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From a consideration of several different definitions of the critical value of « for type-II
superconductivity at temperatures below T, it is proved that the initial flux penetration is not
in the form of a singly quantized isolated vortex for pure to rather dirty materials with «
values near 1/v2 at temperatures below T.. It is predicted that the initial flux penetration
in such materials is in the form of a vortex lattice with finite spacing; the transition at the
field of first flux penetration would be first order in such materials, with a discontinuity in

the magnetization and a latent heat.

Recent experimental evidence supporting this prediction

is discussed. A similar analysis leads to the prediction that the transition from the mixed
state to the normal state is first order for very dirty materials (I <&0/50) with k values near
1/¥2, in qualitative agreement with the experimental results of Ehrat and Rinderer. Finally,
it is shown by both qualitative and quantitative arguments that a negative normal-supercon-
ducting wall energy is only a sufficient condition for type-II superconductivity, and not a

necessary one.

I. INTRODUCTION

The Ginzburg-Landau-Abrikosov-Gor’kov ™
(GLAG) theory of the properties of bulk supercon-
ductors in the presence of a magnetic field is now
well established both theoretically? and experimen-
tally.® If a magnetic field is applied to a type-I
superconductor, the flux is completely excluded
(except near the surface) for all values of the ap-
plied field H, less than the thermodynamic critical
field H,; there is a first-order transition at H,=H,
from the Meissner state to the normal state as H,
is increased through H,. For a type-II supercon-
ductor, flux exclusion from the bulk of the sample
is complete for small values of H,, but at H,
=H < H, flux begins to penetrate. The initial flux
penetration is in the form of an isolated vortex
carrying one quantum of flux. It has been shown®’
that the interaction between isolated vortices is re-
pulsive at H,=H, and hence the magnetization curve
is continuous and the transition is of second order.
Because the vortex-vortex interaction is exponen-
tially weak at large distances, however, it is possi-
ble to accommodate many vortices in the sample at
applied fields slightly larger than H, and the mag-
netization drops rapidly; the slope of the magnetiza-
tion curve at H,=H_ +0 is in fact predicted to be
infinite, As H, is increased beyond H, , the mag-
netization decreases in magnitude and goes linearly
to zero at H,=H_ > H,, at which point the sample be-
comes normal; like the transition at H,, the tran-
sition at H,, is predicted by the GLAG theory to be
second order—the magnetization is continuous and
there is no latent heat. For applied fields between
H, and H,,, then, the flux penetration is incom-
plete, the microscopic magnetic field and the su-
perconducting order parameter are functions of
position, and the sample is said to be in the mixed
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state.

The quantity of the GLAG theory which deter-
mines if a given sample will show type-I or type-II
behavior is k, the ratio of the penetration depth to
the Ginzburg-Landau (GL) coherence length; « is
defined more precisely below. In Sec. II we re-
view the well-known reasons why the critical value
of k for type-II superconductivity is 1/v2 in the
GLAG theory; if  is less than 1/V2, the sample is
type I, and if « is greater than 1/V2, it is type
IL.

The GLAG theory is, however, strictly valid
only at T=T, and it is of interest to calculate .,
the critical value of x for type-II superconductivity,
at lower temperatures.® In Sec. III we use Te-
wordt’ s extension of the GLAG theory to lower
temperatures to calculate the first-order correc-
tion in 1- 7/7T, to the GLAG result k,=1/V2. We
find, in contrast to the situation at T=T, where
several different criteria givex,=1/v2, that these
same criteria give different results for x, at lower
temperatures. For materials with k=1 /V2 and
large mean free paths, we show that the initial flux
penetration at H,, is not in the form of a singly
quantized isolated vortex and predict that it is inthe
form of a vortex lattice with finite spacing; the
transition at H, would then be first order, with a
discontinuous magnetization curve and a nonzero
latent heat. For materials with k=~ 1/V2 and very
short mean free paths, we predict that the transi-
tion at the upper critical field H,, is first order,
again with a discontinuous magnetization curve and
a nonzero latent heat. Finally, we show on both
qualitative (Sec. II) and quantitative (Sec. III)
grounds that a negative value for the normal-super-
conducting wall energy oy in a given superconduc-
tor at H,=H, is only a sufficient condition for type-
II superconductivity, and not a necessary one:
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There is a range of parameter values such that
oys >0, but the sample displays type-II behavior;
on the other hand, when ¢ys<0, there is no range
of parameter values where the sample displays
type-I behavior. Section III constitutes an expanded
version of work presented in a previous publica-
tion,®

