1 9  Oe, rd= 100. 
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FIG. 1 3 .  Dependence of the average period of the structure 
on the temperature and on the transverse magnetic field: a) 
a Q )  a t H , = 0 . 1 8 H c ,  b)aVI,) at T = 3 . 0 6  K; H c = 5 2  Oe, H 0 = 7 0 0  
Oe, jn = 6 . 9 a  (a=cHc /4r r rd .  Here and in the captions of the 
figures that follow we indicate the quantity j corresponding to 
the given delay time with the transverse magnetic field turned 
off. The dashed line is a plot of a 1 /H, .  

temperature and on the transverse magnetic field H,. 
The results obtained at  the same values of H,/H, and 
j,/a were compared a t  different temperatures. At 
small H, the period of the structure varied with tem- 
perature approximately in proportion to the coherence 
length (Fig. 13a); with decreasing H, , the period in- 
creased approximately in proportion to I/H,. In Fig. 
13, 5 is a parameter that characterizes the surface 
tension on the phase separation boundary;22 this tension 
in indium differs from 5 by a numerical factor close to 
unity. 

The speed of the structure v increased with increasing 
j, and with decreasing H,. Figure 14 shows plots of jn/ 
va against H, a t  various temperatures and various 
values of j,. At low temperatures and small j,, the 
speed is approximately proportional to I/H,. With in- 
creasing j, and with rising temperature the propor- 
tionality region practically vanishes. The solid curves 
in Fig. 14a pass through the experimental points sym- 
metrically relative to the origin, and illustrate the fact 
that the change of the sign of H, corresponds to a re- 
versal of the direction of motion. The direction of the 
motion was reversed also when the direction of j, was 
reversed (this corresponds to a reversal of the sign of 
the turned-off magnetic field H,). 

Figure 15 shows the temperature dependences of the 
speed at various values of H,, with the ordinates repre- 

FIG. 1 4 .  Plots of j n / v a  against the transverse magnetic field: 
Ho= 700  Oe. a) T = 3.24 K, Hc = 24.6 Oe: * - r d =  200 msec, j, 
= 1 3 . 8 a ;  a - r 3 = 2 9 0  msec, jn= 6.901; 0-r3=384 msec, jn=3.W. 
b) T = 2 . 8 1  K, H c = 8 4  Oe: e - r 3 = 5 7  msec, jn=13.8cu; A-T, 
2 1 1 6  msec. jn= 6 . 9 ~ ~ ;  , o - r3=205  msec, j, = 3 . 5 a .  

vHL/H,, cmlsec - 

FIG. 1 5 .  Plot of vH,/Hc vs. temperature: r - H ,  = 0.18Hc, 0- 
H ,  0.36 HC 

senting the quantity VH, /H,. The discrepancy between 
the curves at  increased temperatures indicates devia- 
tions from the v cc I/H, law. 

We measured also in these experiments the concen- 
tration C, of the normal phase on the sample surface 
by connecting an integrating RC network between the 
detecting amplifier and the oscilloscope (see Fig. 9). 
The time constant of this network was chosen such that 
C, = (V- v,)/(v, - V,), where V,, is the voltage on the 
contact when the entire sample is normal, V, is the 
voltage on the contact when the entire sample is super- 
conducting, and V is the voltage on the contact in the 
presence of a moving structure. The measurements of 
C, were made with weak currents at which the TM state 
(relative to the voltage on the contact) was indistinguish- 
able from the superconducting state. The measured 
C,(H,) dependences a r e  shown in Fig. 16. The solid 
lines a r e  drawn so  that their slopes a r e  the same in the 
right and left parts of the diagram a r e  equal. Some 
asymmetry of the results is due to inaccuracy in the 
orientation of the longitudinal magnetic field H,, which 
leads to the appearance of a transverse magnetic field 
proportional to Ho and to the angle between Ho and the 
sample axis. 

