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Magnetic Transitions of Superconducting Thin Films and
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The perpendicular and parallel magnetic critical 6elds of pure tin 6lms and foils have been measured as a
function of temperature (1.3'K—T,) and specimen thickness (500 'A —220 kA.}.The critical 6eld H~ for
specimens of thickness less than a critical thickness d. is in good agreement with Tinkham s vortex model
for thin films if one assumes a thickness dependence for the penetration depth. For thicker films and foils
the observed thickness dependence of II~ is in good agreement with a theory based on the effect of positive
surface energy on the free energy of the intermediate state. The measured parallel critical 6eld H~

~
is in

excellent agreement with Ginzburg-Landau theory for type-I superconductors in both the thin- and thick-
film limits, For films thinner than a critical thickness d, , the transition is of second order and the relation-
ship between H&, H~~, and the 61m thickness is in excellent agreement with the "universal curve" of Saint
James and de Gennes for second-order transitions. For 6lms thicker than d, , the transitions are of 6rst
order, and. the critical fields approach the Ginzburg-Landau limit valid for d&&X. A comparison of the
observed critical thicknesses d, and d, with theoretical calculations has been made. From the data, bulk
values for I~(t), X(t};)q, (0},,"0, and 6 have been computed, and the thickness dependence of ~(t} and X(/)
has been estimated.

with our results is good, and the agreement of derived
parameters with independent measures of the same
quantities is satisfactory.

I. INTRODUCTION

E have made measurements of the perpendicular
and parallel magnetic critical fields of films and

foils of pure tin. The measurements covered the thick-
ness range 500 X to 220 kA. and a temperature range
from 1.3'K to the critical temperature of the specimens.
The experimental techniques in these measurements are
identical to those of the preceding paper, ' which we will

hereafter refer to as I, but the results di6er significantly
from those obtained for lead, However, the observed
differences can be satisfactorily accounted for by current
theories of thin-film behavior.

A variety of measurements of the critical 6elds of tin
have been reported by numerous workers, ' " each set
of measurements covering a limited thickness range and
usually only one field orientation. The reported results
on perpendicular critical fields are particularly confusing
and might lead one to the conclusion that the transition
from thin-film to thick-61m behavior is discontinu-
ous. ' "0%e have covered a wide enough ringe of speci-
men thickness to clarify this point and in addition have
made measurements in both the perpendicular and
parallel 6eld orientations on the same specimens. In
general, we have found that the agreement of theory

II. EXPERIMENTAL PROCEDURE

A. Sample Preparation and Description

Evaporated 6lms were utilized to study the thickness
range 500 L 44 kA. They we—re prepared by evaporating
99.999% tin onto liquid-N2-cooled glass substrates
(Corning 7059) at a typical pressure of about SX10 "

mm Hg and at a deposition rate of about 75 A/sec. In
some cases the deposited 6lms had an under and over
layer of evaporated SiO to simulate conditions of typical
device geometries. The thicknesses of the films were
determined by means of periodic interferometric meas-
urements and crystal-thickness monitor readings.

The 6lms were found to have critical temperatures
ranging from 3.83—3.92'K. T, was determined by ex-
trapolating the paraljel field data to zero 6eld. In these
measurements the earth's 6eld was not nulled but had
a very small ((0.005'K) effect on the transition tem-
perature as determined in this manner. The effective
transition width was about 10—15 rn.deg. As was pre-
viously found for tin 6lms by other workers including
Blumberg and Seraphim, I2 the 6lms showed a weak
inverse thickness dependence of T,. There was con-
siderable scatter in T, despite our efforts to duplicate
deposition conditions for each 61m. The use of SiO layers
on some 6lms apparently did not inQuence T, or other
properties of these 6lms when compared to films without
SiO. Figure 1 shows the measured critical temperatures
as a function of 61m thickness.

Foils rolled from the same 99.999/0 tin were utilized
to study the thickness range 60—220 kA. The thickness

l G. D. Cody and R. K. Miller, preceding paper, Phys. Rev. 173,
481 (1968). See also G. D. Cody and R. E. Miller, Phys. Rev.
Letters 16, 697 (1966).' J.P. Burger, G. Deutscher, E. Guyon, and A. Martinet, Phys.
Rev. 13'7, A853 (1965).' E.H. Rhoderick, Proc. Roy. Soc. (London) A26"E, 231 (1962).

E. Guyon~ C. Caroll~ and A. Martinet) J. Phys. (Pails) 25~
683 (1964).' J. M. Lock, Proc. Roy. Soc. (London} A208, 391 (1951).

