SOVIET PHYSICS USPEKHI
37.312.62

VOLUME 8, NUMBER 5

MARCH-APRIL 1966

Physics of Our Time

THE PRESENT STATE OF THE THEORY OF SUPERCONDUCTIVITY*

A. A. ABRIKOSOV
Usp. Fiz. Nauk 87, 125-142 (September, 1965)

SUPERCONDUCTIVITY, one of the most unusual
physical phenomena, is attracting at present particular
attention. The construction of powerful permanent
magnets of superconducting alloys giving fields up to
100,000 Oe led to a substantial increase in the pace
of scientific and technological research on the subject.
In this short lecture it is difficult to cover all the vari-
ous properties of superconductors and the full range of
work in this field. I shall therefore confine myself to
a brief description of the essential facts and their ex-
planation, and after that I shall say a few words about
recent work and about the future prospects.

Superconductivity was discovered by the Dutch phys-
icist Kamerlingh-Onnes in 1911. He measured the
electric resistivity of metals at helium temperatures
(i.e., temperatures below the boiling point of helium,
which is 4.2°K) and found that at a temperature near
4°K the resistance of mercury suddenly drops to zero.
Subsequently many more superconducting metals and
alloys were discovered with widely differing values of
the transition temperature, or so-called “‘critical tem-
perature.’”’ The highest critical temperature, 18°K is
that of the alloy Nb3Sn, and the alloy BiyPt, for exam-
ple, has a critical temperature of only 0.155°K.

In 1914 Kamerlingh-Onnes discovered that super-
conductivity is destroyed when the metal is placed in
a sufficiently strong magnetic field (critical field).
The magnitude of this field depends on temperature.
It is greatest at absolute zero (a few hundred or a few
thousand Oe for pure metals). It decreases with ris-
ing temperature and becomes zero at Tgoyp. If the tran-
sition takes place in the presence of a magnetic field it
is a normal phase transition, a so-called first-order
phase transition, which is accompanied by the release
or the absorption of a latent heat. If the transition
takes place in the absence of a magnetic field, i.e., at
Terp, it is a transition of second order, in which there
is no latent heat, and one observes only a jump in the
specific heat. Kamerlingh-Onnes showed also that
superconductivity is destroyed by the passage of an
electric current exceeding a certain magnitude.

Another important property of superconductors was
discovered in 1933 by Meissner and Ochsenfeld. It was
found that an external magnetic field does not penetrate
into the body of a thick superconductor, and that on the
transition into the superconducting state the field is, as

*Address at the annual session of the U.S.S.R. Academy of
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it were, pushed out of the superconductor. It was shown
theoretically by Mrs. de Haas in 1926, and experimen-
tally by Shoenberg in 1939, that this is connected with
the appearance of currents in a surface layer of the
superconductor of 1075—107% cm thickness which
screen the interior of the superconductor from the
external field. The thickness of this layer was called
the penetration depth.

I cannot describe the large number of varied and in-
teresting studies which were carried out subsequently.
Many properties of superconductors were discovered
and explained thanks to the remarkable experimental
work of L. V. Shubnikov, A. I. Shal’nikov, Yu. V.
Sharvin, N. V. Zavaritskii, and M. S. Khaikin in the
U.S.S.R., and K. Mendelssohn, E. T. S. Appleyard,

A. B. Pippard abroad, and the theoretical work of

A. J. Rutgers, C. H. Gorter, the brothers F. and H.
London, R. E. Peierls and the Soviet physicists L. D.
Landau and V. L. Ginzburg. However the basic cause
of superconductivity remained a mystery until the
1950°s.

What made this phenomenon so complicated, and
why did it remain for so long unexplained? To answer
this question one has to remember a similar phenom-
enon, the superfluidity of liquid helium. As we know,
if liquid helium is cooled below 2.18°K it changes to
a peculiar modification which is called superfluid he-
lium or heliumII. The ability of helium II to flow
through narrow capillaries without friction was dis-
covered by P. L. Kapitza in 1937 and explained by
L. D. Landau in 1941. Very roughly, the Landau the-
ory argues as follows. HeliumlII is a quantum liquid,
in which energy and momentum can increase or de-
crease only by definite amounts or quanta. The fric-
tion of a flowing liquid must represent a change in its
energy and momentum. It turns out that the helium in
motion can absorb such a quantum only if the velocity
of flow exceeds a certain critical value. At lower ve-
locities it therefore behaves like a perfect non-viscous
liquid.