In Sec. IV, we discuss previous work related to
first-order transitions at H, and H,,; it appears
that both have been observed., The prediction® and
the observation of the first-order transition at H,
were independent and essentially simultaneous.
Previous theoretical work was speculative and has
not been shown to be indicative of a first-order
transition; previous experimental work was incon-
clusive. The observation!® of the first-order
transition at H,, preceded Ref. 9; as a result, the
theoretical work on the transition at the upper crit-
ical field presented in the previous® and the pres-
ent articles should perhaps be regarded not as a
prediction, but rather as an explanation or a ver-
ification. The author became aware of the work of
Ehrat and Rinderer ! only very recently.

II. CRITICAL VALUE OF « ATT =T,

From the discussion in Sec. I, it is clear that
the requirements

Hy<H, (1)

and
H02>Hc (2)

must both be satisfied for a type-II superconductor;
the initial flux penetration (the transition from the
Meissner state to the mixed state) must take place
at a field less than H, and the completion of the
flux penetration (the transition from the mixed
state to the normal state) must take place at a field
greater than H,. In the GLAG theory, the values
of H, /H, and H,, /H, are completely determined
by specifying a single mean-free-path-dependent
parameter k which is to be calculated from?

K=Kpure7g(3)/8821 ’ (3)
where
Kpure = 4y [¥-£(3)]122,(0) /7£ (0)
=0.961,(0)/£(0) , (4)
Si; =;Z:‘6(2n+1)'i 2rn+1+a)™, (5)
a=7£(0)/2y1=0.882£(0)/1, (8)

£(0) is the BCS coherence length at zero tempera-
ture [£(0)=7vy /7A(0)], A,(0) is the London pene-
tration depth at zero temperature, ¢ is the Riemann
¢ function, y is Euler’s constant (y=1.781), and /
is the electronic mean free path., When « is less
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than 1/V2, the material is type I, and when « is
greater than 1/V2, it is type II; there are at least
four different reasons why the critical value of « is
1/V2 and we now review them.

(a) Near H,= H,, the flux penetration is almost
complete; the superconducting order parameter is
small and the microscopic magnetic field is almost
constant and almost equal to the applied field. On
linearizing the first GL equation for the order pa-
rameter and substituting A =H,x§, one finds? that
the largest value of H, for which bounded solutions
of the linearized equation exist is H,=H_, where

chz"/-EKHc- (7)

Thus the inequality (2) is satisfied only when
k>1/V2.

(b) The requirement that bounded solutions exist
is necessary for a second-order transition but is
not sufficient; one must also demand that the su-
perconducting solutions have lower free energy than
the normal-state solutions. A somewhat involved
calculation®* gives the result (valid near H,= H,,)

-1 (H,- Hyp)?

Br (2k2-1B, ’ @)

Gmlxed(Ha)_' Gormal (Ha)=
where B, depends only on the structure of the vor-
tex lattice; the magnetization near H,, is given by

—4rM=(H,—- H)/(23 - 1)B, . (9)

Equation (8) shows that the superconducting state
has lower free energy than the normal state when
k>1/v2,

(c) The third reason for k,=1/v2 is that if the
initial flux penetration is assumed to be in the form
of an isolated vortex, then the lower critical field
H,, obeys the inequality (1) only when x>1/V2. It
has been shown analytically that H, = H, for «
=1/v2, independent of p, the number of flux quanta
carried by the isolated vortex."! For «>1/VZ, H,
is calculated by inserting numerical solutions of the
cylindrically symmetric GL equations into the GL
free-energy expression and demanding that the
Gibbs free energy of the sample containing a single
vortex be equal to the Gibbs free energy of the
sample in the Meissner state, The calculations for
p=1and p=2 have been carried out by Harden and
Arp' and by Matricon,!® respectively. Since
Hy /H, for p=1is less than H, /H, for p =2 when
k>1/V2, the initial flux penetration is in the form
of a singly quantized isolated vortex rather than a
doubly quantized isolated vortex. Since the free
energy of an array of vortices is greater than that
of an isolated vortex at H,=H,,, one concludes that
the interaction between vortices is repulsive, that
the transition at H, is of second order, and that the
initial flux penetration is in the form of a singly
quantized isolated vortex.

