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The effects that appear upon normal incidence of an electromagnetic wave on the surface of a superconductor 
(at T#O) in the presence of a constant magnetic field at the surface are investigated. It is shown that in such a 
situation there arises in the superconducting material a variable longitudinal electric field that penetrates deep 
into the material, and owes its origin to Hall-type surface quasiparticle currents. The anomalous penetration 
effect due to this field can be significantly stronger than the corresponding effect that occurs in the absence of 
a constant magnetic field. 

PACS numbers: 74.30.Gn, 74.30.Ci 

Much in te res t  has  been shown in recen t  y e a r s  in  the 
study of the effects connected with the possible exis-  
tence of a longitudinal e lec t r ic  field in a superconduc- 
tor.ld It has ,  in part icular ,  been shown that in the 
nonstationary situation the penelration of this field into 
the superconductor is the resul t  of a specific collective 
motion due t o  the two-component s t r u c t u r e  of the e lec  - 
t ron sys tem of the superconductor, and h a s ,  in a c e r -  
tain frequency range ,  the c h a r a c t e r  of a slowly decay - 
ing It was  pointed out recent ly,  that such  a 
collective motion makes possible the anomalous pene- 
t rat ion of an electromagnetic field through a super -  
conducting 1 he mechanism underlying this 
phenomenon amounts  to  the following. 

In the c a s e  of oblique incidence of a n  appropriately 
polarized electromagnetic wave on the sur face  of a 
superconductor, t h e r e  ex i s t s  a n  electr ic-vector  com- 
ponent that is normal  to the sur face ,  and leads ,  on 
account of ihe electrodynamic boundary conditions, Lo 
the formation of a time-dependent sur face  charge.  At 
T > T, (i.e., in the normal  metal),  o r  a t  T = O ,  the l ime  
variation of this charge  is guaranteed by the purely 
rotational fields and eddy c u r r e n t s  localized in the skin 
o r  London layer .  But  in a superconductor a t  T #O we 
mus t  take into account, along with the ordinary electro-  
magnetic boundary conditions, the additional condi- 
tions determining the connection between the boundary 
values of the superfluid and quasipart ic le  components 
of the total current. '  All t h e  boundary conditions can 
b e  sat isf ied only when allowance i s  made f o r  the indi- 
cated collective motion of the superfluid and  normal  
components and  the related slowly decay ing-into the 
in te r io r  of the  sample-longitudinal fields, which in 
turn guarantee the appearance of an electromagnetic 
field on the opposite s ide  of the plate. 

I t  is, however, not difficult to s e e  that the intensity 
of the t ransmit ted s ignal  is, in any event,  proportional 
t o  the coefficient determining the attenuation of the nor -  
mal-to the surface-electr ic  field component in the 
conductor in comparison with the component in a vacu- 
um, i.e., to the parameter  w/o (where u is the s ta t i c  
conductivity of the normal  metal) ,  which, under the 
mos t  favorable conditions, is of the o r d e r  of 10". 

T h i s  is due to the fact that ihe normal-to the surface-  
cur ren t  component, which i s ,  on account of the e lec -  
trodynamic boundary conditions, equal to the  displace-  
ment cur ren t  in the vacuum, is responsible  fo r  the 
effect. 

In the present  paper we cal l  attention to a factor 
capable of markedly ra i s ing  the coefficient of anoma- 
lous penetration. We a s s u m e  normal  incidence of the 
electromagnet ic  wave on the s u r f a c e  of the sample  
(i.e., the absence  of a normal  component of the e lec -  
t r i c  field and the related anomalous-penetration mech- 
an i sm considered in Refs .  7 and 8). The response t o  
the electromagnetic field is then completely determin-  
ed by the  eddy c u r r e n t s  flowing paral le l  io the s u r f a c e ,  
which, a t  T #O, have both a superconducting and a 
quasipart ic le  component. Let  us  note that the weaken- 
ing of the e lec t r ic  field component paral le l  to the s u r -  
face a t  T - T ,  and in the c a s e  of the normal  skin effect 
is determined by the parameter  ( ~ / o ) ~ "  (and not by w /  
o as f o r  the component normal  to the sur face) ,  and the 
quasipart ic le  eddy c u r r e n t s  a r e  then many o r d e r s  of 
magnitude higher than the displacement cur ren t  in the 
vacuum. 