6 D. H. Douglas, Jr. , and R. H. Blumberg, Phys. Rev. 12'7,
2038 (1962}.' J. P. Baldwin, Rev. Mod. Phys. 36, 317 (1964).

8 D. R.Tilley, J.P. Baldwin, and G. Robinson, Proc. Phys. Soc.
(London) 89, 645 (1966).

9 G. Robinson, Proc. Phys. Soc. (London) 89, 633 (1966).
'0 E. A. Davies, Proc. Roy. Soc. (London) A255, 407 (1960}.
l E. R. Andrew and J. M. Lock, Proc. Roy. Soc. (Lon

A63, 13 (1949).
don) "R.H. Blumberg and D. P. Seraphim, J. Appl. Phys. 33, 163

(1962).
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of each foil was determined by weighing. The geometry
of all specimens was that of a disk I'6 ——.', in. diam.

I.2

B. Critical-Field Measurements

1. JI/Iageetisatioe Measuremeets irl, Transverse Fields

Magnetization measurements in perpendicular fields
were carried out using a standard flux-change technique
which is described in I. The magnetization curves
observed were used to obtain the perpendicular critical
fields IIi (defined by M=O) and other pertinent
information concerned with the shape of the curves and
the magitude of the magnetization M.

Z. Susceptibility Measuremersts

The critical fields of all specimens in a parallel field
and of thin specimens in a perpendicular field were
determined by means of an ac bridge technique which
monitors the complex susceptibility of the specimen.
This technique was also employed to determine the
critical temperature T, of each specimen. The descrip-
tion of this technique and its theoretical justification
has been discussed previously in I.

C. Resistance Measurements

1. Thick Foils

Standard four-terminal dc resistance measurements
were made on two tin foils of thickness 126 and 220 kA
at 300 and 4.2 K. In addition, the resistivities of these
foils and four others, ranging in thickness from 69 to
220 kA, were determil ed at 4.2'K by ac susceptibility
measurements on the foils in the normal state. This
technique of determining resistivities of thin films and
foils has been described in I. The results of both the dc
and ac measurements are shown in Fig. 2, where the
resistivity at 4.2'K, p4.2, has been plotted as a function
of the inverse thickness 1/d of the foils. If one assumes
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Fit . 2. Resistivity of Sn foils as a function of inverse thickness.

the thick-film approximation of Fuchs, " the intercept
and slope of the best-fitting straight line through the
data leads to a value of 2.0)&10 ' 0 cm for the resistivity
of a bulk specimen p 4.2 and a bulk mean free path of
-800 kA. The

I plj42 product is then 1.6)&10—"0
cm', a value in good agreement with others. ' The
observed resistance ratios Rapo/R4 2 from the dc measure-
ments were about 2000.

Z. rhi~ Fams

The dc resistances of six films ranging in thickness
from 680 to 10400 A. were determined by standard
means at 300 and 4.2'K. The films were chosen from
specimens which had previously been studied by
magnetization and ac susceptibility techniques. The
resistivity results at 4.2'K were more scattered than
the foil results but lead to an effective bulk mean free
path of 10 000—20 000 A. The observed resistivity ratios
Raoo/R4. 2 were typical of values reported by others. ' For
a 1000-A film Raoo/R4. 2

——15, for a 10 000-A film

Rgpp/R4, y,
=55.

I J I [ I I I
I
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III. EXPERIMENTAL RESULTS

A. Magnetization Curves
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FILM THICKNESS

Magnetization measurements in perpendicular fields
were made on 21 specimens covering the thickness range
500 A—220 kA. The magnetization curves can be divided
into two distinct thickness ranges (an observation that
was noted also for Pb films in I). Figures 3(a)—3(c)
show the magnetization curves for typical tin specimens
at various temperatures. In Fig. 3 (a) the magnetization
curve for a 3000-A film is typical of all films of thickness
less than a critical thickness d, which is found experi-
mentally to be a function of temperature. The shape of
the curve closely resembles the magnetization curves of
tin films obtained by Robinson and Chang et al."

FIG. 1. Critical temperature of Sn films as a function of film
thicknesses. Dark circles indicate films with SiO coatings. Transi-
tion widths were about 10—15 mdeg.

"K.Fuchs, Proc. Cambridge Phil. Soc. 34, 100 (1938).
'4 G. K. Chang, T. Kinsel, and B. Serin, Phys. Letters 5, 11

(19m).
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critical thickness d, ', for the parallel data. For films of
thickness greater than the critical thickness d, ', we
observed a field hysteresis in the parallel-field ac sus-
ceptibility data. As in I, we denote the parallel critical
field when hysteresis was observed by the first-order
critical field H~~'. We thus associate the hysteresis with
supercooling towards the second-order transition field
II~ ~. The hysteresis was typically 5—12% of H~ ~'. When
hysteresis was observed (d) d.') the critical field shown
in the figures is H~~'.

FIG. 3. (a) Magnetization curve for a 3000-A. Sn film at a
reduced temperature of t=0.85. (b) Magnetization curve for a
5400-A Sn film at a reduced temperature of t =0.71. (c) Magnet-
ization curve for a 220-kA'. Sn foil at a reduced temperature of
t =0.90.