The average magnetic field in the normal regions near 
the sample surface is H, = H, /H, (we have assumed that 
all the transverse magnetic field is concentrated in the 
normal regions). Hi is noticeably weaker than H, at 
large j,. 

A small rotation of H, in a plane perpendicular to the 
sample axis did not lead to a noticeable change in the 
results. Rotation of H, through an angle 90" from the 
direction perpendicular to the sample surface in the 
region of the contacts caused the structure to vanish. 

FIG. 1 6 .  Dependences of the concentration of the normal phase 
on the sample surface on the transverse magnetic field; T 
= 3.14 K ,  Hc = 4 0  Oe, HO= 7 0 0  Oe: o-rd= 35 msec, j, = 56 a ;  
o-rd = 2 6 8  msec, j, = 5 . 1 ~ ~ ;  A-T,.J= 800  msec, I,= 0 . 0 9 ~ ~ .  The 
dashed lines correspond to the relation C, = H ,  /Hc. 
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3. DISCUSSION OF RESULTS 

We were unable to observe in the described experi- 
ment any regular internal structure in the TM-state 
layer without a transverse magnetic field. We shall 
therefore discuss the results assuming that the TM- 
state i s  practically homogeneous. Such a layer differs 
from a thin superconducting layer, generally speaking, 
only in that it contains an electric field that coincides, 
in the absence of a transverse magnetic field, with the 
electric field in the normal metal. 

The presence of a transverse magnetic field leads in 
this case to a destruction of the TM-state layer and to 
formation of a peculiar intermediate state in which the 
role of the superconducting regions is played by regions 
occupied by the TM state. It must be borne in mind 
here that the appearance of normal region in the TM 
state layer causes part of the electric field to be con- 
centrated in the normal regions and the electric field 
to increase accordingly in the regions of the TM state. 
This assumption is confirmed by the oscillograms 
shown in Fig. 11. One might expect a sufficiently strong 
magnetic field to cause the entire electric field to be 
concentrated in the normal regions and the TM state to 
become superconducting, but this is possible only if the 
period of the structure is small compared with the layer 
thickness. Actually, however, the period of the struc- 
ture (see Fig. 13) is not small, and the thickness of the 
TM-state layer should be of the order of [(T). The fact 
that the dimensions of the normal domains exceed ((T) 
appreciably in this case is not surprising, since mea- 
surements of superconducting films show that in the 
case when the normal domains constitute closed re- 
gions, and the film thickness is of the order of the co- 
herence length, the size of the normal domains exceeds 
appreciably the film thickness.23 

It must be emphasized that even the fact that the 
characteristic dimensions of the structure (produced 
in the presence of a transverse magnetic field) turned 
out to be large compared with the layer thickness is 
evidence of the presence of an electric field in the re- 
gions occupied by the TM state. Actually, all of the 
arguments advanced concerning the necessity of the 
existence of a layer of the TM state (in which super- 
conductivity and an electric field coexist) can be re- 
peated also with respect to an individual TM-state re- 
gion, on the sample surface, with dimensions along the 
surface large compared with its thickness. 

The period of the structure of the intermediate state 
is determined usually by a relation of the type a=const 
~(dt;)'", where d i s  the characteristic dimension of the 
region occupied by the intermediate state. The pro- 
portionality of the period to ((T) is thus evidence that 
in this case the layer thickness d - [(T). 

~ n d r e e v ~ ~  considered theoretically the destruction of 
the superconductivity of a plane-parallel plate by a cur- 
rent. He has shown that in the absence of a transverse 
magnetic field the problem has no solution in the form 
of an intermediate state. It is known now that a TM 
state is produced in this case, In the presence of a 
transverse magnetic field the equations of the macro- 

scopic electrodynamics of the intermediate state al- 
ready have a solution. This solution can be applied to 
our case, but this requires satisfaction of the inequality 
( (T) << a << d (a is the period of the structure). In the 
case of a cylindrical sample it is necessary also to 
stipulate d << r ,. 

