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A model of a type-II superconductor with a vortex lattice rigidly fixed on inhomogeneities is proposed 
in which the destruction of the superconductivity by a current in an external magnetic field is due to 
the superconducting condensate attaining the critical velocity. The model is verified for a Ti-22 at.% 
Nb alloy in which highly dispersed transition and equilibrium-phase precipitates uniformly distributed 
throughout the volume can be obtained. Satisfactory agreement between theory and experiment is ob­
tained. A close relation between the structural state of the alloy and its superconducting properties is 
established and explained. An explanation is offered for the so-called "peak effect" on the ic (H) 
curve. 

IT is well known that in the mixed state [ 11 nonvanish­
ing superconducting currents can only exist in the 
presence of defects which stabilize the periodic struc­
ture of the order parameter and prevent it from moving 
under the action of electromagnetic forces.[ 2 • 31 The 
role of stabilizers can be fulfilled by highly dispersed 
precipitates of the equilibrium and transition phases 
precipitating from the metastable solid solution, pores, 
foreign particles, dislocation aggregates, and defects 
resulting from irradiation with protons and other heavy 
particles. [ 41 

In order to construct a quantitative theory and under­
stand more clearly the connection between the structure 
of a material and its superconducting properties, it is 
desirable to investigate alloys in which one of the sta­
bilization mechanisms predominates. The alloy Ti-22 
at.% Nb whose structure has been thoroughly investi­
gated by transmission electron microscopy and micro­
diffraction is particularly suitable in this respect. It is 
known[ 51 that by different thermal treatment one can 
obtain in this alloy the following structural states: 

1. A single-phase solid solution with a body-centered 
cubic lattice (/3 phase). 

2. The same solution containing precipitates of the 
hexagonal w phase depleted of niobium (about 17% nio­
bium) uniformly distributed over the volume. The w­
phase precipitates have the shape of ellipsoids whose 
dimensions and concentration can be controlled by vary­
ing the thermal tre cment regime. 

3. The same solution containing precipitates of the 
equilibrium a phase (less than 5% niobium and the re­
mainder titanium). 

At the same time, the super conducting properties of 
the alloy Ti-22 at.% Nb were insufficiently investigated: 
the measurements were carried out in weak magnetic 
fields,[ 6 • 71 and the relation between the critical cur­
rents and the structure had not been investigated. [ 81 

In this paper we have investigated in detail the ic(H) 
dependence of this alloy in a transverse magnetic field 
in the range 0 < H < Hc2 • The obtained results have 
been interpreted on the basis of information on the 
structural state of the alloy and the proposed[ 91 model 
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of a rigidly fixed vortex lattice with account of the 
"proximity effect.'' 

1. METHOD OF MEASUREMENT 

The source of the magnetic field in the ic(H) meas­
urements was a superconducting solenoid with ferro­
magnetic dysprosium inserts.[ 101 The solenoid winding 
was 176 mm long with an inner diameter of 18 mm and 
an outer diameter of 142 mm and consisted of 9981 
turns of superconducting KSMI-6 cable (six supercon­
ducting copper-plated strands of 65 BT alloy and one 
copper strand twisted and impregnated with indium). 
The solenoid was calibrated by the ballistic method, 
as well as with a bismuth probe. The current constant 
K = 0.651 kOe/A (±0.9%). The critical current of the 
solenoid Jc = 110 A and Hmax = 62 kOe. The diameter 
of the dysprosium poles was 9 mm and that of the pole 
ends 3 mm. The gap between the poles did not exceed 
1 mm. The induction in the gap was determined from 
the magnetoresistance of copper, Bmax = 88 kG. 

The investigated sample was provided with clamped 
current and voltage contacts and was mounted on a tex­
tolite holder on which the dysprosium poles were 
mounted. The holder was introduced into the solenoid 
in such a way that the part of the sample located be­
tween the poles was in the center of the solenoid in the 
transverse magnetic field. 

The current through the sample was adjusted by 
means of semiconductor rheostats between 0. 5 rnA and 
80 A. The transition to the normal state was deter­
mined from the sudden appearance of voltage on the 
portion of the sample located between the poles. Within 
an accuracy of 10-7 -10-8 V no voltage was observed to 
anticipate the abrupt transition. Only in fields close to 
Hc2 was the volt-ampere characteristic of the transi­
tion smooth and the critical current was determined 
from its steepest portion. The voltage was measured 
with a photocompensating F-116/1 microvoltampere 
meter with a sensitivity of 10-8 V. 