In Fig. 3(b) the curve for a 5400-A film shows the first
observable features of an intermediate-state behavior.
Near IIJ.(M~O) the magnetization approaches zero in
increasing fields linearly, in contrast to the near parabolic
approach of films for which d(d, . The value of the slope
in this linear region, dM/dH, is in good agreement with
the expected value for a disk. in a superconducting
intermediate state. We shall discuss this point in detail
in a later section. The 5400-A film was the thinnest film
to exhibit this linear behavior near Hi, and it did not
show it above a reduced temperature t&0.90.

In Fig. 3(c) the curve for a 220 kA foil closely re-
sembles the magnetization curves of Andrew and Lock"
for tin foils. Here we seen that intermediate-state
behavior sets in at a relatively small fraction of the
critical field. Again the observed slope in the inter-
mediate-state region is in good agreement with its
expected value.

In contrast to magnetization curves for thick Pb
films and foils (see I), we notice a, "supercoolinglike"
hysteresis in Figs. 3(b) and 3(c). The magnetization
remains zero in decreasing fields to fields below H&

(which is defined in increasing fields) . This behavior is
not yet understood, but it is not observed in films of
thickness d&d, . While for the thickest foils measured
the hysteresis could possibly be a supercooling towards
H,3, for less thick films and foils H, 3 ——1.792~H, would be
greater than Hi. Andrew and Lock" have reported
similar "supercooling" behavior for tin foils.

C. Resistive Transition Data

16—
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In order to compare our definitions of H& and H~~ as
obtained from magnetization and ac susceptibility
measurements with those of others who have used
resistance transitions to define the critical fields, the
resistance transitions of several films were determined in
perpendicular and parallel magnetic fields at several
temperatures. The results of some of these measurements
on a 1700-A. film and a 10 400-A film in perpendicular
fields are shown in Fig. 5, along with magnetization and
susceptibility results obtained earlier on the same films.
We can make several important observations from
these results:

(1) For the thin 1700-A 61m which showed a second-
order transition in a perpendicular field by magnetiza-
tion measurements, the different measurements of Hi
are in essential agreement if Hi is defined as either the
field corresponding to the magnetization, M—+0, the
maximum in the imaginary part of the complex sus-
ceptibility of the sample coil, or the oesef of dc resistance
of the specimen. .

(2) We note also for the 1700-A 61m that the full
value of the film's normal resistance is not restored until
an applied field of about 1.7H~ is applied. This strongly
suggests we are observing surface superconductivity on
the edge at fields greater than. H~ and that the field at
which normal resistance is restored corresponds to H,3.

This observation is consistent with microwave-resistance

l2— I20

B. Susceptibility Data

As was stated earlier, ac susceptibility data were
taken to obtain the parallel critical field H~~ over the
entire range of thickness and temperature covered. In
addition, this technique was utilized to obtain values of
H& for films d(d, . Figure 4 shows typical results of
H& and H~

~

determinations from susceptibility measure-
ments as a function of temperature near T, for a 1700-A
tin film. For convenience we have plotted Htt' rather
than H~ ~. As in I it is necessary to introduce an additional
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FIG. 4. Results for the critical fields Hi and XVI
~

at T near T,
as determined from ac susceptibility measurements on a Sn film
1700 A, thick. .
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measurements on thin tin and indium films by Gittleman
et al."

(3) For the thicker 10400-L film which showed in-

termediate-state behavior in perpendicular fields just
below H& in magnetization measurements, H~ as deGned
from magnetization measurements (M—+0) corresponds
to a nearly complete restoration of the normal resistance
of the Glm. The resistance observed at much lower
fields than H& may be attributed to flux-low resistance
since we believe the Glm to be in an intermediate state.
The occurence of the maximum in the imaginary part of
the complex susceptibility at considerably lower Gelds
than Hi is consistent with this reasoning (see I).

(4) Another observation is that considerable hys-
teresis is found in the E.-versus-H curve for the 10 400-A
film. This is consistent with hysteresis found in the
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FrG. 6. Complete critical-held. results as a function of tempera-
ture on a 1040-A Sn 61m from magnetization (squares) and ac
susceptibility data (circles).
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Frc. 5. (a) Perpendicular magnetic transition of a thin 61m
(1700 A.) at 3.5'K as determined from magnetization„ac suscep-
tibility, and dc resistance measurements. (b) Perpendicular mag-
netic transition of a thick 61m (10400 A) at 1.3'K as determined
by magnetization and dc resistance measurements. Arrow indicates
position of maximum observed on imaginary part of ac suscep-
tibility.

pendences of the critical Gelds for a thin versus a thick
specimen are clearly illustrated but we will defer dis-
cussion to a later section. From plots such as these, we
have prepared Fig. 8(a) —8(e), which shows the thick-
ness dependences of the reduced critical fields Hi/H.
and Hr ~/H, . For convenience we have chosen to display
these data at Gve reduced temperatures. Use of the
reduced fields and reduced temperatures has been made
to circumvent effects of differences in the critical tem-
peratures of the specimens.