Actually the period of the structure has turned out to 
be not at all small; therefore the case considered by 
~ n d r e e v ' ~  could be realized only at very small j, (the 
layer thickness increases with decreasing j, and at 
sufficiently small j, the inequality a <<d should ap- 
parently be satisfied). At small j, however instabilities 
arise in the TM-state layer and lead to loss of axial 
symmetry. We emphasize that the development of an 
instability of this type is due to the fact that in this 
experiment a given total magnetic flux in the sample 
was used. Under other conditions, for example in a 
plate, when the value of the current is specified, the 
situation considered in Ref. 24 can be realized. 

To determine the speed of the structure in the TM- 
state layer it is possible, in principle, to use equations 
similar to those obtained by Andreev and Sharvinz5 for 
the description of the dynamic intermediate state. 
These equations were obtained from the condition of 
continuity of the tangential component of the electric 
field on the phase-separation boundary, and the velocity 
in the direction perpendicular to the electric and mag- 
netic fields can be expressed in the form 

where H, is the magnetic field in the normal region 
near the boundary with the TM-state layer, and E, 
- E,,: is the difference between the electric fields in 
the normal region and in the TM-state layer. It is, 
however, a very complicated matter to use Eq. (2) for 
the description of the real situation in the TM-state 
layer, The point is that this equation gives the velocity 
in a direction perpendicular to the magnetic field. Out- 
side the sample the magnetic field i s  perpendicular to 
the surface, and in the normal part of the sample near 
the boundary with the layer the field makes an angle of 
the order of [ H ,  (H:- H:)-'/~] with the sample surface. 
In the case of a thin TM-state layer it can apparently 
be assumed that the magnetic field in the normal region 
is inclined by a certain average angle, which in the 
case H, c < H ,  is of the order of H,/H,. In this case the 
velocity measured on the surface of the sample will be 
H,/H, times larger than the real velocity of the inter- 
phase boundaries. This possibly is in fact the cause of 
the increased velocity with decreasing H, . 

Another circumstance that hinders a comparison of 
the results with Eq. (2) is the uncertainty in the value 
of E ,  - E,,, . Application of a transverse magnetic field 
leads to an increase of j ,  (since the current in the TM- 
state layer decreases) and of the average value of the 
circular electric field. Since the period of the struc- 
ture turned out not to be small, it is very difficult to 
estimate theoretically E, - E,, for this case. Experi- 
ment (measurement of the voltage across the ballistic 
coil) can determine only the increase of the electric 
field averaged over the perimeter of the sample. In 
this case it is necessary to recognize that the growth 
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of the electric field will vary with the angle between the 
external magnetic field and the normal to the sample 
surface. Thus, even though (2) can formally be used to 
determine the speed of the structure in the TM-state 
layer, it is hardly possible to determine the charac- 
teristics of the TM state by comparing this equation 
with the experimental results. 

Another interesting circumstance is the noticeable 
broadening of the oscillograms obtained at  large mea- 
suring currents (Fig. l la).  The point is that with in- 
creasing measuring current the resolving power of the 
microcontact can only deteriorate; thus, this broad- 
ening can not be a manifestation of some TM-state 
"microstructure" that is unresolvable at  weaker mea- 
surement currents. This effect is possibly due to the 
fact that a strong measurement current can lead to de- 
struction of the outer part of the TM layer, and makes 
the microcontact "more sensitive" to nonstationary 
processes that take place near the boundary between 
the layer and the normal part of the sample. 

The results reported in this part of the article a r e  in 
good agreement with the data obtained by Dolgopolov and 
~ o r o z h k i n ~ ' ~  in a study of the TM state produced under 
similar conditions on the surface of a rectangular alu- 
minum sample. To be sure, it must be noted that in 
our experiments we observed no normal regions elon- 
gated in the magnetic-field direction and moving along 
the current. Such regions were observed in Refs. 6 and 
7 when a relatively weak magnetic field was turned off, 
corresponding to a low current density in the normal 
part of the sample. It is possible that the formation of 
such region is due to instabilities in the TM-state layer 
and was not observed in our experiments, since we per- 

- formed no measurements with weak currents. On the 
other hand, the superconducting properties of aluminum 
differ greatly from those of indium, and the existence 
of such regions may be due to the relatively large sur- 
face tension on the boundary between the different 
phases in aluminum. 