An attempt to apply this theory mechanically to the
electrons in a metal and to assume that superconduc-
tivity is the superfluidity of a charged electron fluid
ended in failure. It turned out that a fluid consisting
of independent electrons could absorb quanta and
therefore undergo friction at any velocity of flow. The
difference between liquid helium and an electron fluid
is connected with the fact that the intrinsic angular
momentum (spin) of the helium atom is zero and that
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of an electron is Y,h (h is Planck’s constant). How-
ever, if two such particles of spin 1/2ﬁ are bound to-
gether we know that the composite particle may have
an intrinsic angular momentum of zero or of an inte-
gral multiple of h. If the electron fluid therefore con-
sisted of such bound pairs it might be superconducting.
However, electrons carry like charges. They should
repel each other, and there would seem to be no reason
for the formation of bound states.

This puzzle remained, as I have mentioned, until
the 1950’s. In 1950 W. D. Allen* and others, working
with mercury, and E. Maxwell, working on tin, dis-
covered an interesting phenomenon: the influence of
the isotopic composition of the metal on its critical
temperature, In addition to the electrons, the metal
contains positively charged ions, which form the crys-
tal lattice. A change in the isotopic composition means
a change in the mass of the ions. The latter, however,
influences only the vibration frequencies of the lattice.
It follows that lattice vibrations are directly connected
with superconductivity. Starting from this discovery,
H. Frohlich and J. Bardeen developed a theory of a
particular kind of attraction between the electrons.
One of the consequences of quantum mechanics is the
conclusion that a lattice must always, even at absolute
zero, be in a vibrating state (zero-point vibrations).
According to the theory of Frihlich and Bardeen each
electron changes the behavior of the zero-point vibra-
tions and this gives rise to a field of force which acts
on another electron. In this way there must be an in-
teraction between the electrons which is necessarily
attractive and can dominate over the electrostatic
repulsion.

On the basis of this fact J. Bardeen, L. N. Cooper,
and J. R. Schrieffer in America, and N. N. Bogolyubov
in the U.S8.S.R., developed a microscopic theory of
superconductivity which gave a full explanation of
this phenomenon.

It was shown that the attractive forces lead to the
formation of bound pairs (sometimes called Cooper
pairs). It is interesting that this is not just a process
involving the two electrons which form the pair, but
that the whole collective system of electrons in the
metal takes part; it turns out in particular that for
this reason an arbitrarily weak attraction is sufficient
for the formation of pairs. Any transfer of energy to
the electron fluid in the superconductor requires the
breaking of a pair. But this means that the energy
which is transferred cannot be arbitrarily small, but
must necessarily exceed the binding energy of a pair.
This lower limit to the energy transfer is called the
gap in the energy spectrum. As is well known from
the theory of semiconductors, such a gap necessarily
leads to an exponential temperature dependence of the
electronic part of the specific heat and of the thermal
conductivity, and this is indeed observed. From the

*The author probably means Reynolds et al.—Translator.
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existence of an energy gap it follows that a fluid of
electron pairs can move without friction up to a cer-
tain velocity. In other words the electric current
flows without resistance. As I already stated, the pair
formation is a collective effect and is therefore con-
nected with the state of the whole electron system. As
the temperature is increased some of the pairs are
broken, and this in turn affects the binding energy of
the remaining pairs. As a result, the binding energy
decreases, and at the critical temperature it becomes
zero. No pairs are then left and the metal becomes
normal in all respects.

I shall now present some equations and diagrams.

(1) The binding energy of a pair is 2A(T),

A(0) = 2rape—1/m,

where wp is the Debye frequency; in a metal hwp
amounts to 300—400°K. The quantity 7 is a dimen-
sionless constant which measures the interaction of
the electrons with the lattice. In all known cases
n < 1/2. The fact that this limit is one of principle has
been proved by using rather special assumptions.

(2) The critical temperature is (in energy units)

A0
To=200

It is possible that the smallness of the critical
temperature is connected with the existence of a limit
for 7.

(3) The electronic specific heat:

(a) in the normal state

Co=vT y~10% —10* erg/cm’deg?
(b) near T =0
Cs(T)

i = A N2 o oy
Co(Tep) 1‘35< T) ¢ '

(c) near T = T,

Cs(T) ~ T .
aiten =243 4377 (4~ 1)

from which we see that the specific heat has a discon-
tinuity at T = Tgp.
(4) Temperature dependence of the critical field:
(a) near T=0

2

T
H(T)= H., (0) [1_1.06@;) ] ,
Ho(0) is proportional to Teyp and is in the region

of hundreds to thousands of Oersted;
(b) near T = Tgyp

HC(T)=1.73HC(O)<1—TT—U>.

The comparison of these and other theoretical rela-
tions with the experimental data for pure metals shows
excellent agreement (Figs. 1—3).