(d) In their paper on the phenomenological theory
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of superconductivity, GL! considered the problem
of a superconductor in an applied field H,=H, and
calculated ¢y, the energy of formation of a normal-
superconducting wall. They showed analytically
that oys> 0 for k < 1 and that o 45< 0 for k> 1 and
numerically that g, =0 for k=1/V2; an analytic
proof that g, =0 for k=1/V2 has recently been
given,!' These results suggest that it is energeti-
cally favorable for superconductors with x >1/V2
to split up into normal and superconducting regions
so that the flux penetrates thermogeneously.
Clearly ¢ yg< 0 is a sufficient condition for type-II
superconductivity but it is not obviously a neces-
sary one; this qualitative comment is justified
quantitatively in Sec. III.

In conclusion, then, for k>1/V2 the GLAG theory
predicts a second-order transition at H, from the
Meissner state to the mixed state with a singly
quantized isolated vortex and a second-order tran-
sition at H from the mixed state to the normal
state; for k <1/V2, there is a first-order transition
at H, from the Meissner state to the normal state.
The GLAG theory is strictly valid only at T=T, but
it is generally believed that its predictions are only
quantitatively and not qualitatively modified at
lower temperatures; in Sec. III it is shown that for
superconductors with k= 1/V2, qualitatively differ-
ent results are obtained.

III. CRITICAL VALUE OF «k FOR T < T,

The GLAG theory discussed in Sec. II is a highly
idealized model of inhomogeneous superconductors;
it is restricted to temperatures very close to T,
and it neglects many “real metal” effects. There
has been considerable activity aimed at extending
and modifying the theory to describe real metals
at all temperatures; progress in this direction has
recently been reviewed.? In this article, however,
we will consider only the simplest model at temper-
atures just below T,; more precisely, we treat only
the first-order correction (in 1~ 7/7T,) to the GLAG
theory.

The first exact calculation for general mean free
paths of a property of interest in the theory of the
mixed state at temperatures below T, was Tewordt’s
calculation of H,,. This work was followed by the
calculation of the correction term to the GL free
energy'® (obtained from Tewordt’s earlier work!®),
the derivation of the differential equations for the
corrections to the solutions of the GL equations for
the isolated vortex geometry,'® the calculation of
H,/H, as a function of x and & for p=1,'* and the
calculation of the slope of the magnetization curve
near H,.'" This author'® has recently obtained the
correction term to the GL free energy as an ex-
plicit function of the microscopic magnetic field,
the order parameter, and the superfluid velocity
for all geometries, and has derived the differential
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equations for the corrections to the solutions of the
GL equations for all geometries. In the important
cases of the mixed state in type-II superconductors
and the normal-superconducting-wall problem, it
was possible to express the correction to the GL
free energy solely in terms of the solutions of the
GL equations; for these two important geometries,
then, in some calculations one can avoid the heavy
numerical work associated with solving the differ-
ential equations referred to above. This formula-
tion has been used'® to calculate H,;/H, for isolated
vortices with p = 1 (where agreement withthe results
of Neumann and Tewordt'® was found) and p =2, and
to calculate oyg.

In the GLAG theory, the critical value of « is «,
=1/V2 ; in this section, we address ourselves tothe
question of how k. is changed as the temperature is
decreased from T'=T,. The procedure is the same
as that used in Sec. II to show that x, = 1/V2 at
T=T,.

