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The dependence of a parallel critical magnetic field H,,, for vanadium and technetium films (including 
ultrathin films with d < 100 A) on the thickness d is investigated experimentally. The results are explained by 
the effect of spin phenomena on thp magnitude of H,,,. 

PACS numbers: 74.40. + k, 74.70.L~.  73.60.Ka 

1. INTRODUCTION for films of alloys and compounds, but also for films of 

The problem of the magnitude and nature of the limit- 
ing magnetic fields which restrict  the existence of the 
superconducting state has been intensively studied, both 
theoretically and experimentally, in recent years, in 
application to both bulk' and film samples (see, for 
example, Refs. 2-5). Thin films in a parallel field 
a re  convenient objects for the study of this question for 
the following reasons. 

The disruption of the superconducting state by a mag- 
netic field can take place a s  a result of the action of 
the magnetic field both on the orbital and on the spin 
parts of the motion of the electrons. Observation of the 
effect phenomena on the critical magnetic field i s  pos- 
sible in this case if H%* (the critical field, defined under 
the assum~tion of the existence of the orbital mechan- 
ism only) has a sufficiently large value, namely, under 
the condition 

where A(T) i s  the gap in the electron spectrum of the 
superconductor. For bulk superconductors, this con- 
dition can be satisfied in alloys and compounds with a 
small path length of the electrons, which assures large 
values of the Ginzburg-Landau parameter and of 
Hz?. In this case, thanks to the different temperature 
dependences of H z b  and A, condition (1) i s  satisfied only 
at temperatures that a r e  remote from Tc. 

A similar picture also exists for films in perpendicul- 
a r  magnetic fields, since the critical perpendicular 
magnetic field of the films Hc, = H ,  (this equality is  sat- 
isfied for films of type II superconductors of any thick- 
ness, and for sufficiently thin films of type I supercon- 
ductors'), while condition (1) can be satisfied not only 

pure metals, thanks to the possibility of obtaining films 
with a very small path length of the electrons. So far 
as the parallel critical magnetic fields of films a r e  
concerned, their value and temperature dependence a r e  
such that the condition (1) for Hg* can be satisfied even 
near Tc [H~?/' i s  larger than Hi* by a factor of 5(T)/d i s  
sufficiently thin films, where 5(T) i s  the temperature- 
dependent coherence length and d i s  the thickness of the 
film]. 

It should be remarked that satisfaction of condition (1) 
i s  facilitated a t  small Fermi velocities for the electrons 
v, (and, consequently, small coherence lengths to), 
which a r e  characteristic for transition metals, where 
values of v, that a r e  an order of magnitude smaller than 
in simple metals a r e  possible. 

In the present work, we h a v e  studied the dependence 
of Hc on the film thickness of two transition metals- 
vanadium and technetium-down to thickness of d -  60 A. 
The results a r e  interpreted from the viewpoint of the 
effect of spin phenomena. In addition, since vanadium 
and technetium differ hy about a factor of two in their 
atomic numbers, it is of interest to follow the effect of 
spin-orbit scattering,' the probability of which depends 
strongly on the atomic number. ' 

2. EXPERIMENTAL METHOD 

For the present investigations, we used samples pre- 
pared by ion sputterings in a superhigh vacuum setup, 
with the following partial pressures of the residual 
gases: hydrogen-p < lo-' Torr ,  other residual gases- 
p < lo-'' Torr ,  and at a pressure of the working gas 
(krypton) 5 X Torr.  To remove the effects of the 
surrounding medium, and of the nonreproducibility of 
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the properties of the samples, which could ar ise  be- 
cause of the ambiguity of the conditions on the boundar- 
ies of the film, the layer of metal was placed between 
thin (10-40 A) carbon layers," which had excellent pro- 
tective (mechanical and anticorrosive) properties. 

Data characterizing the properties of the individual 
samples used in the present work were given in our 
previous papers on films of technetiume and vanadium.1° 
The critical magnetic fields were measured by the re-  
sistance method, a s  is  described in Refs. 9 and 10. 
Parallel orientation of the plane of the film relative to 
the direction of the field was established by rotating the 
sample about an axis perpendicular to the axis of the 
superconducting solenoid until the resistance was a . 
minimum. The measurement current was perpendicular 
to the magnetic field. The remaining experimental de- 
tails have been set forth in Refs. 9 and 10. 