With the new theory one can describe the behavior
of superconductors in constant and varying electromag-
netic fields. For this the so-called superconducting
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FIG. 1. Dependence of energy gap A on temperature.

correlations are essential. The Cooper pairs of elec-
trons are fairly big objects. Their radius is of the
order of 1074—107% ¢m, i.e., a few thousand times the
interatomic distance. It follows that the motion of
electrons at different points of the metal shows cor-
relations over distances of the order of the dimensions
of a pair (one uses the term correlation length). It
follows that the electric current at a given point in the
metal depends on the electromagnetic field not only at
that point, but in a region with dimensions of the order
of the size of a pair. This leads to an integral, or
‘“‘non-local,’’ relation between current and field. There
are two limiting cases. If the electromagnetic field
varies only slightly over distances of the order of the
correlation length, the correlation effects are unim-
portant, and the current depends practically only on
the field at the same point. In that case one finds the
so-called London equations, which were proposed by
the brothers F. and H. London in 1935 on the basis of
phenomenological arguments. In the opposite limit
one obtains a special kind of integral relation between
current and field which was proposed by A. B. Pippard
in 1953, also before the appearance of the microscopic
theory of superconductivity. The parameter which
characterizes the distance over which the field changes
appreciably, can be taken to be the penetration depth.
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FIG. 2. Temperature dependence of the electronic specific
heat.

Indeed, this is just the distance over which the mag-
netic field in the superconductor decreases from its
external value to zero. Thus we are concerned with
the relation between the penetration depth and the cor-
relation length. The experiments show that all pure
metals belong either to Pippard’s limit or to the inter-~
mediate case, i.e., the correlation length is either
much greater than the penetration depth (e.g., in alu-
minium ) or of the same order (e.g., in tin).

The finite value of the correlation length made it
possible to explain the origin of the surface energy
at the border between the normal and superconducting
phase. The existence of such an energy follows already
from the fact that a solid superconducting cylinder (of
pure metal ) in a longitudinal field changes discontinu-
ously from the superconducting to the normal state
when the field passes its critical value. The point is
that we know that the critical field of a thin layer is
greater than the critical field of a thick sample. Imag-
ine that the transition occurred by way of the forma-
tion of alternate normal and superconducting layers in
the cylinder. The layers could then become thinner
and thinner and give a transition at higher and higher
fields. This does not happen, just because each bound-
ary requires energy. The magnitude of the surface
energy was measured by Yu. V. Sharvin in his very
beautiful experiments on the properties of the interme-
diate state. The hypothesis of the existence of such an

FIG. 3. Comparison between theory and experiment
on the electronic specific heat. The systematic devia-

tion at low temperatures (right-hand part of the figures)
is due to the anisotropy of the energy gap in real metals,
which increases the electronic specific heat compared to
the isotropic case assumed in the theory.
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FIG. 4. Origin of the surface energy, schematic.
(Explained in the test).

energy was proposed by L. D. Landau in 1937 in a paper
on the theory of the intermediate state.

The problem of the surface energy is one of the fun-
damental ones, and we must therefore consider it in
some detail. According to our present ideas the sur-
face energy arises in the following manner. Figure 4
shows the conditions for the formation of a boundary
between a normal and a superconducting phase. In the
superconducting phase there are pairs with a binding
energy of 2A. In the normal state A = 0. However,
the state of the electrons in the metal cannot change
over distances less than the correlation length. There-
fore A varies approximately as shown in the diagram.
On the side of the normal phase there is a magnetic
field of magnitude Hg (otherwise there could not be
equilibrium ). The field inside the superconductor
must equal zero. This means the field decreases
from Hg to zero over a distance of the order of the
penetration depth. If we replace the continuous varia-
tion by sharp breaks at A and B without changing the
area under the curves we are left with a region AB in
which, on the one hand, the binding energy of the pairs
is zero so that it is like a normal metal, and, on the
other hand, the field does not penetrate. Hence this
layer AB carries a wasted energy of (AB)H%/Sn per
unit area.

This is the situation when the correlation energy is
greater than the penetration depth, but the opposite
may also happen. In that case the surface energy is
negative. In this way one can classify the supercon-
ductors in two types according to the sign of the sur-
face energy: type 1 and type 2 superconductors. The
hypothesis that there exist in nature two types of super-
conductors was proposed by myself in 1952 on the basis
of an analysis of the experimental results of N. V. Za-
varitskii on the critical fields of thin films. By 1957,
before the appearance of a microscopic theory of
superconductivity, a general theory of type 2 super-
conductors was successfully developed. I based this
theory on the equations which V. L. Ginzburg and L. D.
Landau had obtained in 1950 from semi-phenomenolog-
ical considerations. After the completion of the micro-
scopic theory, L. P. Gor’kov put it into a suitable form
for the description of spatially non-uniform problems.
He showed in 1959 that the Ginzburg-Landau equations
follow from the exact theory near the critical tempera-
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ture. As a result it became possible to find the signifi-
cance of the parameters which appear in these equa-
tions.