Le t  us  now a s s u m e  that a n  external  constant magnetic 
field is produced near  the i r rad ia ted  s u r f a c e  of the 
superconductor. T h i s  field (localized in the London 
layer)  will induce quasipart ic le  c u r r e n t s  in the Hall  
direction. On the o ther  hand, the electrodynamic 
boundary conditions requ i re  a t  the s a m e  t i m e  the van-  
ishing of the total-current  component normal  to  the 
sur face ,  while the specific supplementary conditions 
requ i re  the vanishing of the quasipart ic le  c u r r e n t  (cf. 
Refs .  3 and 4). These  conditions can  b e  sat isf ied s i m -  
ultaneously only when allowance is made  f o r  the con- 
tribution of the longitudinal fields and c u r r e n t ~ . ~ ' ~  The  
picture of the anomalous penetration is thus remin is -  
cent  of the one discussed e a r l i e r  f o r  the c a s e  of obli- 
que incidence in  the absence  of a constant magnetic 
field. But  in the p resen t  situation the effect s t e m s  not 
f r o m  the  displacement c u r r e n t s ,  but f rom the quasi-  
par t ic le  eddy c u r r e n t s  that flow paral le l  to  the s u r f a c e ,  
which a r e  ( ~ / w ) ~ "  t imes  s t ronger .  Natural ly ,  the Hall 
c u r r e n t  i s  connected with the supplementary s m a l l  
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parameter" a7 ( a  i s  the cyclotron frequency and T i s  
the momentum relaxation t ime),  and, as a result ,  the 
est imate for the longitudinal fields in the superconduc- 
tor  as a ratio of the field of the incident wave is pro- 
portional to the parameter  S2~(w/o)' 12. But, as i s  easy  
to s ee ,  in a rea l  situation the condition QT >> ( ~ / u ) l I ~  
can be fulfilled even in fairly weak magnetic fields, 
and, thus, the anomalous-penetration mechanism un- 
der  consideration can b e  more  effective than the mech- 
anism proposed in Refs. 7 and 8. 

To  est imate the effect, let u s  use the kinetic equa- 
tion' for  the quasiparticle-distribution function n :  

an ae an ae an -+-----+~n=O 
at ap ar ar ap (1) 

where I i s  the phonon-impurity collision integral, 

Here v, contains both the contribution corresponding 
to the response to the electromagnetic field and the 
contribution describing the screening of the constant 
magnetic field. 

We shall solve the problem by iteration assuming 
that, in f i r s t  o rde r  in the field intensities, we can in- 
dependently compute the responses t o  the constant mag- 
netic and electromagnetic fields, i.e., independently 
solve the problems of their  screening. Separating out 
the local-equilibrium part no of the distribution func- 
tion [i.e., setting n = no(C) + n'], we obtain 

an' ae  an' a t  an' - e an' e an -+ -----+ In,--[VXH~],-= - - ( p ~ , ) ~ -  [no]:, 
at ap ar ar ap ap, m a s  

(2) 
where H, i s  a constant magnetic field, El  is the eddy 
electr ic  field (we neglect the magnetic field of the elec - 
tromagnetic wave, assuming that it i s ,  a t  any r a t e ,  
weaker than H,), z i s  a coordinate measured along the 
normal to the sur face  into the superconductor, and 
[no]: i s  the result of the differentiation of no with r e -  
spect to t with allowance for 9 and the t e rms  of higher 
order  in Ha and E 

Let us discuss the l imits  of applicability of ou r  ap-  
proach. 'I he classical  description requi res  the fulfill- 
ment of the condition 

As  will be shown below, the following condition should 
a l so  be  satisfied: 

(here f i s  the characteris t ic  value of c,; A is the char -  
acteris t ic  El-attenuation length: x =min  ( x ~ , x , ) ,  where 
k L  and A, a r e  the London and skin depths respectively). 
We shal l ,  for  simplicity, consider  the ca se  of the nor-  
mal  skin effect: up7<< x,. The applicability of the 
iterative procedure requi res ,  as can be  shown, the ful- 
fillment of the condition 

We shall ,  however, require the fulfillment of the fol- 
lowing more  rigid condition, which will allow us to 
neglect the "capture" of the quasipart icles  by the field 
Ha nea r  the surface:  

When these conditions a r e  fulfilled, the response to  the 
electromagnetic field has ,  in the lowest o rde r  in E l  
and with Ha neglected, the form 

Substituting (3) into the t e rm  =Ha, we obtain in the 
equation in f i r s t  o rde r  in the parameter  a current  
t e rm  corresponding to the high-frequency Hall current .  
The  direction of this  cur ren t  i s  given by the vector 
[El XH,], i.e., it i s  normal to the surface,  and i t s  cur l  
is equal to zero.  We should, on the bas is  of this c i r -  
cumstance, expect the appearance of longitudinal fields 
normal to the surface.  Iterating (2) in the appropriate 
o rde r  in E l  and If,,, we obtain for the determination of 
these longitudinal fields the equation 

Here  we have used the est imate2 '  f 1  - 1 5 1/7&. 

