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The magnetic properties of a superconductor with degenerate electron spectrum are considered. It is 
shown that the upper critical magnetic field H,, of a superconductor with a dielectric gap 2 on the Fermi 
surface can exceed the Clogston-Chandrasekhar paramagnetic limit. 
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1. INTRODUCTION of the form ~ ( p )  = -&(p+ q), which is typical of semi- 
metals and metals with narrow conduction band, of lay- 

Many type-I1 superconductors were recently discov- ered and quasi-one-dimensional compounds, and of 
ered with relatively low critical temperatures T, and superconductors with A15 o r  C15 structure. 
with upper critical- fields H,(O) exceeding the 
paramagnetic limit H, =(n/y)TJp,42 = 18, 4Tc [kG], 
where pB is the Bohr magneton and y = 1.78.. . .is the 
Euler constant (see Refs. 1-6). This phenomenon can 
be due to various causes, for example: the onset of an 
inhomogeneous superconducting Fulde-Ferell-Larkin- 
Ovchinnikov state,? spin-orbit scattering of electrons by 
impurities: spin-orbit interaction in crystals without 
inversion center: compensation of the external mag- 
netic field by an internal volume field," triplet pairing 
of electrons in layered  compound^'^ and in crystals with 
giant Kohn anomaly,'2 and the suppression of spin fluc- 
tuations (paramagnons) in strong magnetic  field^.'^ In 
addition, the apparent exceeding of the paramagnetic 
limit can be observed in superconductors with strong 
electron-phonon coupling, for which the Bardeen- 
Cooper-Schrieffer (BCS) relation between T, and the 
superconducting gap A, a t  T=O is not satisfied,14 s o  
that A, > T T , / ~  and the Clogston-Chandrasekhar limit 
H p = ~ o / ~ B ? 2 > H p 0 .  

Yet a common property of superconducting compounds 
in which the paramagnetic limit is seen to be exceeded 
is an instability to the formation of a dielectric gap on 
the Fermi  surface (FS). Thus, a structural instability 
accompanied by partial dielectrization of the electron 
spectrum takes place in layered dichalgonides of tran- 
sition metals: in compounds with C15 structure (Laves 
~ h a s e s ) ' ~ ' ~  and in ternary modybdenum chalcogenides 
(Chevrel phases).lgT1 As to the inorganic polymer 
(SN),, here, too one cannot exclude the possible exis- 
tence of a very small dielectric gap on the FS, since 
the temperature dependence of i ts  resistivity has a 
characteristic minimum22 and is analogous to the p(T) 
for the organic metal HMTSeF-TCNQ,23 in which 
charge density waves (CDW) were observed up to room 
temperatures," apparently due to Peierls instability. 

It is shown in the present paper that the onset of the 
dielectric gap of collective character on the FS can 
greatly increase the paramagnetic limit of the super- 
conductor in the case of either complete of partial di- 
electrization of the electron spectrum. This situation 
arises if the FS has section with a degenerate spectrum 

The analysis is carried out within the framework of 
the Bilbro-McMillan-Nakayama mode,25*26 which is ba- 
sed on Gor'kov's idea that the electronic spectrum in 
compounds of the A1 5 type has a quasi-one-dimensional 
character, and which is also suitable for the descrip- 
tion of compounds of the C15 type:' and on the basis 
of the model of an isotropic semimetal. In both cases 
the dielectrization is due not only to the instability of 
the ground state relative to electron-hole (exciton) 
pairing:' but also to hybridization of the electron and 
hole branches of the spectrum on account of the single- 
particle interband periods.30 The reason why the para- 
magnetic limit is exceeded is that the existence of a di- 
electric gap C on the FS, together with a superconduc- 
ting gap A ,  prevents the redistribution of the electrons 
among the spin subbands, thereby preserving the con- 
gruence of the FS for electrons with antiparallel spins 
in magnetic fields H >H,. The effect of exceeding the 
paramagnetic limit H,, is particularly large for the 
isotropic model, for in this case, just as in supercon- 
ductors with tight binding, the BCS relation between A, 
and T, does not hold, with l', decreasing rapidly with 
increasing SO that the true paramagnetic limit 
Hz - a0/pB can substantially exceed 3, = T c / ~ ,  . 
2. MODEL HAMlLTONlAN AND DYSON-GOR'KOV 
EQUATIONS FOR THE GREEN'S FUNCTIONS I N  A 
MAGNETIC FIELD 