CONCLUSION 

While a number of theoretical papers on the TM state 
have been published in the last few years, it must 
nevertheless be stated that the theoretical premises 
concerning the structure of the TM state apparently 
still do not describe the real situation. Thus, the ex- 
periments described in this article contradict to some 
degree o r  another all the theoretical modes of the 
layer. 

We note first  that the investigation of the TM state 
with the aid of microcontacts indicates that this state, 
at  any rate, does not have a regular periodic structure 
similar to the intermediate state. Indeed, if such a 
structure were to exist and were for some reason un- 
resolvable with the aid of microcontacts, it should 
manifest itself in the presence of a transverse mag- 
netic field by breaking up into separate superconducting 
and normal domains. The normal domains should in- 
crease in this case gradually with increasing trans- 
verse magnetic field. On the other hand, investigations 
of the structure produced in a transverse magnetic field 

have shown that at  the lowest values of the transverse 
magnetic field macroscopic normal regions appear in 
the layer, and neither in our experiments with indium 
nor in Dolgopolov's and Dorozhkin's experiments with 
aluminum did the normal regions decrease noticeably 
in size with decreasing transverse magnetic field." 
These experiments thus disagree quite strongly with 
the theoretical models of the periodic structure of the 
TM-state layer ~ t r u c t u r e . ' ~ * ' ~  W note also that these 
two models predict a very rapid change of all  the layer 
parameters with decreasing current near the critical 
value (this pertains to hollow cylindrical samples), 
whereas our measurements of the impedance of the TM 
state (Fig. 2) a s  well a s  the previously reported mea- 
surements of the current voltage  characteristic^,^ differ 
from these theoretical predictions. 

As for presently proposed models of the homogeneous 
TM-state they cannot be compared with the 
experiments, since the region of their validity is quite 
fa r  from the real experimental situation. Thus, the 
model developed by Andreev and ~ekel" '  is valid for 
the case when the electric field in the sample E G O ,  and 
describes in fact simply a thin superconducting layer. 
The model developed by Andreev and ~es tgen ,"  on the 
other hand, pertains to the opposite limiting case when 
the superconductivity in the TM-state layer is destroyed 
to such an extent that the small number of superconduc- 
ting pairs in the layer can be regarded a s  fluctuations, 

It is of interest to note, nevertheless, that Best- 
gen12*'3 considered the influence of a longitudinal mag- 
netic field on a TM-state layer within the framework of 
the model proposed in Ref. 11, and showed that many 
theoretical conclusions agree qualitatively with the ex- 
periments. This includes the correct sign of the effect 
when the TM-state layer is on the outer o r  inner sur- 
face of the sample, the absence of the effect when this 
layer is in the interior of the sample,. a s  well a s  the 
instabilities observed at large values of the longitudinal 
magnetic field (see Refs. 4 and 9) and the decrease of 
the paramagnetic effect with rising temperature (see 
Fig. 7). This agreement is of particular interest also 
because formally the theoretical calculations do not 
hold for our experimental situation. 

On the other hand, it is difficult to imagine that the 
above-noted qualitative agreement between theory and 
experiment in various aspects of the behavior of the 
TM-state layer in a longitudinal magnetic field is sim- 
ply fortuitous. It seems to indicate that this behavior of 
the superconducting condensate in the presence of paral- 
lel electric and magnetic fields is actually a more gen- 
eral  circumstance and is preserved a t  any ratio of I: 
and I: (I: and I: a r e  respectively the superconducting 
and normal currents in the TM-state layer). 