Why are these problems of interest? After all,
every known pure superconductor, with the exception
of niobium, belongs to type 1. The point is that any
pure superconductor can be converted into a type 2
superconductor by adding impurities or creating de-
fects in the crystal lattice. The electrons in such a
superconductor are scattered by the defects, and there-
by the superconducting correlations are destroyed. As
a result the correlation length can be reduced consid-
erably, and its ratio to the penetration depth can be
reversed. As I have pointed out this gives rise to a
negative surface energy, i.e., the superconductor be-
comes one of type 2. This is exactly what happens in
most superconducting alloys.

In a type 2 superconductor the character of the tran-
sition is radically different from the transition in a
type 1 superconductor. Since the concept of a phase
boundary here loses its meaning the transition takes
place gradually and can extend over a very large range
of fields. There are now two critical fields, a lower
and an upper one. A field which is less than the lower
critical field does not penetrate into a thick supercon-
ductor. Then penetration begins gradually until above
the upper critical field the superconductor is in the
normal state. It is very important that the absence
of resistance for a sufficiently weak current persists
right up to the upper critical field, which may be very
large. It rises in proportion with the concentration of
defects, i.e., with the decrease of the correlation
length, and may reach the order of several hundred
thousand Oersted.

It is interesting that in a surface layer of a thick-
ness of the order of the correlation length the super-
conductivity persists to even bigger fields (1.7 times
in a longitudinal field). But this phenomenon can be
observed only in very carefully prepared samples.

The penetration of a magnetic field into a type 2
superconductor makes a very characteristic picture.
At fields close to the lower critical value the penetra-
tion begins with the formation of separate filaments of
magnetic flux. In the center of such a filament the
binding energy of the pairs has dropped to zero. It
reaches the normal value at a distance from the cen-
ter of the order of the correlation length. The mag-
netic field is greatest in the center of the filament and
decreases to zero over a distance of the order of the
penetration depth. Each filament is a tiny solenoid
which carries a well -determined amount of magnetic
flux. This flux equals the so-called flux quantum, and
its magnitude is 2.06 x 107 Oe-cm?. Near the first
critical field the distance between these filaments
(they are called quantum vortices, or filaments of
magnetic flux) is infinite. As the external field in-
creases they approach each other. In ideal circum-
stances they form a periodic structure, and in cross-
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FIG. 5. Distribution of currents in the mixed state near H.j.
The streamlines are also lines of constant field and constant
energy gap. The numbers indicate the ratio (H, — H)/H..

section give a triangular lattice. The accumulation of
filaments continues to the point when the distance be-
tween their centers is of the order of the correlation
length. After this the field between the centers in-
creases with increasing external field until it equals
the external field when the upper critical field is
reached. This describes the nature of this peculiar
state, which is called the mixed state. We note that
according to this description there is no Meissner
effect in a type 2 superconductor above the first criti-
cal field, i.e., there is superconductivity, but the mag-
netic field partly penetrates.

At this point we should add some remarks about
thin superconducting films. They are produced by
depositing metal from vapor. If the thickness of the
film is less than the correlation length of the sub-
stance of which it is made, then this thickness will
play the part of the correlation length. If the film is
also thinner than the penetration depth then the film
becomes a superconductor of type 2 with a correlation
length of the order of the film thickness. The critical
field of the film will therefore increase as the thick-
ness is decreased.

I shall now again present some equations and dia-
grams (Figs. 5—16) descriptive of type 2 supercon-
ductors.
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FIG. 6. Binding energy of the pairs and field in a magnetic
flux filament.
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FIG. 7. Theoretical variation of the magnetization M as a
function of the external field H for different values of x. The
straight piece, rising at 45° to the horizontal, indicates that the
field does not penetrate into the superconductor. The curve
starts deviating from it at H.y. M(H) goes to zero at H = Hc3.
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FIG. 9. Comparison of theory and experiment for the variation
of He1/Hem = K/2 with the residual resistance Ap for alloys of
lead with different metals.