We consider a multicomponent electron system whose 
spectrum contains several branches of elementary ex- 
citations of electron and hole type. Such a system in 
an external magnetic field H,, ( 1  OZ without allowance for 
the diamagnetic effects1) can be described by a Hamil- 
tonian of the type 

Here <,(p) is the energy of the j-th branch (band) of the 
nonrestructured electron spectrum, reckoned from the 
Fermi  level; a:' is a Pauli matrix; a,, + (p) and a,,@) 
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are the operators of creation and annihilation of a par- 
ticle with momentum p, energy t , ( ~ ) ,  and spin projec- 
tion (Y =i1/2; Vi,,,,(q) a re  the Fourier components of 
the matrix elements of the electron-electron interac- . 

tion. 

The system of equations for the normal Gq;(p, on) and 
anomalous F:f(p, w,) Green's functionss2 is of the form 

The self-energy parts gyf and A$ satisfy the self-con- 
sistency equations 

We seek the solution of the Dyson-Gor'kov equation (2), 
(3) in the form 

G B = E G ~ ' + ~ . G ~ ~ ,  X U - a + & Z U t ,  

P,=IFti, d u = I ~ , ,  (1)'--E. 
(6) 

The presence of singlet self-energy parts C7i diagonal 
in the band indices leads, as  is well known, only to a 
renormalization of the chemical potential and of the 
effective mass of the electrons. The triplet self-energy 
parts xii that describe the effects of exchange (Stoner) 
magnetization in the self-consistent-field approxima- 
tion are taken into account by replacing the external 
magnetic field H by the effective magnetic field H =H, 
+ G ii/prr In addition, in the absence of instability rel- 
ative to a transition into the state of an excitonic ferro- 
magnet 33 we can put Cf,+O(i*j). 

On the other hand, in the presence of degeneracy be- 
tween the electron and hole branches of the spectrum, 
at least on a part of the FS,25.26 on account of the differ- 
ent types of interaction, a nonzero singlet dielectric of 
order parameter cS,*O(~ * j )  is produced. 

On going into the superconducting state, the quasipar- 
ticle spectrum acquires, besides the dielectric gap, a 
superconducting gap whose width is determined by the 
order parameters A ,, + 0 that are  diagonal in the band 
indices. The off-diagonal order parameters Ai,(i+j) 
can be neglected because of the noncongruence of the 
FS sections in the different bands and the small proba- 
bility of the interband transitions (see Ref. 30). 

We consider for the sake of argument the simple 
model, used in Refs. 25 and 26, of an anisotropic 
metal whose electron spectrum consists of three bran- 
ches with energies [,(p), [,(p), and 5,(p) reckoned from 
the Fermi level. On one section of the FS the (,(p) 
spectrum is nondegenerate and there is no dielectric 
gap, while on the other section of the FS there is de- 
generacy of the spectrum, so that the electron and hole 
branches a re  connected by the relation t2(p) = - [,(p) and 
the corresponding dielectric order parameter is Z l3 # 0. 

In this case the matrix elements of the electron-elec- 
tron interaction have the following symmetry proper- 
ties: 

VW. ,-V,, j,, Vu. ,-V,j, ,i=Vfi. ~i=Vjt. e, 

V , ,  ,,-VI,, ,,=Vu. ,i=Vjt, I,, i+Y. 
(7) 

We introduce the notation 
V I ~ v I t ,  11, v 2 ~ V 2 Z ,  2Z=V33. 337 

V=Vat,,;, U-VII.  n=l"l, as, 

U I V ~ ~ ,  33, W=V*. *3=V33. 32. 

We confine ourselves henceforth to the case of contact 
interaction, when the matrix elements (7) do not depend 
on the momentum transfer. 

Substituting the solutions of the Gor'kov-Dyson equa- 
tions (2), (3) into the equations (4), (5) for the order 
parameter and introducing 

Al-All, Ar=Azr=Aa;, Z=xzJ., (9) 

we obtain, taking the symmetry properties (7) and (8) 
into account, 

AZ=-'/&, ( 0 )  (Vz+O) AJt(A2 Z) -Ni(O) U A J I  (At ) ,  (11) 

where 

N,(O) and N2(0) are  the respective state densities on the 
nondegenerate and degenerate FS sections, per spin, 
h = p, H, n, is the concentration of the electrons (holes) 
in the overlapping bands, o, is the limiting (Debye) fre- 
quency of the phonon, and 51 is the characteristic cutoff 
energy of the electron-electron interaction. It coin- 
cides with w, in Eq. (11) and is of the order of the Fer- 
mi energy E,or of the band width E, in (12). The order 
parameters A, and A, can be chosen to be real because 
of the gauge invariance of (10) and ( l l ) ,  while C is real 
because the matrix element is real. 