The bulk critical-Geld data of Shaw et al." and the
correspondence principle, H, (0)/T, = const, have been
used to calculate H,(E) for each spec'imen. The general
features of the curves are (1) a minimum in Hx/H,
which shifts to lower values of d as the temperature is
reduced; (2) a sharp rise in both Hi/II, and H~~/H, for

r» l r

magnetization and ac susceptibility data for thick Glms.
No hysteresis is observed for the 1700-A film.

The resistive transitions in parallel Gelds were in all
cases sharp and the agreement of the Geld corresponding
to R/E~ ', (used to de6ne H~

~

—b—y—mostworkers), with
the value determined from ac susceptibility measure-
ments, was within about 5%. Hysteresis loops very
much like those observed by Tilley' were found for the
10 400-A Glm. No hysteresis was observed for the thiniler
GGIITls. This ls agaiIl consistent w1th the ac susceptibilitv
results which showed no hysteresis for films d&d, '.
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D. Critical Fields

Figures 6 and 7 show H& and HI~ as a function of
temperature on two films 1040 A and 10400 A. thick,
respectively. The differences in the temperature de-

"J.I. Gittleman, S. Bozowski, and B. Rosenblum, Phys. Rev.
161, 398 (1967).

FIG. 7. Complete critical-6eld results as a function of tempera-
ture on a 10 400-A. Sn 61m. (a) Hz from magnetization measure-
ments. Dashed curve is from Kq. (6), which should be valid very
near T,. (b) H~

~
from ac susceptibility measurements. Solid curve

in blown-up section near T, shows 6t to Ginzburg-Landau theory
for thick Qms.

~6 R. W. Shaw, D. E. Mapother, and D, C. Hopkins, Phys. Rev.
120, 88 (1960).
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FI(".. 8. Reduced critical fields II~/II, and III,I/H, at various
reduced temperatures as a function of specimen thickness. Solid
curves represent theoretical fits to the data (see text). Arrows
above data points indicate thinnest films to show thick-film
behavior. (a) t=0.95. The squares are from measurements of
Andrew and Lock (Ref. 11). (b) t=0.90. (c) t=0.75. (d) t=0.50.
(e) t=0.35. The dashed curve is from Burger et al. (Ref. 2). The
chain curve is from measurements of navies (Ref. 10).
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small d; (3) a gradual approach to unity for both
Hi/H, and H11/H, (bulk behavior) for large d. Included
in the 6gures are lines corresponding to theoretical 6ts
and these will be discussed later. In each figure arrows
have been placed to indicate the thinnest Alms which
show thick-film behavior. In perpendicular fields, we
deCine thick films as those which have a linear slope in
their magnetization curves near Hi (i.e., d)d, ). in
parallel fields, thick films are those which exhibit Geld

hysteresis (i.e., d&d.'). Also shown are critical-field

data of other workers for comparison (see figure
captions) .

E. Comyarison of Critical-Fie11 Results

l. IJ~—Thie F~/ms

Rhoderick' reports critical 6elds on thin tin films in
perpendicular 6elds which are 1.4—2 times greater than
the present observations. The discrepancy is surely due
to his definition of IIx as the fidel(I corresponding to
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comp]ete restoration of resistance. As we have noted
earlier, this definition probably corresponds to H, &, not
H&. Burger et al.' have reported values for JI& for tin
films at 1.6'K obtained from tunneling and resistance
measurements. As we see in Fig. 8(e) the agreement
with our data is satisfactory, although their results are
somewhat higher than this work. Their values of II~
from resistance measurements were defined as the fields
corresponding to E/E~ ', . The——ir—results show the same
minimum in HJ. versus d as this work.

Z. Hx—Thick Foils

Andrew and Lock" and Davies' have reported
critical-field determinations on thick foils of tin in
perpendicular fields. Andrew and Lock obtained their
results from magnetization measurements in much the
same manner as has been reported here. Some of their
results are shown in Fig. 8(a) . The agreement with these
measurements is seen to be within the experimental
scatter of our data. Davies obtained somewhat lower
values of Hi )see Fig. 8(e)j from resistance measure-
ments. Presumably this is due to his definition of HJ. as
the point where the resistance in an increasing 6.ejd
starts to saturate. Resistance transition measurements
made on two of our foils showed that to within 2—3%,
the value of II& obtained from M—+0 corresponded to
that obtained from R/R~ —+1 )Fig. 5(b) ].