3. RESULTS 

The transition curves R(T) in a parallel magnetic field 
for films of both technetium and vanadium exhibited 
little change of shape and width over a rather wide range 
of fields near H = 0. The width of the transition curves 
R(H,,) changes upon change in the temperature, The de- 
crease in the width of the transition curve R(H,,) with 
lowering of the temperature is connected with the de- 
crease in the steepness of the H,,(T) plot. Examples of 
the transition curves a re  given in Fig. 1. 

If we define H,,, in accord with the 'beginning" or 
"end" of the transition curve R(H,,) [i.e., in accord with 
the points of intersection of the continuations of the 
mean straight-line portion of the curve R(H,,) with the 
lines R = 0 and R = R,, where R, i s  the resistance in the 
normal state], we then obtain H,,(T) curves shifted re-  
lative to each other by the constant amount 6T. The 
choice of the criterion for the definition of H,, leads only 

FIG. 1. Transition curves: a) vanadium film in zero magnetic 
zero magnetic field, the numbers on the curves indicate the 
thickness in A; b) vanadium films (d = 60 A) in a field Hi,, 
temperature (in K): curve 1-2.18, 2-2.11; 3-2.96; 4--2.01; 
5-1.86; 6-1.83; 7-1.76; k 1 . 6 5 ;  9-1.52; c) in tech:etium 
films (Of thickness d =  1600 A at H =  0 (curve 1); d =  8! A at 
H =  0 (curve 2), 31.2 kOe (3) and 48.5 kOe (4); d =  55 A at H= 0 
(5). 33.9 kOe (6) and 50.8 kOe (7). 

FIG. 2. Dependence of H, 112(t) of a vanadium film: * - d =  250 
A, 0-125 A, A-88 A, 4-60 A. 

to a parallel shift in the H,,,{T) dependence. For de- 
finiteness, we choose a s  H,, the field at  which R =R,/2. 

A linear dependence of Ha,, on the temperature is  ob- 
served for all  the investigated samples in a certain r e -  
gion close to T, (Fig. 2). The observed length of the 
linear portion for the thickest films amounts to -1.5K 
for d =  500 A, and c 0 . M  for d 2 1000 A. In accord 
with theory,12 the size of this linear region i s  deter- 
mined by the condition 24(T) 2 d. For thicknesses 125 
Gd s500 A, the linear dependence i s  observed at  tem- 
peratures that differ from Tc by ahout 1.5 K or less,  
For very thin films of vanadium, the region of linear- 
ity i s  somewhat reduced (down to -0.3 K at d "60-70 
A). In the case of technetium films of thickness d 
> 110 A, the linearity i s  observed over the entire 
range of temperatures, the lower boundary of which, 
because of the large slope of H: relative to T, is deter- 
mined by the maximal field at  which the measurements 
were carried out (50-60 m e ) .  

The derivative IdHz,,/dT I Tc was determined in the lin- 
ear portion of H:(t) the values of which, a s  a function 
of the inverse thickness, a r e  shown for vanadium in 
Fig. 3, and for technetium in Fig. 4. In both cases, 
in the range of large thicknesses, the quantity IdH:,, / 
dT 1 ,, increases with increase in l/d, then reaches a 
maximum (at d 100 A); for very thin films it tends to 
decrease. The values of IdHz,,/dT I ,, range from 16 to 
20000 !sOe2/K for technetium, and from 4 to 2 100 m e 2 /  
K for vanadium. 

FIG. 3. Dependence of I ~ H , , ~ ~ / ~ T I  on the inverse thickness of 
a vanadium film (the different symbols, which denote the exper- 
imental points, correspond to different experiments on the pre- 
paration of the film): 1-theoretical curve, which takes into ac- 
count only the orbital effects; 2-theoretical curve correspond- 
ing to the paramagnetic limit. 
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FIG. 4. Experimental dependence of 1 dHc 1 1 2 / d ~ 1  on the in- 
verse thickness of a technetium film (solid line). The dashed 
line is the paramagnetic limit. The break in the curve cor- 
responds to the transition from the hcp to the fcc modification. 