3. CRITICAL TEMPERATURE OF 
SUPERCONDUCTING TRANSITION AND THE 
PARAMAGNETIC LIMIT 

We consider a superconductor with a degenerate spec- 
trum and with a dielectric gap on the FS, and located in 
a magnetic field. In the case of strong mixing of the 
states corresponding to different branches of the elec- 
tron spectrum,a5 when the matrix elements of the inter- 
action a re  connected by the relation 

V,=V~-U=U--VCO, (15) 

the system (10) and (11) reduces to a single equation for 
the superconducting order parameter A =A, =A2: 

~=V[N,(O)Z,(A)+NZ(O)IZ(~, 2) I. (16) 
In the absence of a magnetic field (h =0) the critical 
superconducting transition temperature T, is deter- 
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mined from the equation 

which can be solved analytically in the limiting cases 
of small and large I;. 

Thus, at (Z/T,)"< 1 it follows from (17) that (cf. Ref. 
30) 

where T, =(y/n)2w, exp [-1/N(O)V1 is the critical tem- 
perature at C =O; N(0) =Nl(0) +N,(O) is the total density 
of the electronic states on the FS, and [ ( x )  is  the Rie- 
mann zeta function. 

In the opposite case when (C/T,)~ >> 1 the critical tem- 
perature T, is a solution of the transcendental equation 

where 
do=nTcoly, v = N i  ( 0 ) l N z  ( 0 ) .  (20) 

The limiting magnetic field a t  which the superconduc- 
tivity is destroyed by the paramagnetic effect is deter- 
mined from the condition for the existence of a solution 
of Eq. (16) forA a t  h#O and T=O. Dependingon the re- 
lation between the quantities h, A,  and Z, Eq. (16) has 
besides the trivial nonsuperconducting solution (A = 0) 
three superconducting solutions with A * 0 in the region 
of values h <Ao; these solutions are determined at T -0 
by the equations 

A ~ ( A ~ + z ~ ) ' ~ * = A : + ' ,  h t ~ ,  (21) 

It is assumed here that C is constant, inasmuch as  in 
the region of not too strong fields (h <Ao), a s  follows 
from (12), C depends weakly on h at w + 0 .  For arbi- 
trary values of C and v,  Eqs. (21)-(23) can not be sol- 
ved exactly. We consider therefore first the limiting 
case of total dielectrization of the FS in isotropic- 
semimetal model, when v =0, and then the case of par- 
tial dielectrization in the anisotropic Bilbro-McMillan- 
Nakayama mode1,85.26 which describes well, under the 
condition C >> To, the experimental situation for super- 
conducting C 15 corn pound^^^^^^ and layered superconduc- 
tors based on dichalcogenides of transition  metal^?^ 

A. Isotropic semimetal (complete dielectrization). 
In an isotropic intrinsic semimetal the degeneracy of 
the electron spectrum takes place on the entire FS, so 
that N,(O)=O and N,(O) =N(O). The dielectric gap I; in 
the absence of superconductivity is then defined, in ac- 
cordance with (12), by the equation 

where 
I i - i / 2 ~ ( ~ )  (PI-30). p=n;W/,Q. (25) 

It follows from (24) that because of the finite proba- 

bility of the single-particle interband transitions (p #O) 
the dielectric gap on the Fermi surface depends little 
on the magnetic field at h < C and is different from zero 
at any sign of the electron-hole interaction constant A 
(see Ref. 30). Nevertheless, a phase transition to a 
superconducting phase (mixed SD phase) with nonzero 
superconducting order parameter A is possible in such 
a system if C<Ao. The critical temperature T, of the 
transition is determined a t  h =0, according to ( l l ) ,  by 
the equation3' 

The dependence of T, on E, obtained from (26), is 
shown in Fig. 1. We see that T,#O only in the region 
Z <Ao. 

At T = O  the solutions (21) and (22) coincide in this 
case (v=O), and a s  a result we obtain in lieu of (21)- 
(23) two superconducting solutions 

The solution (27) is of the BCS type and vanishes at C 
=Ao, in agreement with the result for the critical tem- 
perature. The solution (28) is a generalization of the 
Sarma solution," which exists only in the presence of a 
magnetic field. 