FIG. 8. Experimental results for M(H) in Pb-In alloys at dif-
ferent concentrations (the ordinate s_cale is twice that of the
abscissae). The ordinates are H — H.
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FIG. 10. Comparison of theory and experiment for the variation
of Ho1/Hem for various alloys of tantalum, niobium, vanadium, and
alloys of lead with tellurium, bismuth with indium, and the com-
pound V,Ga.
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FIG. 11. Change of the alloy In + 1.5% Bi with decreasing
temperature from type 1 to type 2. H is in Oe. Since « increases
by 25% as the temperature is lowered from T, to 0, it is possi-
ble to select an alloy for which « < 1y/2 (type 1) when T = T,
(t = T/T¢,) and « > 1/2 (type 2) near T = 0. This condition is
satisfied for In + 1.5% Bi. At the higher temperature there is a
sharp transition, whereas at the lower temperature there appears
a region with the mixed state.
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FIG. 12. Comparison of theory and experiment for the critical
field of thin films. Mercury films were formed by deposition at low
temperatures. The mean free path in such films is [ ~ 1077 cm, so
that they belong at all thicknesses to type 2.
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FIG. 13. Comparison of theory and experiment for the thermal
conductivity of In + 3% Bi in a magnetic field. The rising-field
curve corresponds to the equilibrium structure.
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FIG. 14. The real part of the high-frequency surface resistance
of the alloy Pb | Tl _ in a magnetic field. The arrows show the
direction of the ac current (j) and the dc magnetic field (1, 2, or 3).
If the applied field is parallel to the surface the surface layer re-
mains superconducting up the field H.3 = 1.7 Hs.

g
H=185 xOe

LK

FIG. 15. Temperature dependence of the real part of the sur-
face resistance of Nb,Sn in a magnetic field for different direc-
tions of the dc magnetic field relative to the ac current. As T- 0,
R does not tend to zero if the current is perpendicular to the vor-
tex filaments.
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1. Criteria for type 1 and 2 superconductors. One
introduces a parameter x defined by

“(T)=“(Tcr)A(T)’

where A(T) varies from 1 at T,y to 1.25 at T = 0.
For pure superconductors

8L (0
%o (Ter) = O

"

where 61,(0) = (mcz/41rNez)1/2 is the penetration depth
at T=0, £y=0.18Hv/Ter the correlation length, v the
mean electron velocity, m the electron mass, e the
electron charge, and N the number of electrons per
cm®. For superconductors with defects or, what
amounts to the same thing, for alloys

% (Ter) = 1(T or) + 7.5-10%y/2g;

v is the coefficient of the temperature in the linear
law for the electronic specific heat in the normal state
in erg/cm3 degz, and p is the resistivity in the normal
state (its constant part or ‘‘residual resistivity’’) in
ohm cm.

We have then the criterion

1
z < W——for a type 1 superconductor

> — for a type 2 superconductor.

1
V2
2. Simple order-of-magnitude estimate of the upper
critical field Hg,.
In a magnetic field H a Cooper pair moves in a
spiral with the radius

'y = % v

where p; is the momentum component of the pair at
right angles to H. The radius ry should exceed the
dimensions of the pair, i.e., ry > £¢. On the other hand
the momentum of the pair cannot exceed h/¢ where h
is Planck’s constant. This condition arises from the
uncertainty principle. Hence p; < h/¢. It follows that
H < Hg, ~ cli/eg?. In alloys ¢ ~ v £, where [ is the
mean free path of the electrons in the normal state.
Consequently
~ R

eEol*
3. Critical field (theoretical resuits).

H,

Hy= 2 % [In (% + 1.8) +0.08],

¥
H62=HcmV§%,

where Hgp, is determined from the area under the
magnetization curve as a function of the field:

Hgo

Him -
o é M (H)dH.
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4. Field dependence of the magnetization. At H
= Hg the gradient dM/dH becomes infinite, and at
H— ch

_ _ He—H
M = i —1-

5. A typical quantitative comparison of theory with
experiment. In the alloy In + 2.5% Bi, k was deter-
mined from the four different relations quoted above
{Hoy, Hpy, M and the expression for « in terms of
the resistance in the normal state); with the results

»{1) ==1.76,
(3 =1.78,

%#(2) =180,
x4 =177,

6. The only pure metal for which « > 1/V/2 is pure
niobium (x(0) = 1.2). However, in alloys one can reach
Kk ~100; for example k(0) = 95 in the alloy Ti + 25% V.

Recently much theoretical and experimental work
has been done on the mixed state. We should mention
the work of the French physicist Jacrot and his collabo-
rators, who have studied the mixed state by means of
the diffraction of neutrons by the vortex lattice. They
found the diffraction peaks and determined the lattice
spacing which agreed with the theoretical predictions.
Interesting work was also done by the French group of
theoreticians working with de Gennes. Apart from pre-
dicting the phenomenon already mentioned of the reten-
tion of superconductivity in a surface layer, they
showed that, from the point of view of thermal proper-
ties, the quantized vortices behave like grains of nor-
mal metal of a diameter of the order of the correlation
length. The low-temperature specific heat of type 2
superconductors contains a term proportional to the
temperature and to the number of vortex filaments.