3. Paralle/ Data

In Fig. 9 we show the results of critical-field deter-
minations at t=0.95 on tin 61ms in parallel fields by
resistance measurements of several other workers" '
along with a smooth curve corresponding to this work.
The agreement is seen to be good except at thicknesses
d&1000 A.. In this range the data of Blumberg and
Douglas' is 20-30% higher than this work. Their data
seems to approach ours at a thickness of about 1000 X.
This difference is not understood.
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Fn. 10. Thickness dependence of ~ at reduced temperatures
t =0.35, 0.50, 0.75, 0.90, 0.95, and 1.0.

Hg(], d) =42 ~(t, d)H, (/),

where the thickness-dependent ~ can be written as

.(~, d) =.„(~)L1+b(~) /d j. (2)

(t) is the bulk value of the Ginzburg-Landau param-
eter, H. (t) is the bulk critical Geld, and t is the reduced

temperature. The quantity b(/) is given by

IV. DISCUSSION

A. Perpendicular Critical Fields, Thin Films

As discussed in I for thin films which undergo a
second-order transition in perpendicular fields, a
reasonable approximation for the perpendicular critical
fields are given by Tinkham's'7" expression

b(~) =8L~~'(~)b/~ '(~) j (3)

24—

20—

le
CPx:

l2

MBERG

At low temperatures, if we use the literature" values for

$0 and X /Xr, (2300 A. and 1.57, respectively), we obtain
for b(0) a value of 350 A.. At T, where X„=Xr,, we

obtain b(1) =860 A.
From plots like Fig. 4 prepared for each thin-film

specimen, 8&d„we have obtained experimental values
of a(T., d) from the relation

a(1, d) = lim V2 '(dHi/dt) (dH, /dt). (4)

O ~
200 400 600 800 l000 600 2000 XK6 4000 6000 8000

d(A)

FIG. 9. Comparison of our parallel 6eld results at t =0.95 with
those of Refs. 3, 6, and 7.

Values of dH. /dt were obtained from the data of Shaw

, Tjnkham, Phys. Rev. 129, 2413 (1963).
'8 M. Tinkham, Rev. Mod. Phys. 36, 268 (1964).
'9 J. Bardeen and J. R. SchrieGer, in Progress zn Low Tempera-

tz~re Physics, edited by C. J. Gorter (North-Holland Publishing
Co. , Amsterdam, 1961), Vol. 3, p. 243.
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TAmz I. Thickness and temperature dependence of K for tin.
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a E&trapolated value from tv'o-fluid model. From Eq. (3).

et a/. "At other temperatures we have obtained experi-
mental values of «(t, d) directly from Eq. (1) and the

From best straight-line fits to the points, we have ob-
tained values of «(t, ~ ) and b(t) . The results are given
in Table I along with the calculated estimates of b(t)
from Eq. (3).Th agreement of the experimental value
of b at low temperatures with the calculated estimate is
remarkably good, while at T, the experimental result; is

h l Th observed tempera, ture depen ence
of b(t) is about as expected since the ratio X /X7. s ou
not vary much until very near T,. Ke have observed.

'1 cement at low temperatures for Pb films (I) .

ex erimentally on bull» specimens'-' '-'-' '-" but is not much
different from values obtained by others from thin-film
results 8 '4

I F' 11 we have plotted the extrapolated values of11 ig. we a
«(t, ~) obtained from Fig. 10 as a function o e
reduced temperature. A solid curve corresponding to the
Gorter-Casimir two-Quid temperature dependence for
«, «(t) =«(0) (1+t') ', has been drawn fitted to the
experimental point at T,. As can bA an be seen the data gives

'd modela fair fit to this dependence on t. The two-Quid mo
leads to a value of «(0, ~) of 0.44.

The solid lines labeled T drawn through the thin-film
IIJ. data in Fig. g were drawn using Eq. (1) and t, e
parameters «(t, d) and b(t) from Table I. One observes
that the fit to the thin-film region is satisfactory.
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B. Perpendicular Critical Fields, Thick Films

As the thickness of the film increases beyond some

become the stable state prior to the transition to the
normal state. Guyon et al.4 have calculated that t e
eGect of the positive surface energy is to depress t e
transiton below H, to a field IIiD given by

HiD =H, [1—(CA/d) 't'j, (5)

where 6 is the surface-energy parameter and C, is a
constant which, depending on the particular geometrica
model chosen to describe the intermediate state may

1 0 8—2. Vte have found that a value for C ofhave va ues,
b t 1 was necessary to describe our results or

edOur results for thick tile films and foils have been fitte
to Eq. (5) by choosing a best value for 6 at ea,ch tem-
perature an assuming
drawn through the Hi/H, data in Fig. 8 show t e
resultant fits.

o fitIn Fig. 12 we have plotted the values of 6 used to t
the Hi/H. data as a function of t along with theoretica
curves derived from calculations of 3ardeen" an
Ginzburg. -"' These calculations give 6/X„as a, function
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K(t, ~) as a function of t. Smooth curve is based on
two-Quid model. K(t, ~) =K(0, ~) (1+t') '.