The changes of the free energy on going from the di- 
electric (D) to the superconducting (SD) phase are re- 
spectively for the states (27) and (28) 

6I+'$' = - N ( 0 )  (A; -Z2)  +X2 l n ( Z / A o )  I ,  (29) 

6~:: = - N ( 0 )  [2hAo-hl-'/,(Ao2-Ze) + ZaIn(Z/Aa)  1. (30) 
From (29) and (30) it follows that the free-energy dif- 
ference 6F:z - 6 F g  = -N(0)(Ao - h)' < 0, so  that the solu- 
tion (28) is always energywise unsuitable, just as  the 
Sarma solution.34 

On the other hand, in the absence of superconductiv- 
ity (A =0) at h >C the dielectric (D) phase goes over into 
the paramagnetic (DP) phase, which is characterized by 
a nonzero magnetization 

M , - Z p N ( 0 )  (ha-Z2)  ". 
A transition from the D into the (DP) phase is possible 
if the decrease of the energy on account of the ordering 
of the spins in the magnetic field compensates for the 

FIG. 1. Dependence of the ratio TJT,, on the value of Z/Ao 
for the isotropic-pemimetal model. 
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increase of the electron kinetic energy when they are 
redistributed over the spin subbands. The change of 
the free energy is in this case 

Comparing the free energies (29) and (31) for the SD 
and DP phases, we obtain the equation for the boundary 
between them: 

1 
- (A:-2') -h(h'-Z~'h+Z% 
2 ) -0. (32) 

At the same time, the boundary of the D and SD phases 
is determined by the condition 6FA: = 0, which is satis- 
fied at C =Ao. 

In that phase-plane region where there is no super- 
conductivity (A =0) we obtain from the condition bF,, 
= O  the boundary of the D and DP phases: h = C. 

The phase diagram of an intrinsic semimetal in a 
magnetic field is shown, in the plane of the parameters 
C/Ao and pBH/AO, in Fig. 2. 

We see that at C # 0 the limiting magnetic field of the 
SD phase Hz > ~,/ l .L~d2,  i.e ., it always exceeds the 
Clogston-Chandrasekhar paramagnetic limit. On the 
other hand, a s  seen from Fig. 1, the presence of a 
finite dielectric gap leads to a decrease of T, compared 
with T,,, by virtue of which the true paramagnetic li- 
mit of the SD phase H*,=A0/p, can greatly exceed the 
value H,, = T,/p,. 

B. Anisotropic model Ujartial dielectrization). As - 
sume that the electron spectrum on part of the FS 
is nondegenerate and there is  no dielectric gap, i.e., 
the state density Nl(0) so. In this case, under the con- 
dition C >> A ,  we obtain from (2 I),  accurate to terms 
-(a/C)', a solution of the BCS type, independent of the 
magnetic field: 

A=Z(Ae/2) - (v+illv, h<A, (33) 

which is valid only at C >>Ao. It is easy to show that the 
solutions that follow from (22) and (23) are generaliza- 
tions of the Sarma solution and are thermodynamically 
unsuitable. 

Comparing (34) with (33), we see that in this case, in 
contrast to the isotropic model, the BCS-theory relation 
between A and Tc is satisfied. 

To find the paramagnetic limit it suffices to compare 
the free energies of the superconducting (S) and para- 
magnetic (P) phases in the region of the fields h << C, 
since the solution (33) for a superconducting order par- 
ameter A was obtained under the condition C >> A and 
existsinfieldsh<A. Wenote tha ta th<CandT=O 
a paramagnetic contribution to the free energy of the 
normal state (A =0) is made only by electrons from that 
part of the FS where there is no dielectric gap, so that 
6Fp=-Nl(0)h2. On the contrary, since the supercon- 
ductivity in the case of strong mixing of the branches 
is due to the electrons on the entire FS, the change of 
the free energy following the superconducting transition 
is determined by the summary state density N(O), and 
its value in the absence of a magnetic field (h=O) is 
6F, = - 1/2N(0)A2. The limiting magnetic field, deter- 
mined from the condition 6Fp = 6F, is, when account is 
taken of the restriction h <A, 

(b/psY% [ l+Nx (O)/A', (0)  Ith, N* (0)  (0 ) .  .''= I Alp* Nz(O) >N, (0 ) .  
(35) 

It is seen that also in the case of the anisotropic model 
H* always exceeds the Clogston-Chandrasekhar limit 
A / P , ~ .  So far we have considered the case of strong 
mixing of the branches, when relation (15) is satisfied. 
At the same time it is of interest to consider the oppo- 
site case of weak mixing of the states on the degener- 
ate and nondegenerate parts of the FS, when the matrix 
element of the two-particle transitions U -0. The 
equations (10) and (11) are then uncoupled and take the 
form 