The critical temperature was measured for a series 
of samples. The measurements of T c were carried out 
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Method of preparation, phase composition, and the 
critical temperature of the investigated samples 
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Note: d is the final diameter of the sample; d0 is the diameter of the blank at 
the stage of the intermediate recrystallization; (J = dUd2 -reduction of the cross 
section. An asterisk marks samples which differ only in their diameter. 

in a small stirred dewar with the aid of a carbon ther­
mometer. 

2, SAMPLES 

The samples were in the form of wires 0.1-0.5 mm 
in diameter and were prepared as follows. The original 
ingot was melted in an arc furnace in an atmosphere of 
pure argon. The charge we used was titanium iodide and 
niobium melted in an electron-beam furnace. After re­
peated remelting with stirring, 40-g charges were cast 
into rods of 12 mm diameter, and were turned to a di­
ameter of 8 mm. The following three series of samples 
were prepared from the obtained rods: 

1) Recrystallized samples containing a highly dis­
persed phase. The rods were rolled and drawn into a 
wire which at its final diameter was reL ·ystallized in a 
vacuum of ~ 5 x 10-6 mm Hg at 800°C, The recrystal­
lization was carried out in a stainless steel ampoule 
with continuous pumping. The oil vapor was frozen out 
with liquid nitrogen. After being kept at 800 ± 5°C for 
an hour, the ampoule was taken out of the furnace and 
immersed in cold water. The samples were then aged 
at 390 and 425°C; in the course of the aging the w phase 
precipitated from the {3 solid solution. 

2) Cold-deformed samples. In order to obtain sam­
ples with different degrees of cold deformation, the rods 
which were turned to a diameter of 8 mm were rolled 

to various diameters (6, 3, 2, and 1.2 mm) and recrys;.. 
tallized by the method described above at 800° C for 
1.5 hours; then when cold they were again rolled and 
drawn into wir~.-s. The largest degrees of deformation 
were obtained wh-n an 8-mm rod was fabricated into 
wire with a diameter of 0.25, 0.14, and 0.1 mm. The 
smallest degrees of deformation were obtained when 
recrystallized rods with a diameter of 1.2 mm were 
drawn to diameters of 0.5 and 0.3 mm. 

3) Cold-deformed samples subjected to thermal 
treatment and containing precipitates of the a phase. 
The samples of this series were defm .ned in the same 
manner as those described in 2), and were then tem­
pered at 390 and 425°C. 

Information on the mode of preparation of the sam­
ples is provided in the table. 

3. THE RESULTS AND THEm RELATION TO THE 
STRUCTURAL STATE OF THE ALLOY 

1. Recrystallized Samples Containing the w Phase 

The results of measurements of jc(H) of samples 
6a, 6x, 6y, 6c, 6z, 4d, and 4f recrystallized and subse­
quently aged for various periods of time at 390° C are 
shown in Fig. 1. 

The jc(H) curves of the first three samples with ag­
ing times of 0, 15, and 30 minutes practically coincide. 
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In the case of samples 2c and 6z (aged for 60 and 90 
minutes) a maximum appears on the jc(H) curve. For 
longer aging (4d-3 hours and 4f-10 hours) the maxi­
mum is no longer observed and jc and Hc2 

1 > increase 
appreciably. 

The obtained results can be explained as follows. 
For short aging times (0-30 min) the coherent particles 
of the w phase produced in the matrix differ little from 

. FIG. I. The jc(H) dependence for recrystallized samples subjected 
to subsequent aging for various lengths of time at 390°C. T = 4.2°K, 
andj 1 H. 

the matrix in composition and the linear dimensions of 
the particles are about 50 A. [SJ For very short temper­
ing, the composition of the matrix and its Hc2 and T c 
almost do not differ from the corresponding values in 
the recrystallized state. 

At the same time the dimension of a pair ~(T) 

"'=' (rp0 /7THc 2) 112 "'=' 125 A which is greater than the dimen­
sions of a w particle of ~50 A (rp0 is the quantum of 
magnetic flux). For ~(T) > d the fluxoids are not sta­
bilized by w particles and the critical currents are 
small. In addition, owing to the diffusion of supercon­
ducting pairs from the matrix into the w particles (the 
"proximity effect"), the superconducting properties of 
the matrix and of the inclusions are averaged and be­
come similar. 