Cold-worked

______ Annealed
P N s et SN
1600 000

2400
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FIG. 16. Magnetization curve for an alloy with macroscopic in-
homogeneities. This curve does not correspond to an equilibrium
state, as is evident from the substantial difference between the
curves for rising and falling field. After long annealing at a tem-
perature close to the melting point the alloy has become more
homogeneous and the magnetization curve approaches its equilib-
rium form. Some difference between the up and down curves is
accounted for by the formation of a magnetic “potential barrier”
at the surface, which impedes the ejection of magnetic flux lines
from the superconductor. In that case the equilibrium cuarve is the
one taken with rising field. We should draw attention to the fact
that the annealing has practically no effect on the upper critical
field He 5.
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These results are confirmed by experiment. Finally I
should mention the work of M. P. Kemoklidze, I. M.
Khalatnikov, and myself, which determined theoret-
ically the frequencies of normal vibrations of the vor-
tex filaments in the superconductor. There are as yet
no experiments on this question.

I shall mention a little later the practical applica-
tions of type 2 superconductors, which arise from their
high critical fields. For such applications it is impor -
tant to have not only a high critical field but also a high
critical current. What is the position in this respect?
In bulk superconductors of type 1 the critical current
is determined by the so-called Silsbee condition. This
gives a current of such strength that the field pro-
duced on the surface of the superconductor reaches
the critical value. If this is exceeded, a finite resis-
tance appears. In bulk superconductors of type 2 the
situation is different. In the case of homogeneous
superconductors the Silsbee condition is also valid,
and the field must then not exceed the lower critical
value. This is connected with the fact that in a type 2
superconductor in the mixed state no resistanceless
current can flow at right angles to the filaments. This
is illustrated in Fig. 15. However, the field Hgy de-
creases with increasing «, so that the product HeqHey
stays approximately constant. This results in very un-
favorable conditions for the current. However, in re-
ality the position is not so serious. The point is that
in the inhomogeneous superconductors one uses in
practice the magnitude of the critical current depends
strongly on their structure. This is connected with
the fact that the currents one observes in practice are
not necessarily the true critical currents for equilib-
rium conditions. In practice the current flows with an
extremely small, but finite, resistance, which is con-
nected with the dissipative processes in the non-uni-
form superconductor. These processes are so slow
that one can in practice reach quite high values of the
current with practically no resistance. Besides this
it is possible to make ‘‘sponges’’ with a higher critical
parameter, allowing the whole current to flow. One in-
teresting feature of the currents in nonuniform super-
conductors is the fact that they flow not only on the
surface, as is the case in uniform superconductors,
but to a considerable extent also in the body of the
specimen. In such non-uniform specimens current
densities up to 10° A/cm? have been reached with prac-
tically zero resistance.

A particularly interesting question concerns cur-
rents in thin films. If the film thickness is less than
the penetration depth, and also less than the correla~
tion length, current densities of hundreds of millions
of amperes per square centimeter can be reached.
These are theoretical figures, the practical results
are about ten times lower, but that is already very
high.

As many of you undoubtedly know, superconducting
alloys are now used to make extremely strong perma-
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FIG. 17. Schematic diagram of “pumping” field into a coil
(explanation in the text).

nent magnets. In principle this is very simple. If one
makes a closed superconducting ring and induces a
current in it, then, because of the absence of resis-
tance, the current goes on circulating in the ring for
ever without decreasing. In place of a ring one can
also use a short closed coil. Such a coil carrying a
current differs from an ordinary electromagnet by not
requiring an external power source. In an electromag-
net the energy of the generator is used up to overcome
the metallic resistance and is ultimately converted
into heat. This is an undesirable effect. The heat has
to be conducted away. A superconducting coil, once it
is ‘“charged up’’ with field, does not require any fur-
ther power supply. Naturally such coils also have
their weak point; this is the very low temperature. But
in return for this one can obtain extremely high fields.
At present there exist magnets using the alloy Nb;Sn
with fields up to 100 kOe. This is not yet the limit. It
is known that the critical field of this alloy, Nb4Sn, is
at low temperatures approximately 200 kOe, and in
V3Ga it exceeds 300 kOe. The credit for the discovery
of such alloys and the construction of superconducting
magnets belongs chiefly to the American group of
Kunzler. The first work on such magnets dates from
1961. For me, as a theoretician, it is difficult to judge
the technological difficulties arising in the manufac-
ture of the coils. However, it seems to me that the
future lies not in the present type of magnet contain-
ing windings of wire or ribbon, but in superconducting
films of a thickness below 107°—107% cm.