The structure of the TM state is of great interest, 
since it constitutes some new type of resistive state of 
superconductors. It appears that an important role is 
played in the TM-state layer by kinetic and nonsta- 
tionary processes connected with the coexistence of 
superconductivity and an electric field. 

In conclusion, we consider it our pleasant duty to 
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SUPPLEMENT (1 1 MARCH 1980) 

Dorozhkin and Dolgopolov describe in a recent de- 
tailed paper26 further experimental study of the TM 
state produced on the surface of a rectangular aluminum 
sample following the turning-off of a longitudinal mag- 
netic field. The essential difference between their re- 
sults and ours is the observation of normal regions in 
the TM-state layer even in the case when the turned- 
off magnetic field is parallel to the sample surface. We 
would like therefore to discuss this question further. 

One of the possible causes of such a structure could 
be a transverse magnetic field produced when the cur- 
rents become redistributed after the external magnetic 
field is turned off. The point is that in Ref. 26 they in- 
vestigated a short sample, and such edge effects can 
be substantial (the initial distribution of the current 
density has quite strong irregularities so that the char- 
acteristic times of the redistribution of the magnetic 
field near the sample surface should be small). 

It is difficult to solve this problem mathematically. 
W? have therefore measured the growth rate of the 
transverse magnetic field for a rectangular tin sample. 
Our sample had the same dimensions as the samples of 
Ref. 26 (1 x 1 x 2 cm) and a somewhat lower residual 
resistance (the time constant of the damping of the eddy 
currents was - 5 sec). A miniature coil was used to 
measure the transverse magnetic field H in a region of 
-2 mm diameter located halfway between the equatorial 
line and the edge of the sample. The coil voltage, pro- 
portional to aH, / a t ,  reached a maximum approximately 
30 msec after the solenoid current was turned off. The 
effect was observed also in the normal state (T> T,), 
and when the temperature was lowered below T, the 
magnitude of the effect still increased, owing to the 
strong dependence of the resistance of the TM state on 
the current density. The quantitative results were the 
following: at Ho=4Hc=520 Oe (T=2.7 K) the value of 
H, a t  the measurement point reached 0.05Hc at  approxi- 
mately 40 msec after opening the solenoid supply cir- 
cuit; a t  that instant of time a ~ , / a t = 3 0 0  0e/sec. These 
results depended little on the angle between Ho and the 
sample surface. 

We note also that in the normal state, when the 
turned-off magnetic field H,, was increased, the trans- 
verse magnetic field increased quite faster than H,. 
This is obviously due to the local overheating of those 
sections of the sample where the current density was a 
maximum. The overheating is accompanied by a de- 
creased resistance and hence by an increased rate of 
equalization of the current density in the sample. Ther- 
mal effects undoubtedly play an essential role also in 
measurements below T,. In the case of aluminum sam- 
ples, whose thermal conductivity a t  the measurement 
temperature is smaller, the thermal effects should lead 
to an additional increase of the transverse magnetic 

field. 

Such a time dependence of H, can explain fully the 
picture observed in Ref. 26 in the central part of the 
sample. The transverse magnetic field, which is pres- 
ent both above and below the equatorial line of the sam- 
ple, leads to the onset of normal regions in the TM- 
state layer, with H, having opposite signs on the two 
sides of the equatorial line and with both structures 
moving towards each other. In such a motion, annihila- 
tion of some of the normal regions is possible, while 
some of them can apparently reach the opposite edge of 
the sample. 

')The measured current-voltage characterist ics of these sarn- 
ples were  published e a r ~ i e r . ~  

2 ) ~ t  is  seen from Fig. 13b that the period of the structure in- 
creases  approximately like 1/H,, so  that the dimensions of 
the normal regions remain practically unchanged with de- 
creasing H, , and we did not encounter a situation in which 
the resolving power of the microcontacts o r  of the measure- 
ment circuit would be insufficient. 
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Frequency-angle spectrum of light scattering by polaritons 
and interference of susceptibilities of different orders 
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We investigate the singularities of the frequency-angle spectra of spontaneous parametric scattering of light by 
polaritons in a number of ferroelectric crystals such as lithium niobate, potassium dihydrophosphate, lithium 
formiate, iodic acid, and others. It is shown that most of the observed singularities can be successfully 
explained within the framework of the model of interference between the background and resonant values of 
the tirst- second- and third-order susceptibilities of the medium. 