Using a procedure s imi l a r  to the one used in Refs. 6 
and 8, and assuming that COT<< 1, we can derive from 
( 4 )  the following hydrodynamic equations for the quanti- 
t ies  6, and 9 corresponding to the longitudinal fields: 

Here we have s e t  
3 ,-v, - - a  e-f**, @=@oe-'a~ , B=(io-l/r,) +DVZ, 

8 P- -e-q'beqz, D=Tu,'/~, q,=h-', 

T, is the branch-population-imbalance relaxation t ime,  

and is the Hall current .  

The  appearance of the logarithmic t e rm  i s  due to the 
presence of a divergence in the corresponding integral 
with respect  to 5,, i.e., to the fact that the important 
contribution to the conductivity is made by the particles 
with sma l l  5,. Est imates with the aid of the kinetic 
equation lead to a cutoff energy [,-WTA (cf. Ref. 9) and 
the value A = ( w T ) ~ .  But the important ro le  played by 
the low-energy region requi res  in the general case  an 
assessment  of the applicability of the classical  ap- 
proach.' The  question of the expression for  the current  
i s  discussed from f i r s t  principles, in particular, in 
Ref. 10,  where the logarithmic te rm is computed within 

125 Sov. Phys. JETP 56(1), July 1982 V. I .  Kozub 125 



the framework of a rigorously quantum-mechanical 
approach (see a l so  Ref. 11). It can be seen  in this case  
that the characteris t ic  quantum energy,  which i s  con- 
nected with the density-of-states singularity and deter-  
mines the l imits  of applicability of the classical  ap-  
proach in the low-energy region, i s  given by the es t i -  
mate E - A-Rw, and, thus, 5 , - ( 5 ~ ~ ) ' / ~ .  Therefore,  in 
the ca se  wTA >> (RwA)' I2 o r  fiW > A(AT)-', the expres - 
sion fo r  the conductivity can b e  obtained within the 
framework of the classical  approach. In the opposite 
ca se  to est imate the logarithmic t e rm  we must go out- 
s ide the l imits  of applicability of the kinetic equation; 
in this case  the cutoff energy i s  ~ , - (RuA)"~ ,  and the 
quantity A i s  determined by the quantum parameter  
Ru/A. Finally, for A we have the following interpola- 
tion formula: 

It can b e  verif ied that the quantum-mechanical cal-  
culation" also yields an est imate of this type. Notice 
that the foregoing interpolation formula ensures  a con- 
nection between the expressions obtained for  the con- 
ductivity in the various frequency regions, s ince,  on 
the one hand, a t  W T  * 1 the expression fo r  the conduc- 
tivity does not contain an 5, singularity, and,  on the 
other ,  the quantum parameter  Rw/A does not depend 
on the quantity UT. 

The expression for the Hall current  jH a lso  contains 
a singularity in the region of smal l  5,. Taking the fore- 
going into account, we can est imate jH str ict ly within 
the framework of the classical  approach in the ca se  
EW > A/(AT)~ .  In the opposite ca se  we shal l  limit our -  
selves to an  order-of-magnitude est imate,  assuming 
that the cutoff point for the integration is determined 
by the quantum energy 5 - (RwA)' 12. Finally, we have 
the est imate 

The homogeneous equations corresponding to (5a) and 
(5b) describe the collective motion of the condensate 
and the normal component; the dispersion law for  this 
motion can be  obtained by assuming that v:, @'me i q c ,  

and computing the determinant of the system (cf., for 
example, Refs. 6 and 8). We then a r r i ve  a t  the follow- 
ing results :  for  WT,,A/T << 1 (purely diffusional quasi- 
s tat ic  case)  we have 

for  (T~A/T)-'  << w << T-'(A/T)~ we have 

for  ( A / T ) ~  <<wT<<A/T I n n  (acoustic-type m ~ d e ~ ' ~ )  we 
have 

f o r  WT >> A/T lnA we have 

qZ=- ( iw/D) n12 In A. 

Let us now turn to the particular solution of the in- 
homogeneous system (5). Since jH  me"", it is not 
difficult to s e e  that, if w << v,/x, then the t e r m s  miw in 

the f i r s t  equation can be neglected; we then obtain 

Thus ,  in this case  the quasiparticle cur ren t  co r r e s -  
ponding to the part icular  solution to the inhomogeneous 
system i s  simply jH. 