In connection with the problem of coils it is inter-
esting to remember that the charging up of such coils
can in principle be carried out by means of a much
weaker field using the method of ‘““magnetic flux pump-
ing.”’ One way of doing this is illustrated in Fig. 17.
The coil is connected with a superconducting plate. A
certain field is then applied at right angles to the plate,
which destroys the superconductivity in a certain re-
gion. This region is then moved to the interior of the
circuit and then the direction of the field is reversed.
This induces in the circuit a current which will com-
pensate the change of magnetic flux. Now the normal
region is again moved along the plate outside the cir-
cuit; the magnetic field is again reversed, and the
cycle repeated. This method has not yet been used
technologically (fields of only 15 kOe have been
reached) but it is possible that in the future the coils
are going to be charged in this manner.
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Apart from these coils superconductors have one
other important application. The disruption of super-
conductivity by a magnetic field forms the basis for
the so-called cryotrons, which may be used as mem-
ory units in electronic computers. Cryotrons have
now been developed which consist of superconducting
films of a few microns thickness and a few square
millimeters in area. The operating time of such de-
vices is less than 107% seconds. They will be of value
for the miniaturization of computers.

Let us now turn to other aspects of research on
superconductors. A number of interesting studies
have been carried out recently. One finds very un-
usual properties in superconductors with an admix-
ture of magnetic atoms, i.e., atoms with incomplete
inner shells, which have magnetic moments. The the-
ory of such superconductors was worked out in 1960
by myself and Gor’kov. It was found that magnetic
impurities had a strong effect on the critical temper-
ature. This decreases rapidly with increasing con-
centration of the impurity, and a concentration of the
order of one per cent is already sufficient to destroy
superconductivity completely. It should be noted here
that ordinary nonmagnetic impurities change the be-
havior of a superconductor in a magnetic field, but in
low concentrations have very little effect on the tran-
sition temperature.

1t was also found that in the presence of magnetic
impurities the gap in the energy spectrum disappears
even before the metal loses its superconductivity.
This occurs for an impurity concentration which is
about 90 percent of the value which would completely
destroy superconductivity, and in this situation the
superconductor can receive energy in arbitrary
amounts. In that case the electronic specific heat does
not show the exponential temperature law but a linear
law like the normal metal although with a different co-
efficient. The absence of a gap in the spectrum means
that the pair binding energy is variable and there exist,
in particular, pairs for which the binding energy is
arbitrarily small. This does not rule out superconduc-
tivity since one can apply here a reasoning similar to
that of the Landau theory for helium. Subsequently
Maki, in Japan, found that the gap in the spectrum dis-
appears also for thin superconducting films in a mag-
netic field which is 95 per cent of critical.

The experimental study of superconductors with
magnetic impurities is in its early stages, but the
findings so far confirm the theory.

On the question of type 2 superconductors and
superconductors with magnetic impurities one of the
originators of the theory of superconductivity, John
Bardeen, said that after the discovery of supercon-
ductivity one found first the Meissner effect, and
then, after a long time, the gap in the energy spec-
trum. And then the Russians first abolished the
Meissner effect and then closed the gap.

Continuing the study of superconductors with mag-
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netic impurities, Gor’kov and Rusinov showed in 1963
the possibility of a phase which would at the same time
be superconducting and ferromagnetic, i.e., the mag-
netic moments of the impurity atoms would in such a
phase be oriented. This had already been noticed in
experiments, but the result seemed to give rise to ob-
jections in principle and was ascribed to subsidiary
effects.

A number of important papers are connected with
the discovery of the so-called tunnel diode by Giaever
in America in 1960. This consists of a system of two
superconductors, or a superconductor and a normal
metal, separated by a very thin layer of dielectric of
a thickness of the order of only a few atomic distances.
Such a layer is usually provided by the oxide film on
the surface of the metal. Electrons and even pairs can
pass through the dielectric layer by means of the so-
called tunnel effect. This simple device turned out to
be extremely valuable for studying the nature of super-
conductivity. From the variation of the current with the
applied potential difference one can deduce the binding
energy of the pairs, its temperature dependence and
its anisotropy in a single crystal. It was found further
that one can determine the singularities in the spec-
trum of lattice vibrations, i.e., the variation of fre-
quency with wavelength. Quite recently (1962) a whole
group of phenomena were predicted theoretically and
later found experimentally, which are known by the
name of the Josephson effect. It was found in particu-
lar that the application of a constant potential differ-
ence across such a tunnel diode can give rise to an al-
ternating current with a frequency of 2eV/h, where V
is the potential difference (for V ~ 107 volts,
~ 10" sec™!). The amplitude of these oscillations is
very small (for V ~ 10~ volts, Woge ~ 1071 watt),
but they have already been discovered experimentally,
although only indirectly.*

Next we should mention the discovery, in 1964, of
two superconducting semiconductors; germanium tel-
luride and strontium titanate. Admittedly we are here
concerned with such a high concentration of local lev-
els that we obtain not only a so-called impurity band,
but that it merges with the conduction band (or the
valence band, according to the sign of the carriers).
This is therefore not really a case of true semicon-
ductors but of semimetals. The critical temperature
of these materials depends on a concentration of car-
riers. In practice one reaches temperatures up to
0.3°K.