4. DISCUSSION 

A. Vanadium films 

It should f i r s t  be noted that the observed discontin- 
uance of the increase2' of IdH;,,/dT I Tc upon decrease in 
the film thickness does not find i t s  explanation within 
the framework of a theory which takes into account only 
the orbital effects. ''-I4 For f i lms of thickness d = 60- 
70 A (both in the case  of vanadium and technetium), the 
experimental values of IdH:,,/dT I.., a r e  lower than the 
theoretical I d ( H ~ ~ ) ~ / d 2 '  I ,,,,, , by a factor of 2.5-3. For 
vanadium films, this i s  seen from Fig. 5,  on which (in 
logarithmic scale)  a r e  plotted the theoretical values of 
ldH,2,/d~),,,,, relative to the experimental values 
IdH:,,/dT I,,,. The theoretical values were computed 

both for the purely orbital case ,  and for  the case  of 
joint action of orbital and spin mechanisms (see below). 
The values corresponding to the orbital mechanism, 
IdHt?I2/dT I ,  a r e  found f rom the formula 

which i s  obtained if, in the e x p r e ~ s i o n ' ~ . ' ~  

which i s  valid at d -12{(T), we replace {(T) from 

square the obtained for H:*, and differentiate with r e -  
spect to the temperature. In formulas (2)-(4), d i s  the 
film thickness, cp, i s  the magnetic flux quantum, {(T) 
is the temperature-dependent coherence distance. 

The theoretical values were calculated for two cases:  
it was assumed that a )  the vanadium film i s  homogen- 
eous in the direction perpendicular to i t s  plane, and b) 
near the surface there  exist nonsuperconducting layers  
with a high resistivity. Analysis of the aggregate of 
our data on the thickness dependence of the quantities 
T,, ld~, , /dT l T c ,  the residual resistivity pm and the 
resistivity a t  room temperature p,,, points to a probab- 

FIG. 5 .  Theoretical values of I d ~ ~ ~ ~ ~ / d ~ l , ~ , , , ,  relative to the 
experimental values I dHc l I2 /d~ lexp  (in log-log plot) for vana- 
dium film: A and l are the theoretical values, calculated 
without account of spin effects (i.e., 1 d ~ ,  112 /d~ l , I , , , ,  = I ~ H ~ ~ , o ~ ~ )  
2 / d ~ 1 ,  l and U are the theoretical values calculated with ac- 
count of both orbital and spin mechanisms of disruption of 
superconductivity by the magnetic field. I dHc , 1 2 / d ~ (  was 
calculated with account (0 and A ) and without account (Lj and 
0 )  of the surface layers. The points 0 and in the region 
I dHc 1 1 2 / d ~ 1  < 100 kOe 2/K ( d a  500 A) are not shown, since 
they coincide with A and l . 

ility of the existence of such surface layers  of thick- 
ness  12-19 A (independent of the thickness of the 
sample). The nature of these surface layers has not 
been determined a t  the present time. Similar surface 
layers  apparently exist in f i lms of other transitions me- 
ta l s ,  including technetium. Using the results  of a theo- 
ret ical  paper of Usadells and the parameters  of the as-  
sumed surface layers in our experiments, we can draw 
the conclusion that allowance for  these layers reduces 
to the replacement of the total thickness of the vanadium 
film d by a thickness that i s  l e s s  by twice the thickness 
of the surface layer. 