In the case of longer aging the w particles become 
larger; thus, for example, after aging for 48 hours at 
400° C the w ellipsoids have axes of 560 and 90 A, and 
the distance between them amounts to 5 xlQ-6 cm.l 11 l 

As a result of the gradual enrichment of the w par­
ticles with titanium, Hc2 and the critical temperature 
of the inclusions T c decrease on increasing the dura­
tion of the aging. The appearance of a peak on the jc (H) 
curve of sample 2c (1-hour aging) is connected with the 
transition of the w particles in a field H ~ 30 kOe into 
the normal state and with a sharp increase in their 

I) HC2 was approximately taken to be the value of the external 
magnetic field for whichjc = 102 A/cm 2 • 
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FIG. 2. The jc(H) dependence for recrystallized samples subjected 
to subsequent aging for various lengths of time at 425°C. T = 4. 2°K, 
andj 1 H. 

ability to stabilize the transport current. 2 > On increas­
ing the aging time to 1.5 hours (sample 6z) the dimen­
sions of the w ellipsoids increase even further and 
separating from the matrix continue to be enriched with 
titanium. This is accompanied by a further decrease of 
Hc2 of the w particles and the maximum on the jc(H) 
curve shifts towards lower values of the external field. 
Further increase of the aging time (3 and 10 hours) 
leads to an appreciable growth of the w particles and 
to their enrichment with titanium; the values of Hc2 

and T c of the matrix which depend sharply on its com­
position increase appreciably; the peak effect disap­
pears, since for T = 4.2° K the w particles are in the 
normal state for practically all values of the external 
magnetic field exceeding Hc 1 • 

It should be noted that a similar "peak effect" can 
be observed in the case of other metastable solid solu­
tions. Thus, the "anomalous" maximum on the jc(H) 
curve in the alloy Zr-25% Nb in l 13 J was observed at 
T = 1.6° K but was absent at T = 4.2° K. In that work the 
samples were annealed for 1 hour at 500° C; this led to 
the precipitation of the finely dispersed a phase con­
taining ~ 1% niobium. From the curves presented in 
l 13 J it follows that the T c of the inclusions is somewhat 
below 4.2° K; therefore the "peak effect" corresponding 
to a transition of the a particles to the normal state only 
appears at lower temperatures. 

Figure 2 shows the jc(H) dependences for samples 
which underwent aging at 42 5° C after recrystallization. 
Aging at this temperature leads to a more rapid pre­
cipitation of particles in the w phase than aging at 
390° c. 

The absence of the "peak effect" at 4.2°K is due to 
two reasons: the low values of T c of the large parti­
cles of the w phase, and the fact that the proximity ef­
fect induces a superconducting state in the w particles 
only at a distance ~(T) from a boundary with the ma­
trix;3> therefore, for HT) < d, H ;:., Hc1 and T = 4.2° K 
the w particles are in the normal state. However, it is 

2> The explanation of the peak effect by a transition of the stabili­
zing centers to the normal state was first proposed by Livingston [ 12 ) 

who investigated lead-indium alloy which contained dispersed tin par­
ticles. 

3l Diffusion through distances HT) takes place in "dirty" alloys in 
which the mean free path I~ ~0 = 0.18hvp /k8 Tc. [ 14 ) 
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not excluded that at lower temperatures they will go 
over to the superconducting state and a maximum will 
appear on the jc (H) curves. 

From Figs. 1 and 2 it is seen that a considerable in­
crease of the tempering time is accompanied not only 
by an increase of Hc2 and T c of the matrix, but also by 
a certain decrease of jc which leads to the intersection 
of the corresponding jc(H) curves (samples 4d and 4f on 
Fig. 1 and 6c and 6d on Fig. 2). This effect can be ex­
plained by the circumstance that the large precipitates 
of the w phase which are in the normal state decrease 
the effective cross section of the sample and also de­
crease the concentration of superconducting current 
carriers as a result of the partial suppression of the 
superconducting properties of the matrix by normal in­
clusions by virtue of the proximity effect. 

2. Cold Deformed Samples 

Figure 3 shows the results of measurements of jc(H) 
of samples subjected to various degrees of cold defor­
mation, A clearly expressed kink characteristic[ 151 of 
the dislocation mechanism of stabilization of jc (the 
curve of sample 2) is only observed for small degrees 
of cold deformation (reduction of the cross section 
{3 = 6-83). In the case of strongly deformed samples 
(samples 5, 7, and 8) the kink disappears. It should be 
noted that the critical current depends weakly on the 
degree of deformation. 

The obtained results can be understood if one takes 
into account the fact that the Ti-22% Nb alloy is on the 
stability boundary: arbitrary activating factors, heating 
or cold deformation, facilitate the dissociation of the 
metastable {3 solid solution. In fact, according to the 
x-ray data (see sample 5 in the table) one observes in 
the table) one observes in the alloy for strong cold de­
formation the presence of precipitates of the a phase 
which changes the dominating mechanism of stabiliza­
tion of the critical current by dislocation aggregates 
and facilitates an increase of k· A comparison of the 
curves presented in Figs. 2 and 3 shows that in its ef­
ficiency in affecting the critical current a high degree 
of cold deformation is equivalent to the aging of recrys­
tallized alloy for one hour at 425°C. 