Time does not permit me to go into details of other
investigations, and in conclusion I want to add a few
words about a question which concerns most of us

*Since this paper was read a group of physicists in Khar’kov,

I. K. Yanson, C. M. Svistunov and I. M. Dmitrenko have suc-
ceeded in producing Josephson oscillations with a wavelength of
3 cm; the radiated power was about 107'* watt.




THE PRESENT STATE OF THE THEORY OF SUPERCONDUCTIVITY

particularly: is it not possible to increase the critical
temperature so as to find superconductivity not merely
at helium temperatures, but at liquid air temperatures,
or perhaps even at room temperature? As mentioned
already, superconductivity depends in all metals ex-
cept perhaps in one case, ruthenium, on the lattice
vibrations. The evidence for this lies in the depen-
dence of the critical temperature on the mass of the
lattice ions. In ruthenium this effect does not exist. I
have already pointed out that with a very simplified
model one finds a limitation on the critical tempera-
ture which corresponds to about 40°K. In practice the
highest temperature reached is 18°K. We seem to find
here therefore good agreement.

In view of this the question arises whether other
mechanisms of superconductivity might exist. In prin-
ciple they do exist. If one considers the mutual attrac-
tion of the electrons from a more general point of view
then any mechanism to give attraction consists of the
following. One requires a system which can be excited,
i.e., which can change to a state of higher energy. One
electron interacting with such a system can transfer it
into the excited state and change its momentum. An-
other electron interacting with the same system trans-
fers it back to the ground state and also changes its
momentum. The result of this two-step process can
be regarded as a mutual scattering of the two electrons
since the rest of the system remains finally in the ini-
tial state. However, this represents an interaction be-
tween the electrons, and one can prove that it is nec-
essarily attractive. The usual mechanism involving
lattice vibrations is one example of this type of inter-
action. The intemediary system here consists of the
ions, which can vibrate.

The magnitude of the binding energy of a pair and
the critical temperature, which is proportional to this,
depends on two factors: the distance between the en-
ergy levels of the intermediary system and the strength
of the interaction between the electrons and this sys-
tem. It is desirable that both be as large as possible.
Various ideas of this kind have been suggested but un-
fortunately there has not yet been any real progress.
For example in a magnetic material the system of
magnetic moments could serve as the intermediary
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system, but it can be shown that it would give only
about as large an effect as the phonon mechanism. One
might have hoped that the electrons inside the ions
might also make transitions to excited states but it
turns out that this mechanism also is very ineffective.
It is possible that one of these mechanisms is in op-
eration in ruthenium (critical temperature 0.47°K).

Recently, Little in America has put forward the idea
that superconductivity might be found in certain linear
polymers, which consist of a main chain with side links.
These links could be excited and would then serve as
intermediary system for the electrons in the main
chain. Simple estimates show that such a molecule
would have a critical temperature of the order of a
thousand degrees. However, a more careful approach
raises serious doubts about the properties of such one-
dimensional systems.* Besides one cannot attach ter-
minals to such a molecule and measure its resistance.
Presumably if it is superconducting this can best be
found out by using high frequency electromagnetic
fields. That is how this particular question stands at
present.

I have tried to report on the most interesting facts
relating to the phenomenon of superconductivity. Some
physicists thought that after the appearance of the the-
ory of superconductivity in 1957 the interest in this
phenomenon would die out; in fact the opposite has
happened. Work on superconductivity has proceeded
extremely actively throughout the world. In fact it has
become a large and distinct part of solid state physics.
I believe that we have not yet heard the last word about
superconductivity. There will still be much research
and perhaps discoveries. I also believe that the exist-
ing superconducting magnets, cryotrons, and other de-
vices, are only the very first and perhaps not even the
most important, practical applications of this remark-
able phenomenon.

Translated by R. E. Peierls

*Quite recently Yu. P. Bychkov, L. P. Gor’kov, and I. E.
Dzyaloshinskii have shown that superconductivity in one dimen-
sion is possible in principle.