Staying within the framework of the theory which takes 
into account only the orbital effects, we can attempt to 
explain the observed discrepancy between the experi- 
ment and theory by assuming that there  exists  an  un- 
accounted for  perpendicular component of the magnetic 
field, which would lead to a certain lowering of the cr i -  
tical field in comparison with the case  of an  ideal par -  
al lel  orientation (local departures from parallelism can 
s tem,  for example, from the roughness of the sub- 
s t ra te ,  while the effect of the roughness would be sub- 
stantial only for  ra ther  thin f i lms,  with a depth of the 
roughness comparable with the thickness of the 
sample). Analysis of such a possihility was car r ied  out 
by u s  on the basis  of a formula of Tinkham:6 

where (0 i s  the angle between the direction of the field 
and the film surface. This analysis showed that the a t -  
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tempt to choose an angle cp such that the experimental 
values of IdHE/dTTc agree with the calculation from Eq. 
(6) leads to an entirely different temperature dependence 
of H,(T) than that observed. Thus it i s  not possible to 
attribute the observed results to an unaccounted for 
component. 

We now proceed to a discussion of the results  with 
account taken of the effect of spin phenomena. The mi- 
croscopic theory which takes into account the effect of 

' 

the magnetic field on the electron spin5*16 along with or-  
bital effects, leads to the following formula for q,, in 
the region T 2 0. 7TI (at 1 <<to): 

(where I i s  the k path length of the electrons, pg i s  
the Bohr magneton, up i s  the Fermi velocity of the 
electrons) and, consequently, to 

l s l = t 3 k /  ( --C' n  da21~r  1 6 8 G )  
9 c'fi nzkT, 

(7) 

At 1,d - 0 (i. e . ,  in the case of smallness of the term 
corresponding to orbital effects in comparison with the 
term responsible for spin effects), it follows from this 
formula that the limiting slope IdT/dT I ,  which i s  due 
to the action of the field on the spin, is equal to 

The curve corresponding to this "paramagnetic limit ," 
i s  shown in Fig. 3 (curve 2). We have drawn on this 
drawing curve 1 constructed with account taken of only 
orbital effects. Curves 1 and 2 a re  smoothed curves 
passing through points corresponding to the theoretical 
values obtained from formulas (2) o r  (81, with use of 
the experimental values of IdH,,/dT I ,, and T,. The 
points themselves a r e  not shown in Fig. 3 so a s  not to 
clutter up the drawing. 

The intersfction of curves 1 and 2 takes place at a thick- 
nessd= 100A. Thus, inthe regiond > 100A, the orbital 
mechanism of disruption of the superconductivity by a 
paralkel magnetic field dominates, while in the regiond 
< 100A, it is  the spin (paramagnetic) mechanism. The fact 
that the growthof J ~ H A ~ / ~ T  I with decrease in the thickness 
ceases just at the thickness 100 A indicates that the 
cessation of increase in IdHz,,/dT I i s  due to the para- 
magnetic effect. 

We now turn to Fig. 5 and give our attention to those 
points which show a comparison of the experimental data 
with the theory, taking into account both mechanisms- 
orbital and spin. In this case,  I dHz,/dT I has been 
calculated from formula (71, in which we have substit- 
uted the value of Iv, found from the data for the per- 
pendicular critical field, according to the formula 

which follows from the work of Gor'kov17 with account 
of the fact that H,, = H , , .  The calculation in accord 
formula (7) i s  carried out only for d GI25 A (ldH:,,/ 
dTI > 10' We2  K,L/[,< 0.07). For d >  125 A, the sec- 
ond term in the denominator of the right side of for- 
mula (7), which describes the effect of the paramagnetic 

phenomenon, can be neglected in comparison with the 
first. The relation between the first  and second t e rms  
depends principally on the value of d2. Consequently, 
in the region d >  125 A, we need take into account only 
the orbital effects. The calculations for this region have 
been carried out according to formula (1). 

It i s  seen that account of the effect of the paramagnetic 
phenomenon leads to satisfactory agreement of experi- 
ment with theory over the entire range of thicknesses, 
including the region d s 100 A ( l q , , / d ~ )  > lo3 kOe2/K). 
It must be noted that somewhat better agreement i s  ob- 
tained for the model of a film with surface layers than 
for the model of a film that i s  homogeneous over its 
thickness. 