3, Samples with a-Phase Precipitates in the Deformed 
Matrix 

In order to clarify the combined action of cold defor­
mation and aging, we carried out three series of meas­
urements, the results of which are presented in Figs. 
4-6. 

In the first series (Fig. 4) the conditions of aging 
were unchanged, whereas the degree of cold deforma­
tion preceding the aging was varied within a wide range. 
From a comparison of Figs. 2, 3, and 4 it follows that 
because of the precipitation of the second phase (see the 
table) and the enrichment of the matrix with niobium 
under the combined action of two dissociation stimula­
tors of the {3 solid solution-cold deformation and aging 
for one hour at 425°C-Hc2 reaches the same value 
(about 85 kOe) as in the case of aging only in the course 
of 3-10 hours at 425°C without previous deformation, 
increasing by about 25 kOe compared with Hc2 of cold­
drawn samples. At the same time it is seen that the 
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FIG. 3. Thejc(H) dependence for cold-deformed samples. T = 
4.2°K, andj 1 H. 

l!io 
If, kOe 

FIG. 4. Thejc(H) dependence for cold-deformed samples subjected 
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FIG. 5. Thejc(H) dependence for cold-deformed samples subjected 
to subsequent aging for various lengths of time at 390°C. T = 4.2°K, 
andj 1H. 
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FIG. 6. Thejc(H) dependence for cold-deformed samples subjected 
to subsequent aging for various lengths of time at 425°C. T = 4.2°K, 
andj 1H. 

presence of dislocations facilitates an enhancement of 
the stabilization of fluxoids and consequently an in­
crease of the critical current; however, the degree of 
the previous cold deformation affects jc(H) weakly. 

The second and third series of measurements (Figs. 5 
and 6) were carried out with a fixed degree of cold de-
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formation ( !3 = const) and under various conditions of 
aging. It turned out that aging for 3 hours at 3 90° C 
(sample 9e) stabilizes the current most effectively. An 
increase of the time of tempering at 390°C up to 10 
hours (sample 9f), just as tempering for 1-10 hours at 
42 5° C (samples 5a, 5b, and 5c on Fig. 6) leads to aging 
and to a corresponding decrease of the critical current. 
The decrease of the critical current is connected with 
the increase in the number and size of particles of the 
a phase which is normal at 4.2°K; these act as reser­
voirs pumping from the matrix superconducting pairs­
the carriers of the transport current-and annihilate 
them. 

The enrichment of the matrix with niobium and the 
accompanying increase of Hc2 is the stronger the larger 
the number of w and a -phase precipitates. 

4) The jc(H, T) Dependence in Samples Having a 
Maximum on the jc (H) Curve 

The jc(H, T) dependence was measured for samples 
5x and 3*x (see the table). The results obtained for 
sample 5x are shown in Fig. 7. It has been established 
that when the temperature is decreased, the critical 
fields Hc2 of the matrix and of the inclusions increase. 
However, Hc2 of the w particles for T - T c decreases 
more slowly, a fact which is clearly seen on Fig. 7. 

This fact can be explained as follows. For T - T c 
the dimension of a pair is 

.. ,_ ( solT, )'', 
t (T) = O.s., -- -- .-· " . T,- 7 A 

where l is the mean free path. c 14 J Because of the in­
crease of ~(T) on approaching T c the magnitude of ~ 
exceeds at some temperature the dimension of the in­
clusions and, because of the effective diffusion of the 
superconducting pairs from the matrix into the w par­
ticles, the properties of the matrix and of the inclusions 
become alike. The strong increase of jc with decreas­
ing temperature will be explained below. 

4, PHYSICAL MODEL 

The course of the jc(H) dependence obtained in this 
work does not fit into the framework of existing theories 
of critical currents in "hard" superconductorsc 2 ' 151 

which require either the presence of a plateau on the 
jc(H) curve or a law of the form 

j,(H+Bo) =a(T), 

where B0 and a are constants. 
We assume that the presence of finely dispersed 

precipitates of the nonsuperconducting phase with di­
mensions d ~ ~(T) and a concentration N "'(H 2 /cp0 ) 3 12 

leads to rigid fixing of the vortex lattice. Under these 
conditions the cause of the destruction of the supercon­
ductivity by a current can be the fact that the supercon­
ducting condensate reaches a critical velocity. 