"T.E. Faber, Proc. Roy. Soc. (London)on) A241 531 (1957).
1967 ."F. W. Smith and M. Cardona, Phys. Letters 24A, 247 ( ) .

rameter 6 as a function of tempera-Fro. 12. Surface-energy pa
ture as determine rom & ms

netization curves of thick films near IIi
b (Rf 24)

'
1 ddfo

h
' lt t d e d-

k Ref. 11) and Fa er e . a
corn arison. The chain curve is the empirica em
ence, d, =A (0) (1—ts~/') /' 6tted to our data. See text.

» J. Sardeen, Phys. Rev. 94, 554 (1964).
23 V. L. Ginzburg, Physica 24, S42 (1958).
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4To obtain A(f) we have inserted our expe
~

(&, ) 'toth'
/ co ( ) ) an~ then

solvent

for Q (f) by
~m(0) —600 L and X (f) =g (0) (1 p)

—1/2

Onne might expect the theoretical curve based. on
Ginzburg's result to be valid only Qcar T„and that
based o~ Bardeen's calculation to have broader vahdity.
It is clear from Fig. 12, however, that thc Ginzbur
curve fits the data to within the experimental error
qultc %'c/1 ovcI' R wide temperature range) Rgx'eclng ln
magnitude as well as functional dependence, while
Bardccn's curve is higher than the experimental values
Rt all temperatures, though its fuQctlonal dcpcDdeDcc oQ

f ls similar.
so showQ 1D Flg. 12 arc values of 6 f t b d

y a er'-' and Andrew and Lock" Faber's valuer s va Ucs were
Mne y studying thc vcloclty of pI'opRgRtloD of

superconductivity iII tin rods, while Andrew and, Lock's
values were obtained by examining the shape of mag-
netization curves on tin foils %h'1 thl C Cy x'CPoI't

temperature dependences for 3 whi h '1w ic are simuar to
what wc observed, they obtain signi6cantly higher
values for d. navies" also studied the temperature
dcpcndcQcc of A.. He used resistive transitive measure-

~ ~

ments OQ tin foils Rnd R dlmcIlslonal RQRlysls to conclUdc

thc dcpcndcQcc Obsclvcd bY FRbcI'. Hls dc6nition Of II&
rom his resistance transitions was too arbitrary, how-

ever, to obtain meaningful absolute values for 6-. While
wc can scc from Fig. I2 that, thc temperature depend-
ence, 4=6(0) (1—812) '", is a fair fit to our data, we
a so can observe that the dependence obtained from
Ginzburg theory is better.

T f l

501

%c have also obtained values of 4 from our data in
another semi-independent manner slmllRl to thc %Ry
Andrew and Lock obtained their values for A."Andrew
and Lock have calculated. the cAect that the positive
surface energy of a superconducting ellipsoid in the
intermediate state has on the slo e of thee magnetization
curve. As discussed in I, the slope of the magnetization
curve is given by

I ~ i
.4 .5 .6 .7 .9
K

I'IG. 14. 7he normalized c1itical thickness of tin and lead 6lrns
fg&/2X, for the transition to the intermediate state as a f
Solid cul'ves are show

e s a e as a unction of K.

e shwvn based on theoretical calculations of 6jP (If.)
by Bardeen (Ref. 22), Ginzburg (Ref. 23), and Eq. (7) and also
on Lasher's calculation of d, (a) (Ref. 25),

mp
2—

~BULK NTERMEDlATE STATE (I/4w)
l I a 'I t I

Pn. 13. Slope of magnetization curves 4I/dII in l"FIG. 13
~ s 1n 1near reg10n

nc on o speclrnen th1ckness, Solid curves are
core 1ca ts . ased on Kq. (6). (a) 1=0.90. (4) 1=0.35.

'4T E Fabe. Faber, k roc. Roy. Soc. (I.ondon) A223, 174 (1954).

where I ls the magnetization per unit volume.
n ig. 3 wc have plotted the observed values of

dI/dII for the 61ms d+d, Rt I'cduccd temperatures
1=0.90 and 0.35 as a function of thickness. Through the
experimental results we have drawn curves correspond-
ing to Eq. (6) using values of 6 which gave the be t 6t

the experimental points. The values obtained for 5
RI'c shown ln Flg. j,2. They RI'c scen to bc ln fair RgIcc"
ment with our values obtained from H& data.

Having discussed the theoretical 6ts to both the thin-
6lm and thick-61m results fox Hz, we can now obtain
the critical thickness d, (t) by equating the expressions
or IIijII. for thin Alms Eq (1) d th' k fil

Eq. (5), C= 1. Solving for d=d„we obtain

IDFi . 14vrg. c hRvc plotted OUl cxpcrlmcntR1 vR1Ucs for
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TABLE II. Summary of results.