The boundary conditions for the present problem r e -  
d u c e ~ ~ ' ~ ' ~  to the form3' 

where j, is the total quasiparticle cur ren t .  It can be 
seen  that it can be sat isf ied only when allowance is 
made for  the general solution to the homogeneous equa- 
tion, i.e., for the longitudinal fields that penetrate deep 
into the sample.  

Using (7), and determining the quasiparticle com - 
ponent corresponding to the solution to the homogene- 
ous equation, we obtain for V@ the est imate:  

An est imate shows that in the case of the normal skin 
effect E l  is connected with the field intensity E, in the 
incident wave by the relation E l  - (w /o )1 ' 2~o .  

As to the general physical picture [determined by the 
dispersion law (7)] of the penetration of the longitudinal 
field through a plate and the conversion of this field 
into an  electromagnetic field a t  the opposite sur face ,  it 
is s imi la r  to the picture considered in Ref. 8. The re -  
fore we discuss it here only briefly. T o  find the lon- 
gitudinal-electric-field intensity in the sample,  

we must a l so  compute Vs. We can easily do this using 
any of the equations of the homogeneous system c o r -  
responding to (5), a s  well a s  the solution to the disper-  
sion equation (7). Finally, we obtain 

'I he field s trength in the vacuum in the vicinity of the 
opposite sur face  of the plate, i .e.,  the electromagnetic 
field that penetrates through the plate, can be  computed 
knowing E ,  in the sample  near  this sur face  and using 
the standard boundary conditions. With allowance for 
these conditions, the electr ic  field in the vacuum i s  
determined by the E ,  component parallel to the co r -  
responding plate sur face ,  and it is this component 
which i s  matched with the field in the vacuum (cf. Ref. 
8). 

Thus ,  in ou r  situation, when the  plate i s  perfectly 
plane-parallel, i.e., when the opposite face i s  perpen- 
dicular to the axis  z II E,,  the field does not penetrate 
into the vacuum. If, on the other  hand, the normal to 
this face i s  inclined a t  some  angle a to the z axis  
(i.e., i f  the plate is wedge-shaped o r  notched), the field 

126 Sov. Phys. JETP 56(1), July 1982 V. I .  Kozub 126 



intensity in the vacuum n e a r  the sample  sur face  i s  E ,  
- (YE, (let us  note that,  in the situation considered in 
Refs. 7 and 8,  the effect a l s o  increases  significantly 
with increasing a ,  although it is nonzero a t  a =O). 
Finally, we have for  the penetration coefficient K -E,/ 
E ,  the order-of-magnitude es t imate  

where L is the plate thickness and q i s  determined 
from (7). In part icular ,  fo r  w/o- RT - lo", and 
( A / T ,  W T ,  a )  - 1, the pre-exponential factor  i s  of the 
o r d e r  of 10 '~-10-~ .  

A s  already indicated, the connection with the magni- 
tude of the effect considered in Refs. 7 and 8 is de te r -  
mined by the parameter  ~2r(w!o)"'~. In this  connec- 
tion, let us  point out two important consequences. 
F i r s t ,  s ince w / a - 1 0 - ~  in the optimal situation f o r  the 
observation of the l a t t e r  effect,  whereas  QT can have 
a value even in a field -1 Oe,  we mus t ,  in part i -  
cu la r ,  take into account the possible effect of the back-  
ground magnetic fields in ihe observat ion of th i s  effect. 
Second, the conditions for  the observation of the anom- 
alous penetration and,  in  part icular ,  the excitation of 
the slowly decaying a r e  eased  significantly. 

I a m  grateful to V.  V .  Afonin, Yu. M.  Gal 'perin, and 
V .  L.  Gurevich for  a discussion of the work and a num- 
b e r  of useful comments .  

' )~ve rywhere  below we shall, for simplicity, limit ourselves 
to the case of the normal skin effect. The smallness of S2r 

i s  due, on the one hand, to the fact that the field strength 
should not be higher than H, and, on the other, with the fact 
that r i s  limited by the requirement uFr< As, where As i s  the 
skin depth. 

2 ) ~ t  can be seen that F -  contains par ts  both even and odd in t*. 
The charge transport  i s ,  however, connected with only the 
even part, which i s  the par t  that we shall consider below; 
the odd par t  corresponds to currents that ensure the varia- 
tion of the distribution-function correction even in t p  and p, 
which i s  negligible in comparison with no. 

"The fulfillment of this condition is guaranteed by the absence 
of surface recombination of the quasiparticles. 
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