(a) The generalization of Eq. (7) to lower tem-
peratures is

chzﬁKch; (10)
Ky has been calculated by Tewordt!*!” to be
K1 =k[1+ (1= 2)(P = Mo+ M= Nag— 674c)] (11)

where t=T/T, and ¢ and the various 7’s are defined
in Refs. 15 and 18. As in the GLAG theory, H,, is
the largest value of the applied field for which
bounded solutions of the linearized equation for the
order parameter exist. Unlike the situation at

T =T, where the mean free path dependence of
quantities such as H_, appears only in the quantity
k, at lower temperatures one obtains an explicit
dependence on the mean free path, If we expand

K. as
1 dk
ko= = (1=1)72 +0(1=-12)? (12)
V2 dt | ’
and calculate k, from Hp=H,, we find
ko1 | _ D= Mot Mp— TMag— B7y, (13)
dt le=1 V2

from our first definition of «,.
(b) The generalizations of Egs. (8) and (9) to lower

temperatures are
-1 (Ha"' ch)z

Gnmixed (H,,)-— Grormal (Ha) =

87 (2,2~ 1)8, (14)

and
—41M = (ch" Hc)/(zkzz - I)BA;

we have used the Neumann- Tewordt definition for
k5.'" The expression for k, near T =T, is'’

(15)

o=k {1+ (1= t)[p= 2Mm+ 3 M+ 57 — 2M4g

+(3x2-12)n,, 1}, (18)
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where 7, is defined in Refs. 15and 18. As our sec-
ond definition of k. we define k, as that value of x
for which the slope of the magnetization curve at
H,, is infinite or, equivalently, as the lowest value
of k for which the free energy of the superconduct-
ing solutions of the linearized equation is less than
the free energy of the normal state; we find

dx, ¢ = 20+ 31y + 37y = 24g ~ 117)
2 - c ] w 4d 4c
dt =1 V2 - 7

(c) Neumann and Tewordt have expressed their
result for H,/H, for p=1as

H, /H,=(H, /H,) |t=1[1+ (1-1)64(k, @) ;  (18)

5, has been tabulated as a function of x and «.!5!®
As the third definition of k., we use H, = H, for

p=1and find

dk 5,(1v2, )
] S LSl Badd
dt t=1 Kl ’ (19)
where
_d Hy - - .
1= H, ot at t=1, k=1V2; (20)

the result of a separate calculation is K;=-0. 8628,
The quantity H,, /H, for p =2 has been calculated
in Ref. 18 and the results expressed as

Hy /H,=(Ho /H,)|,_ [1+(1= )65k, @));  (21)

8, has been tabulated.!® As the fourth definition of
K. we use H, =H, for p=2 and find

deg | 6,(1/V2, @)
dt t=1— Kz (22)
where
_AdHy -1 = .
Kp=7 H, |pee at t—lv, k=1/V2; (23)

the numerical value is K,=- 0. 6469,

(d) The normal-superconducting wall energy oys
has been calculated as a function of a for k=1v2 in
Ref. 18, the results being given in the form

4noys/H 2\ =g (K)+ (1= t)gy(x, ). (24)

As the fifth definition of k, we take gy5=0; the re-
sult is

dx 2:(1/V2, a)
S - 1 ’
vTE R (25)
where
K,-Z (k) =-1.0965 (28)
o"ngO K PRV ‘

Equations (13), (17), (19), (22), and (25) to-
gether with

xd=71§— (1-1) d—;f o (27

give five independent estimates of the correction to
k,=1/V2 for temperatures below 7,. InTableI we
give the numerical values of dk,; /dt at ¢t=1 for
these five criteria as functions of a=0. 882£(0)/1.
As in Ref. 9, we extrapolate our results for «,
near T=7T,to T=0°K to get an order-of-magnitude
estimate for the maximum size of the effects; the
table then gives the values of 1/V2 -« extrapolated
to T=0°K. As a result of the extrapolation, the nu-
merical values given below are only approximate,
The table has five interesting features, which we
now list.

(i) Unlike the situation at 7=7T,, the five differ-
ent criteria give different results for «..

(ii) For as50, k4 is greater than k4. For ex-
ample k3=0. 7725 and k,4=0. 7495 for a=0; this
means that a sample in the Meissner state with a
k value of 0. 76 would be unstable with respect to
flux penetration in the form of a doubly quantized
isolated vortex at some applied field less than H,
but would be stable with respect to flux penetration
in the form of a singly quantized isolated vortex
for all applied fields less than H,. Thus the initial
flux penetration in such a sample is not in the form
of a singly quantized isolated vortex. As will be
discussed below, however, we do not suggest for
any material that the initial flux penetration is in
the form of a doubly guantized isolated vortex.