I=-Ni(0) J'tIi (At ) ,  . (36) 

According to (36) and (37), in a model with weak mixing 
of the branches the partial dielectrization of the elec- 
tron spectrum influence the size of the superconducting 
gap only on the degenerate part of the FS with state 
density N(0). At h=O we get from (36) the known BCS- 
theory expression for the critical temperature T, 
= 2y f l w ,  exp{-l/~~}, where Xl = -N,(0)Vl > 0. Equation 
(37) linearized in A, coincides, apart from the notation, 
with Eq. (26) for T, in the isotropic-semimetal model, 
and consequently T, #O only under the condition C <A, 
= 2w, exd-1/X2), where A, = -1 /2~ , (0 ) (~ ,  + U) > 0. 

On the other hand, at C >> T,, we get from (19) with 
exponential accuracy 

The critical temperature of the superconducting tran- 
sition is determined in this case by the larger of the 
temperatures Tcl and T,, although in principles two 
successive superconducting transitions can be observed 
on the temperature dependences of the heat capacity and 
of the magnetic susceptibility, which a r e  sensitive to 
changes of the state density on the FS (see Ref. 35). 

FIG. 2. Phase diagram of intrinsic semimetal in a magnetic 
field, in the plane of the parameters Z/Ao and pgH/AO. 

If A, > A l ,  i.e ., A, >Alo rT, /y , then independently of 
the ratio of T, and T, the Clogston-Chandrasekhar 
paramagnetic limit is exceeded. Indeed, at small A,, 
when the critical temperature T, > T, despite the pre- 
sence of the dielectric gap C + 0, the paramagnetic .li- 
mit H: = A,/I, of an anisotropic metal, just a s  in the 
case of an isotropic ~emimeta l ,3~  can greatly exceed the 
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value H,,z 18.4Tc2 [El. At Tcl >Tc2 (but A,,<A,) the 
paramagnetic limit H t  is also determined by the value 
of A, and exceeds H,,=18.4Tc, [kG]. We note that in 
this case the critical temperature T,=T, does not de- 
pend on the value of the dielectric gap C and can be 
quite high. Finally, if X, > X,, then A, > A, and T, > T, 
so that the paramagnetic limit is not exceeded (at least 
in the weak-binding approximation). 

4. DISCUSSION OF RESULTS 

As already noted, the Bilbro-McMillan-Nakayama 
model describes well compounds with C15 structure, 
which include HfV, and ZrV,. A characteristic feature of 
of these compounds is the structural phase transition in 
the temperature region T = (120-150)K, accompanied by 
partial dielectrization of the electron s p e c t r ~ r n . ~ ~ ' ~ ~  
According to the measurementss6 of the specific heat 
and of the magnetic susceptibility, the ratio of the state 
densities on the degenerate and nondegenerate parts of 
the FS is ~ , ( 0 ) / ~ ~ ( 0 ) = 0 . 7 8  for HfV, and N2(0)/Nl(O) 
e0.92 for ZrV,. The critical temperatures of the su- 
perconducting transition for HfV, and ZrV, are  respec- 
tively equal to T,= 9.0 and T,=8.9 K according to the 
data of Refs. 16 and 36 and T,=9.6 and Tc=8.8 K accor- 
ding to the data of Ref. 1. Unfortunately there a re  no 
reliable measurements of the upper critical field H,(O) 
for these compounds. In Ref. 1, however, a re  given 
the measured values of H,(T) for the intermediate 
compositions H$,,Zro,,V2 and H$v,Zro,6V, with T, 
=(10.1-10.2), according to which Hc2(T) at T =4.2 a re  
respectively 230 and 208 kG, and extrapolation to T = O  
for the second composition yields H,(O) =254 kG. If we 
assume that the shape of the FS and the state densities 
of the isoelectronic compounds with intermediate com- 
position Hf,Zrl-,V, are  such that the ratio N,(o)/N~(o) 
lies in the interval between its values for the extreme 
compositions HfV, and ZrV, (Ref. 36), then we obtain 
from (35) the following estimate for the paramagnetic 
limit: 8: = (250-260) kG, in good agreement with the 
experimental data1 for H,(O). 