As is well known, c 11 in the absence of transport cur­
rent the free energy difference between the normal and 
superconducting states is 

H,"/Sn =- ~ M(H)dH. (1) 
0 

FIG. 7. Thejc(H/Hc2 ) dependence for sample Sx in the temperature 
range 3.3-6.4°K; Hc2 is the critical field of the matrix. 

Let us place the sample in a field H = H0 • Then a 

part of the energy reserve, equal to- JH0 M(H)dH, 
0 

will be exhausted and the remaining part, equal to 

J.Hc 2 M(H)dH can be realized by switching on an elec­
Ho 

tric field and accelerating the superconducting conden­
sate up to the critical velocity: c 16 l 

H,z 1 1 - J !vl (H) dll = v ~ -2 p,v"2dt, (2) 
/[ \" 

where Ps = nm is the density of the condensate, Vsc is 
its critical velocity, n is the concentration of super con­
ducting electrons, and m is the electron mass. 

Extrapolating the course of the magnetization M in 
the region H >> Hc 1 by a straight line and using the ex­
pression obtained by Abrikosovc lJ 

H,,-H 
- '.:df = :.,...-c-:-:;--;-;­

J.1S(2x'- .1) 
(3) 

where K is the parameter of the Ginzburg-Landau the­
ory (in our case K >> 1); for j = jc we have 

(4) 

where v~c is the effective critical velocity of the con­
densate, and He = Hc2 /K..f2 is the thermodynamic crit­
ical field. 

Let us define the critical current density in the form 

j, = en1·,: I c. (5) 

In order to find the concentration of superconducting 
electrons n averaged over the volume of the sample, 
we make use of the fact that 

where v is the concentration of fluxoids; their cores 
which are in the normal state occupy a fraction of the 
volume 

VN B B 
---- - = - rr:t2 = ~---

1' <fo " H,, 
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Then, since for H >> Hc1 the constant B ~ H, one can 
write 

V. ( H) n=n,--y=n, 1- H,z , (6) 

where ns is the concentration of superconducting elec­
trons in the superconducting part of the volume. Taking 
into account the fact that according to de Gennes c 14 l in 
a magnetic field 

n, = n,.(1- H / Hcz), (7) 

where "so is the concentration ns in the absence of the 
field, we have, 

n = n,o(1- HI H,z) 2 (8) 

Substituting in (5) the values of n and v~c obtained 
from (4) and (8), we finally obtain 

where 

. He ( H )2 
J -- 1-­
c- 4nA. H,z 

is the London penetration depth. 

(9) 

(10) 

As has already been said, the presence of normal 
metal bordering on the superconductor leads in "dirty" 
alloys to the diffusion of superconducting pairs into the 
normal regions and to their decay at distances ~(T). 

As a result of this the magnitude of the order parame­
ter in the superconductor, and consequently also the 
concentration of pairs in the superconductor decreases 
considerably at a distance ~(T) from the boundary into 
the superconductor.c 17 l Therefore in our case "so (and 
that means also .\.) is an effective parameter which de­
pends on the dimensions of the normal inclusions in the 
superconducting matrix and on the distance between 
them, and which changes from sample to sample. Clear­
ly, when ~(T) is considerably larger than the dimensions 
of the inclusions d, then the superconducting properties 
of the inclusions and of the matrix are identical. In the 
other limiting case when HT) << d one can neglect the 
contribution from the proximity effect if the distances 
between the inclusions a are large compared with ~(T). 
If, on the other hand, a ~ ~(T} << d, then the inclusions 
can suppress the superconductivity of the matrix. 

A comparison of formula (9} with our experimental 
results is given in Fig. 8. For comparison we have 
taken one representative from the subgroup of samples 
with various types of thermomechanical treatment. The 
experimental data were related to the theoretical curve 
by choosing the parameter He/"- at the point H/Hc2 

= 0. 5. It is seen that the experimental points are close 
to the calculated curve. It also follows from (9), in 
agreement with our experimental data, that the critical 
current jc should decrease strongly with increasing 
temperature (He decreases as the square of the tem­
perature). 

In conclusion the authors thank B. M. Vul for con­
stant interest in the work, V. V. Shmidt, V. P. Galaiko, 
I. 0. Kulik, and A. I. Rusinov for useful discussions, 
and N. G. Vasil'ev, I. A. Baranov, R. S. Shmulevich, 
I. P. Radchenko, G. M. Kryukova, and G. T. Nikitina for 
help with the work. 
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