(iii) For a<40, we have the inequalities k<K
<Ky ; the case a=0 is typical and we discuss it in
detail. For k <0.4190, there are no bounded solu-
tions of the linearized order parameter equation for
applied fields greater than H,, the sample is stable
with respect to flux penetration in the form of sin-
gly and doubly quantized isolated vortices for all
fields less than H,, and the normal-superconducting
wall energy is positive; we conclude that the sample
is type I. For 0.4190 < x <0. 7495, the bounded solu-

TABLE 1. dk./d(T/T,) at T=T, as a function of @ for
five different definitions of «,.

Hy=H,

@ K=1/V2 Kk,=1/V2  p=1 p=2 ons=0

0 0.2881 0.7694 —0.0654 —0,0424 0,0191
0.2 0.2506 0.6456 —0.0393 —0,0205 0.0300
0.5 0.2131  0.5226 —0.0140  +0.0007  0.0403
1.0 0.1758  0.4012 +0.0104  +0.0212  0.0500
2.0 0.1394  0.2827  0.0341 0.0410  0.0593
4 0.1118 0.1920  0.0530 0.0568  0.0670
10 0.0922 0.1228  0.0697 0.0712  0.0751
20 0.0861 0.0976  0.0776 0.0782  0.0797
50 0.0834 0.0826  0.0840 0.0840  0.0839
100 0.0831  0.0779  0.0869 0.0866  0.0860

© 0.0838 0.0740  0.0910 0.0906  0.0893
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tions exist for applied fields greater than H, and are
stable with respect to the normal-state solutions;
hence the sample is in the mixed state for a range
of applied field values greater than H,. For this
range of k values, however, H, is greater than H,
if the initial flux penetration is assumed to be in the
form of a singly or doubly quantized isolated vor-
tex. But, since the area under the magnetization
curve gives the free-energy difference between the
superconducting and normal states, the initial flux
penetration must take place at an applied field less
than H, if the flux penetration is incomplete for a
range of applied field values greater than H,; hence
the initial flux penetration is not in the form of a
singly or doubly quantized isolated vortex. There
are many possibilities for the form of the initial
flux penetration but a lattice of singly quantized
flux lines with finite spacing is the most likely; this
interpretation requires that the state with an iso-
lated vortex be unstable with respect to the forma-
tion of a vortex lattice of finite spacing. It should
be possible to extend the theory of the interaction of
vortices at 7= T, %%" to temperatures less than 7,
to see if the above conjecture is correct; work on
this problem is in progress. If the above interpre-
tation is correct, the transition at H, would be first
order and there would be a nonzero latent heat. For
k>0, 7725, we have H,y<H, for p=1and H,>H,;
hence there is no contradiction. It is likely, how-
ever, that the conjectured first-order transition at
H, extends to k values somewhat greater than the
largest value for which a contradiction is obtained.
The contradiction between k, defined from «,=1/v2
and H, = H, for p=1was first noticed by Tewordt.'®
See Added Note.

(iv) For @250, one finds the inequalities K g< Ky
<Ky <K.; the first of these implies that the flux
penetration is in the form of a singly quantized
rather than a doubly quantized isolated vortex. The
case a= is typical and we discuss it in detail;
then k,3=0. 6161, k. =0. 6233, and k,,=0.6331. For
k <0.6161, we have type-I behavior. For 0. 6161
<Kk <0, 6233, H, is less than H, for p=1 and hence
the flux exclusion is incomplete for a range of
fields less than H,; bounded solutions of the lin-
earized order parameter equation do not, however,
exist (and would not be stable if they did exist) for
any applied field greater than H,. The flux pene-
tration must be incomplete for some range of fields
greater than H,, however, and we conclude that
there is a first-order transition at H,. For 0, 6233
<k<0. 6331, H, is less than H, and the bounded so-
lutions exist but they are unstable; if one considers
the shape of the magnetization curve as « is de-
creased through k =0, 6331 by varying the k of the
pure superconductor, one is led by a continuity ar-
gument to the conclusion that the transition at H,
is first order. Experimental difficulties make it
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unlikely that the predicted first-order transition can
be observed in simple materials; it is difficult to
make high-quality samples with the very short mean
free paths required and the range of k values for
which the first-order transition occurs is quite
small. Moreover, samples with slightly greater «
values would have quite steep magnetization curves,
making it difficult to distinguish a first-order tran-
sition from a second-order transition. As we dis-
cuss in Sec. IV, however, the first-order transi-
tion at H,, has been observed!®; a “real metal” ef-
fect (strong coupling) makes the observation possi-
ble.