At the same time, the two- o r  threefold excess above 
the paramagnetic limit observed in some superconduc- 
tors (e-g., in Chevrel phases2 and in layered dichal- 
cogenides of transition metals4) can be explained on the 
basis of the model considered above, of an isotropic 
metal with weak mixing of the states. 

Thus, partial o r  total dielectrization of the electron 
spectrum a s  a result of structural instability can ex- 
plain the excess above the paramagnetic limit H,, = 18.4 
T, [M;] for a large number of superconducting com- 
pounds'-6 without resorting to a special mechanism for 
each concrete material. An additional argument favor- 
ing this point of view, first  advanced in Ref. 31 and con- 
sidered in detail in the present paper, is the fact that 
the coexistence of supercondictivity and weak impurity 
ferromagnetism with Curie temperature T,= T, is most 
frequently observed in compounds with C15 structure 
(Laves  phase^)?^ In fact, a s  shown above, the quantity 
h contains not_ only an external field H,, but also an ex- 
change field H = C,/k,, connected with the orientation 
of the spins in the bands. Therefore the increase of the 

paramagnetic limit increases simultaneously also the 
limiting value of the exchange field of the magnetically 
ordered impurities, and it is this field which destroys 
the superconductivity. 
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The radio-frequency size eftkt (RSE) and the magnetoresistance are experimentally investigated in a 
magnetic field parallel to the surface of tungsten single-crystal plates in the 1 1101 plane, placed in a high 
vacuum and having different surface states: a) with adsorbed residual-gas film and b) cleaned by heating 
to high temperature. It is okwved the surface cleaning decreases the amplitudes of the RSE lines but 
leaves their widths and shapes unchanged. The weakening of the RSE does not depend substantially on 
the positions of the orbits on the electron jack and on the hole octahedron, e t s  itself weakly for the 
spheroid lines, and correlates with the variation of the magnetoresistance. The connection of the 
amplitude and width of the RSE lines with the specularity codficient are analyzed in light of the existing 
theories. It is shown that the observed sensitivity of the RSE to the surface state is well described by the 
variation of the specularity coefficient of the grazing electrons. The changes of p detennined from the 
RSE measurement agree qualitatively with the corresponding values determined by measuring the 
magnetomistance 

PACS numbers: 72.15.Gd, 73.20. - r, 72.1S.Qm, 81.60.Bn 

1. INTERACTION 

It is well known that the radio-frequency size effect 
(RSE) in a magnetic field H parallel to the surface of a 
plane-parallel metallic plate of thickness d i s  due to 
two effects: the cutoff of the effective orbits (CEO) and 
the anomalous penetration (AP).' The theory of the 
CEO in a plate in the limiting cases of diffuse and spec- 
ular scattering was developed by Kaner et al .  in Refs. 
2 and 3, respectively. The gist of the conclusions of 
the theory reduces to the following. At H, (where 8, 
=2tikc/ed is the cutoff field, 2Ek is the diameter of the 
electron orbit, e i s  the charge, and c is the speed of 
light) the electron trajectories cannot be fitted in the 
plate, s o  that in a metal with a diffuse boundary the ex- 
tremal-section electrons which pass through the skin 
layer, become scattered by the opposite surface of the 
plate and lose the energy acquired from the wave. In a 
metal with a specular boundary, the colliding electrons 
return repeatedly to the skin layer at H <  H, , just as the 
volume electrons a t  H > H, . In addition, in this case 
the skin layer is formed mainly by the surface electrons 
that glance over the surface along trajectories with 

centers outside the metal. The shunting of the contri- 
bution of the volume electrons into the high-frequency 
conductivity by the surface electrons, just as the con- 
servation of the number of electrons participating in the 
formation of the skin layer at H <  H, , make the attenu- 
ation of the singularity of the impedance at specular 
reflection stronger than in the diffuse case. 

The theory of the A P  in a semi-infinite metal, in the 
limiting cases of diffuse (Iy 1 <<I -p) and specular 
[ l Y  I(b, /R)1/2>>1 -p] scatterings, and also at intermed- 
iate values of the specularity coefficient p 

171 (GdR)"'aI-pa/~Jal (1) 

was developed in Refs. 1-6. Here y = ( v - io)/tZ, 6, is 
the skin-layer depth, and o are the cyclotron and 
electromagnetic frequencies, respectively, v is the 
collision frequency, and R is the radius of the electron 
trajectory. In AP, the electrons form equidistant cur- 
rent sheets of thickness 

GV- (4caRQy/3ooo')'" ' (2) 

(o, is the plasma frequency of the metal) at a distance 
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