This work .Source Comparison

0.95 0.90 0.75 0.50 0.35 0'

Bulk It 0.22 0.24 0.34 0.38 0.44 From Hi results
thin films

It(1, ~) =0.15b
0.15o
0.125'

Bulk P'
(A)

~ '' 1325

~ ~ ~ 4000

620

2900 1750 1100

600 600 From H~~ results for
XL, of thin films

600 From IIi results
thick films

Z(0) =560 Lb

Agrees in value and
temperature depend-
ence with Ginzburgf

&I, (O, ~)
(L)

(0 (~)

~ ~ ~ 9700 8500 5600 5000 3600

1800

From intersection
of Eqs. (1) and (5)

From IIII resu. l.ts
thin films

P,l, (0, ) /ff, (T„)

Agrees with
Z, =~((1—vr. ) 2 plus
Ginzburg (6/P ) .'

355'

2300'

Extrapolated value.
J. Bardeen and J. R. SchrieBer (see Ref. 19).

0 G. K. Chang and B. Serin, Phys. Rev. 145, 274 (1966).

d F. W. Smith and M. Cardonna (see Ref. 21).
o Assumes X(0) =600 A a,nd X(t) =X(0) (1—t4) 1 2 ) (0) =Q2A, g,.
f Reference 23.

d, /2X as a function of ((, where d, is the intersection of the
curves T t Eqs. (1) and (2)j and D LEq. (5)gin Fig. 8.
The values of X used are those given in Table II. The
solid curves are from the theoretical work of Bardeen"
and Ginzburg" for A/X using Eq. (7), and from the
exact calculation of d. ((() by Lasher. "

For the Bardeen and Ginzburg theories there is an
approximate symmetry about a minimum value of
d./2X for I( 0.30—0.35, while Lasher's calculation pre-
dicts that d./2X approaches zero with I(. Our results for
tin seem to be in excellent. agreement wit. h Eq. (7) and
Ginzburg's value for A/li and much higher than Lasher's
exact calculation. For comparison our results for lead
films (I) have been included in the figure. They are in
best agreement with the Bardeen result for A/X. More
data on type-I films such as indium or aluminum should
confirm whether d,/2X decreases for lower ~ (Lasher) or
rises fEq. (7)j. 60 I I I I

I
I I I I

I
I I I I

I
I

Cooper-Schrieffer (BCS) expression for the temperature
dependence of X(T, d)."From graphs like Fig. 4, where
we have plotted H

~

~' as a function of T near T„we have
determined Xz'(0, d) using Eq. (8) and values of
(dH, /dT) z. from Shaw. "Figure 15 shows the observed
dependence of Xz'(0, d) on the inverse film thickness
1/d. Though we observe considerable scatter in the
points, the dependence is linear. The solid line is a
least-squares 6t to the points. Furthermore, we can
deduce by extrapolation values for the bulk London
penetration depth Xz(0, ~) and the parameter b near
T,. Based on the least-squares 6t to the points, the
values are Xz(0, OII ) =422 A, b(T.) =420 A. The ob-
served value for Xr.(0, ~ ) is in fair agreement with the
BCS estimate of 355 A.."The value for b(T,) is about
25% lower than the value we deterinined from H~ data

C. Parallel Critical Fields, Thin Films

Ginzburg-Landau theory'-' predicts for thin super-
conducting films, d(d, '=QSX, in parallel fields, a
second. -order transition. Near T„ the square of the
critical 6eM B~~ is given by

H(('(T, d)

=12+z'(0, d)/d]'T, (dH, /dT)r, '(T, T), (8)—
IO

0 0
I I I

5 IO

I xd ( Io-4A-')

i, J
I5 20

where Xz (0, d) is the thickness-dependent Landau
penetration depth and we have utilized the Bardeen-

"G. Lasher, Phys. Rev. 154, 153 (1967).
'6 V. L. Ginzburg and L. D. Landau, Zh. Eksperim. i Teor. Fiz.

20, 1O64 (1950).

Flc. 15. Square of London penetration depth, Xl.', as a function
of inverse film thickness. Solid line is least-squares fit to experi-
mental points.

» J. Bardeen, L.N. Cooper, and J.R. Schrieffer, Phys. Rev. 108,
»75 (1957).



MAGNETIC TRANSITIONS

(Table I) . The calculated value of X(0, ~) is 600 A., in
agreement with values quoted by others. ""

Since for thickness d&d, the parallel transition is of
second order, the critical 6elds should obey the "uni-
versal curve" of Saint James and de Genncs. 2" The
solid curves through the H~~/H, data in Fig. 8 labeled
TGS were computed from the Saint James —de Gennes
"universal curve, " the thickness of the 6lms, and
H~(t, d) as determined from Eqs. (1) and (2) and the
experimental values of a (/) and b(t) (Table I). The
fit is seen to be remarkably good and strengthens the
theoretical models we have chosen to 6t both the
perpendicular and parallel critical-6eld results for thin
6lms.