(v) An inspection of Table I shows that for every
value of a there exists a range of k values such that
oys>0, but the sample shows type-II behavior be-
cause either H,>H, or H,<H,. For a=0, for
example, oys is greater than zero for k less than
0. 6280 but bounded solutions of the linearized order
parameter equation exist for H,> H, and are stable
with respect to the normal-state solutions when k
is greater than 0.4190. Thus oys<0 is a sufficient
condition for type-II superconductivity, but not a
necessary one, in agreement with the qualitative
argument in Sec. IL

IV. REVIEW OF RELATED WORK

In his article on flux penetration in type-II super-
conductors, Abrikosov? noted that if the transition
at H, were of first order, then one would expect to
find an intermediate mixed state in samples with a
nonzero demagnetizing coefficient D for some range
of applied fields greater than (1- D)H,, ; an experi-
ment to observe this state was suggested by Gay-
ley,?® but was not carried out. By the “intermedi-
ate mixed state” we mean that the sample is divided
into flux-free regions in the Meissner state and
flux-carrying regions consisting of an array of
vortices (rather than a homogeneous normal region
as in the intermediate state in type-I materials).
As discussed above, however, the transition at H
is predicted by the GLAG theory to be of second
order for all k values greater than 1/V2; when a
sample of type-II material with nonzero demagne-
tizing coefficient is placed in a magnetic field
greater than the field of first flux penetration, the
GLAG theory predicts a uniform distribution of
vortices. In 1966, magnetization measurements on
pure Nb were thought to indicate a first-order
transition at H,, ,?! but Serin® states that the data
are consistent with the GLAG theory. Somewhat
earlier, an approximate calculation® of the mag-
netization curve between H, and H, at T=T, gave
a first-order transition at H,, but it was later found
that this result was in error and that the transition
was indeed of second order.?

The intermediate mixed state as defined above
has, however, been observed in Pb-In alloys by
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Triuble and Essmann® in contradiction to the pre-
dictions of the GLAG theory; these results have
been interpreted in terms of an attractive interac-
tion between vortices, and the conclusion has been
drawn that such materials would have a first-order
transition (with the accompanying discontinuity in
the magnetization curve and latent heat) at H, = H,,
in samples with zero demagnetizing coefficient.?® At
about the same time, theoretical work 2 on the
structure of an isolated vortex at low temperatures
indicated that the order parameter and the mag-
netic field displayed damped oscillations far from
the center of the vortex for small k, and it was
postulated that this behavior could result in an at-
tractive interaction between vortices. The results
of Ref. 26 have been critized by Cleary,?” however,
and the relevance of the work of Eilenberger and
Biittner?® to the possibility of a first-order transi-
tion at H, is not clear.

Another unusual phenomenon in superconductors
with small values of k is that of field reversal®® in
the penetration of a magnetic field into a supercon-
ductor. The effect has been considered in detail by
Halbritter®; for pure materials at low tempera-
tures, it is found that the magnetic field changes
sign deep inside the superconductor when k< 1. 6.
Further work is required to determine how (if at
all) the work of Eilenberger and Biittner, 2® the
phenomenon of field reversal, and the work of
this paper are interconnected. See Added Note.

Further experimental results on the intermediate
mixed state have been obtained and a brief review
of this work, with references, has been given®;
Krigeloh® has described more recent work and
Seeger® has commented on the present situation.
Both Krigeloh and Seeger state that a first-order
transition at H,, has been observed,* but give no
details; these articles were published after the
submission of the manuscript of Ref. 9. In related
work, Aston, Dubeck, and Rothwarf®® have ob-
served linear regions in the magnetization curves
of Pb—2-at.%-In and In-1. 5-at.%-Bi samples with
nonzero demagnetizing coefficient.