B. Technetium films 

In Fig. 4, along with the experimental points, the 
graph of the dependence of IdHc,,/dT I on l /d for tech- 
netium films shows also the theoretical curve, correspond- 
ing to the paramagnetic limit, in accord with formula (9). 
The break in this curve in the region l/d, which corres- 
ponds to the thickness 110-160A, is  due to the structural 
transition of the technetium film from the hexagonal close 
packed (hcp) to the face-centered cubic (fcc) phase.' Just 
a s  in vanadium films, the increase in J ~ H  ',/dT lwithde- 
crease in the thickness ceases at d 6 1101. The difference 
from the case of thevanadiumfilm is that thevalue ofHcII 
in the region d <I10 A i s  several times greater than 
the paramagnetic limit calculated from formula (8). 
For films d = 80 and 55 A, this excess reaches three- 
fold. Qualitatively, this result can be explained by the 
effect of spin-orbit scattering. 

Spin-orbit scattering (in contrast to scattering from 
magnetic impurities) does not lead to a disruption of the 
Cooper pairs, but increases the spin susceptibility of 
the superconductor. 7.'895 Thanks to this, the spin-or- 
bit scattering decreases the free energy of the super- 
conducting state in a magnetic field, increasing the dif- 
ference of the free energies of the normal and super- 
conducting states. Thus, the effect of spin-orbit scat- 
tering i s  opposed to the paramagnetic effect, which low- 
e r s  the free energy of the normal state and thereby de- 
creases the difference of the free energies of the nor- 
mal and superconducting states. The fact that the ap- 
pearance of a spin-orbit effect has not been observed 
in vanadium films, while it has been found in technet- 
ium films i s  in qualitative agreement with the assertion 
that the role of spin-orbit scattering increases sharply 
with increase in the number of the element in the period- 
ic table7 (the atomic number of vanadium i s  23, of tech- 
netium, 43). 

According to Abrikosov and Gor'kov," the probability 
of spin flip in each set  of scattering of the electron is  
equal, in order of magnitude, to 

where Tt, i s  the transport relaxation time, T,, i s  the 
time between spin flips, Z is the nuclear charge. This 
relation agrees with the results  of Crow et a1. ,4 who 
measured the parallel critical fields of thin films of Al, 
Sn and Ga, and who determined the values of T,, from 
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a comparison with the theory which takes into account 
the paramagnetic and spin-orbita phenomena. Me- 
servey and Tedrow; using measurements not only of 
the critical magnetic field, but also of the tunnel ef- 
fect for the determination of TaO, did not find quantita- 
tive agreement with formula (lo),  but they also ob- 
served a strong increase of T~,/T,, with increase in 2. 
An excess over the paramagnetic limit (approximately 
threefold) was observed by Bogomolov et al. lo in the 
measurement of the critical fields of thin threadlike 
specimens of mercury in the case of parallel orienta- 
tion of the threads relative to the field. A strong ex- 
cess over the paramagnetic limit was found in mea- 
surements of H,, of ultrathin films of bismuth.' Critical 
fi&s with a smaller excess over the paramagnetic limit 
have also been observed by other authors, both in bulk 
samples and in films. 20,21 

The degree of effect of spin-orbit scattering on the 
value of the critical magnetic field can be characterized 
by the parameter b=E/3~,,A(0) where A(0) i s  the energy 
gap at T =  0. By finding T,,, from (lo), and T,, from 
resistance data, we obtain that for a film of technetium 
of thickness d s 100 the parameter b has an appre- 
ciable value (b,, = 1.5-1.71, while for vanadium films 
this parameter i s  small  at al l  those thicknesses (b, 
s 4 x 10-2). 

Thus, the observed dependences of IdHt,,/dT I on 
thickness in the region of ultrathin films of vanadium 
and technetium a r e  explained by the effect of paramag- 
netic phenomenon. But whereas the results  for vana- 
dium films agree quantitatively with the theory which 
takes into account the effect of spin paramagnetism 
along with the usual mechanism of disruption of super- 
conductivity in a magnetic field (which is  connected 
witha change in the orbital motion of the electrons under 
the action of the field), in technetium films a threefold 
excess over the paramagnetic limit i s  reached and can 
be qualitatively explained as due to the effect of spin- 
orbital scattering. 

The authors thank N. A. C hernoplekov for interest in 
the work, and M. B. Tsetlin and V. S. Egorov for useful 
discussions. 
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