D. Parallel Critical Fields, Thick Films

As we have said earlier, for thin enough 61ms the
transition in parallel 6elds is of second order and the
critical fields are given by Eq. (8). However, for film
thicknesses d)d, ', the transition for tin (x&0.42)
should be 6rst order, "' and for d&&X, the 6elds will

bc glvcn by

Hll H (1+ii/d) ~

In Fig. 6, we have used Eq. (9) to draw a solid curve
through the parallel data near T, for a 10 400-L film
which satisfies the thickness condition d&&X. We have
Rssllllied olily tliRt X(0) =600 A, R value dcr1vcd floni
the thin-film parallel-field results, and X(t) =600(1—
t') "'.We see that the fit to the data is quite satisfactory.

In the inserts of Fig. 8 we have included theoretical
curves corresponding to Eq. (9) .Again we have assumed
X(/) =600(1—t') '@. Small differences in X due to its
thickness dependence have been neglected, We clearly
observe that the parallel critical 6eld approaches the
limiting expression for a 6rst-order transition in a smooth
fashion as d increases.

As we pointed out earlier the 6rst-order transition
6clds can bc dlstlngulshcd from second-order 6clds by
the presence of 6eld hysteresis. Included. in the inserts of
Fig. 8 are arrows indicating the thinnest specimen to
show field hysteresis. We sce that these arrows are
located at points where the data begin to deviate from
the second-order TGS curves. From Ginzburg-Landau
theory" the switch from second-order transition to
first-order should occur at a critical thickness, d, ' =QSP .
Tllls coITcspollds 'to R cl'ltlcal vRlllc of Hi i/H of Rbollt
2.2. We observe lower critical values of H~~/H,
(1.4—1.8) . Whether this is a real deviation from theory
or a lack of sensitivity is not clear, but the occurance of
the arrows at just the point of departure from the TGS
curve suggests a deviation from theory.

We observe also in the inserts that as t is reduced and
x increases, the second-order .TGS curve is approaching

» T. E. Faber and A. B. Pippard, Proc. Roy. Soc. {London)
A23C, 33' {&955)."D. Saint James and P. G. de Gennes, Phys. Letters V, 306
{j.9|3).

the first-order curve. We would expect the two curves to
cross at a value of ~ 0.42 or at a temperature of about
1'K. Indeed for lead films (I), where ~)0.42 over the
temperature range covered (1.4—4.2'K), first-order
transitions were not observed but second-order transi-
tlolls wcic (H~~ =H 8)H~~ ) .

V. CONCLUSIONS

We may summarize by drawing several conclusions
from the experimental results:

(1) The perpendicular transition in the thin-film

region up to a critical thickness d, confirms Tinkham s
prediction for a mixed state and the critical fields II&
Rl'c glvcII by Eq. (1).

(2) For thicknesses greater than d„ the Hi results
are in fair agreement with a simple intermediate-state
model based on the CGect of the positive surface energy
on H&. We have obtained values of the surface-energy
parameter 6 from the critical-6eld results and from the
magnitude of the magnetization slope near B&which are
in excellent agreement with each other and with
Ginzburg-Landau theory.

(3) Values of the critical thickness d„which a,re
obtained from the intersection of the theoretical expres-
sions for the thin- and thick-films region, Eqs. (1) and

(5), are in excellent agreement with theoretical values
derived from intermediate-state (Davies) theory and
exceed predicted values recently derived by Lasher.
Additional data on type-I materials with lower values
of ~ might show whether the quantity d./2X begins to
increase with decreasing f(: as predicted by the inter-
mediate-state model or to approach zero as predicted by
Lasher.

(4) In parallel fields the critical fields are in excellent
agreement with Ginzburg-Landau theory in both the
thin- and thick-61m limits. In addition, they are ln
agreement. with the prediction of TGS for the relation-
ship of II( i

with Bz and 61m thickness for second-order
transitions up to a critical thickness d, . For 61m
thicknesses greater than d, ' the paraM transitions are
first order, show fieM hysteresis (supercooling), and
approach the Ginzberg-Landau hmiting expression,
Ht)' ——H, (1+X/d), for fllllis d))X.

(5) We have also shown the danger of relying only on
dc resistance measurements to de6ne the critical fieMs.
We now feel that this is the reason for the confusion
which resulted when critical-field measurements of H&

by several diBercnt workers were compared.

Finally we have prepared Table II which summarizes
the values of the basic superconducting parameters,
~, X, d, and $0, which may be derived from our results and
compares them with theoretical predictions.
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