It appears then that the first-order transition at
H, predicted in Ref. 9 has been observed. Further
experiments would, however, be desirable to test
the mean free path and temperature dependence of
the effect. In samples with k less than 1/V2, the
discontinuity (in units of H,) in the magnetization
curve should increase with increasing temperature
until at some temperature less than T, the sample
displays type-I behavior. In samples with k greater
than 1/v2, the discontinuity should decrease with
increasing temperature until, at some temperature
less than T,, the sample displays the usual GLAG
behavior; in Ref. 32, it is stated that the latter be-
havior has been observed.

On the theoretical side, the theory of the inter-
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action of vortices®®7 should be extended to temper-
atures less than 7, to verify the conjecture that the
state with an isolated vortex is unstable with re-
spect to formation of a vortex lattice (or, more
crudely, to verify that the interaction of vortices
can be attractive) for the applied fields and k values
of interest. To calculate the field of first flux pene-
tration may require a theory of the mixed state
with finite vortex spacing; perhaps the best way to
do this is to extend the Wigner-Seitz method of
Marcus?® to lower temperatures. The attractive
interaction between vortices required to explain the
intermediate mixed state is very likely related to
the attractive interaction between vortices for

k <1/V2 found in the GLAG theory,” modified at
lower temperatures where the critical value of « is
no longer 1/v2 and additional terms in the free en-
ergy must be considered. There is no reason to
expect this attractive interaction to have a signifi-
cantly longer range than the repulsive interaction.
See Added Note.

It is of interest to interpret the results of a re-
cent calculation® of H,/H, at T=0°K in the light
of the results of Sec. MI. In Ref. 34, it was as-
sumed that k. calculated from H = H_, was identical
with «, calculated from H, = H, for initial flux pen-
etration in the form of an isolated vortex with p =1.
For pure superconductors at 0 °K, «,from H,=H,
is 0.56, while k. from H,=H_ is 0.74; to account
for this difference, it was assumed that the vari-
ational functions used in the calculation of the free
energy were not good representations for the exact
order parameter and magnetic field. It is now
clear that the assumption that the two «./’s are iden-
tical is incorrect and the variational functions of
Ref. 34 are probably very good; for T= T, H,/H,
calculated using these functions differs by less than
2% from the exact values for « between 1/v2 and
50. The conclusion “as the temperature is de-
creased from T,, the reduced lower critical field
H, (T)/H(T) for a given value of « first increases
above the GL value and then decreases below it”
must also be changed; there is no evidence that
H,/H, decreases below the GL value at low tem-
peratures.

We now turn our attention to the transition at
H,. As we have discussed, it is unlikely that the
first-order transition can be observed in the sim-
ple materials for which Tewordt’s extension of the
GLAG theory is valid; the theory neglects strong
coupling, Fermi-surface anisotropy, spin para-
magnetism, spin-orbit coupling, anisotropic defect
scattering, multiple bands, and perhaps other “real
metal” effects. In work overlooked in our previous
article® on this subject, Ehrat and Rinderer !° have,
however, observed (in a Pb-2-at.%-In alloy with
k~0.72) a discontinuity in the magnetization, in in-
creasing field at constant temperature, at H, as
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well as a high, narrow peak in the specific heat, at
constant field in increasing temperature, at the
temperature at which the mixed-state—~normal-state
phase boundary is crossed. Because the latent
heats calculated from the magnetic and calorimetric
measurements agree to within 10%, we believe
these observations to be bulk effects indicative of a
first-order transition at H,,; we do not believe the
suggestion®® that “a discontinuity in the magnetiza-
‘tion in increasing field - - - can be due to a sharp dif-
ference in surface pinning at H,” to be applicable
to the measurements of Ehrat and Rinderer. The
first-order transition is observable in the relatively
clean samples of Ehrat and Rinderer because of
strong-coupling effects.® Fischer and Usadel®®
have used arguments similar to those used in Ref.

9 and Sec. III above to explain the results of Ehrat
and Rinderer. Our arguments are, however, more
complete in that, by showing that H, is less than
H,, we have proved the existence of the mixed state
in the materials under consideration; since the ef-
fects of strong coupling on H, have not been calcu-
lated, the corresponding demonstration was not
carried out by Fischer and Usadel, leaving open

the possibility that the material is actually type I.
The work of Fischer and Usadel®® and this au-

thor® on the nature of the transition at H,, was in-
dependent and essentially simultaneous.