PACS numbers: 77.80. - e, 78.20.Dj, 7 1.36. + c 

The rapid advances in laser  spectroscopy of media 
have led to the appearance of new types of spectroscopy, 
in which information is provided not only by the f re-  
quency w of the scattered o r  absorbed electromagnetic 
waves, but a lso  by their wave vector k. One can speak 
therefore of "two-dimensional" spectroscopy in (w - k )  
space. One of the phenomena on whose basis a method 
of spectroscopy in (w - k) space can already be devel- 
oped to a sufficient degree i s  spontaneous parametric 

- scattering of light by polaritons, LSP (see, e.g., Ref. 
1). However, extensive applications of this method a r e  
impeded by the fact that the LSP has not been sufficient- 
ly well studied, particularly near the natural vibrations 
of the lattice. 

We investigate in this paper the effect of the interfer- 
ence of the first- ,  second-, and third-order suscepti- 
bilities of the medium in the vicinity of an isolated lat- 
tice vibration [characterized by a dipole moment and 
a Raman-scattering (RS) tensor] on the frequency -angle 
distribution of the intensity of light scattering by polar- 
itons. The singularities of the light scattering by po- 
laritons in lithium niobate (LiNbO,), lithium iodate 
(LiIO,), potassium dihydrophosphate (KH,P04), deuter - 
ated potassium dihydrophosphate (K(Hp,-,)PO4), 
ammonium dihydrophosphate (NH,H,P04), lithium for- 
miate and deuterated lithium formiate (LiHCOO.H,O 
and LiHCOO.D,O), and iodic and deuterated iodic acids 
(Li,Na,,HCOO- H,O), (a-HI03, a - ~ I o , )  a r e  explained 
within the framework of the interference of the back- 
ground and resonant values of the susceptibilities. 

The intensity of a signal wave with a frequency w, 
and a wave vector k, in a three-frequency parametric 
process i s  determined by the imaginary part  of the in- 
crement ~ c ( w , )  added to the dielectric constant by the 
strong pump field (w, and k,). The signal wave has a 
maximum gain and consequently a maximum intensity 
if the condition of spatial synchronism 

i s  satisfied. Here k is  the wave vector of the additional 
(polariton) wave, whose frequency i s  determined by the 
condition 

0=0'-011 (2) 

The conditions (1) and (2) lead to a unique relation be- 
tween the frequency-angle spectrum of the scattering, 
on the one hand, and the dispersion characteristics of 
.the medium, on the other. 

Knowledge of the dispersion of the medium in the 
transparency region, which usually contains the signal 
and pump frequencies, together with the LSP spectra; 
makes i t  possible to determine the dispersion of the 
medium a t  the polariton-wave frequency, which can 
land in the region of the natural vibrations of the lat- 
tice. In those cases when the polariton-wave frequency 
i s  far enough from the frequencies of the resonances 
(by several line widths), information on the scattering 
medium is provided by the following elements of the 
of the LSP spectra: 

a) The tuning curve, determined from the condition 

yields information on the dispersion curve of the lattice 
and the function E'(w). 

b) The angular and spectral widths of the tuning curve 
yield information on the absorption coefficient and the 
function E"(w). 

c) The scattering intensity (integrated over the scat-  
tering angle a t  the given frequency , a s  well a s  the am- 
plitude) yields information on the components of the 
quadratic-susceptibility tensor x,,,. 

On the other hand, if the polariton frequency ap- 
proaches the lattice resonant frequency, the linear and 
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