Finally, we mention that first-order transitions
at H, have been predicted by Sarma®’ for a uniform
exchange field acting on the conduction-electron
spins and by Maki®® for a superconductor with large
Pauli-spin paramagnetism relative to the spin-orbit
coupling. The discussion of Maki’s work by Fetter
and Hohenberg* is similar to our argument for a
first-order transition at H,. The work of Sarma
and Maki is, however, unrelated to the results of
Sec. IIL

Added Note. The interaction between widely
separated vortices at temperatures below 7, has
been examined theoretically®® and has been found to
be attractive for k near 1/¥2 and small to moder-
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ately large values of £,/I, in agreement with our
comments above; an extrapolation to 7'=0 °K pre-
dicts, for example, an attractive interaction for
k<1.382 and £,/I=0. The attractive interaction is
just the attractive interaction found by Kramer’ in
the GLAG theory for «k < 1/V2, modified at lower
temperatures. In Ref. 39 it is argued that the phe-
nomenon of field reversal and the work of Eilen-
berger and Blittner are not¢ related to an attractive
interaction between vortices in type-II materials
near 7, although the situation at lower tempera-
tures is not clear. A mechanism by which field
reversal might lead to an attractive interaction at
lower temperatures is suggested in Ref. 39.

In work published very recently, Kumpf * has re-
ported observation of steep linear regions near H
in the magnetization curves of Pb-T1 alloys and,
with reservations, in Nb single crystals; the de-
magnetizing factor in these experiments was 0. 02
and there is little room for doubt that the transition
is first order. Similar results were obtained ear-
lier by Aston, Dubeck, and Rothwarf,* but in
samples with a much larger demagnetizing factor
(~0.45). Whether the observations of Ref. 21 were
the first indication of a first-order transition at H,,
is a question which we do not attempt to answer
here, Although a pure, simple metal with the same
k value as Nb (0. 78)2! should have a first-order
transition at H, at sufficiently low temperatures,
the neglect of real metal effects may be serious,
and one cannot apply with confidence the theory de-
veloped above to such a material.
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The theory of Miiller-Hartmann and Kramer for the interaction of widely separated vortices

is extended to temperatures immediately below T,.

The interaction is found to be attractive

below T, for type-II materials with k~ 1/V2 andnottoo small a mean free path, in agreement

with experimental observations on such materials.

The phenomenon of field reversal and the

work of Eilenberger and Biittner are shown to be unrelated to an attractive interaction between
vortices and the consequent first-order transition at the lower critical field, at least for tem-

peratures near T,; it is shown how field reversal, if it occurs in the mixed state, might result
in an attractive interaction at lower temperatures.

I. INTRODUCTION

In the Ginzburg-Landau theory, the interaction
between vortices, at the applied field at which flux
penetrates in the form of an isolated vortex, has
been shown to be repulsive’? for x >1/v2 and at-
tractive® for k<1/v2 . Since the critical value of
« for type-II superconductivity is 1/v2 in the
Ginzburg-Landau theory, the interaction is repul-
sive for type-II superconductors. This is not con-
clusive evidence that the phase transition at the
field of first flux penetration is of second order,
but it is highly suggestive; a proof that the first flux
penetration is in the form of a singly quantized
isolated vortex requires a demonstration that the
free energy for each and every possible form of
flux penetration be greater than that of a singly

quantized isolated vortex.

The Ginzburg-Landau theory is, however, strict-
ly valid only at T=T,, and the nature of the initial
flux penetration at lower temperatures is an open
question. Recently, both theoretical and experi-
mental evidence has been obtained for a first-order
transition at the field of first flux penetration, and
hence for some materials (x~1/v2 and mean free
path 7/ not much smaller than &) the first flux pen-
etration is not in the form of a singly quantized
isolated vortex. The experimental evidence has
been partially reviewed in a previous article. ?

The most direct evidence is the observation of a
first-order transition by Krageloh, Kumpf, and
Seeger‘*; this work is unpublished at the time of
writing, and Krigeloh® and Seeger® merely state
that the first-order transition has been observed,



