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Multilayer tapes containing Nb-Ti (30 and 31 wt. %) alloy layers separated by niobium
layers has been investigated. The thickness of layers was from ~140 to 10 nm. The tapes
were produced by the 3-cycle rolling of the multilayered packets. The effective pinning of
the vortice threads was occurred at the interlayer Nb/NbTi boundaries. The second critical
magnetic field has been found to decrease with decreasing thickness of the layers. At small
layer thickness, its value depended on the tape rolling plane orientation with respect to
external magnetic field. The results are explained by the proximity effect.

WceemoBaHbl MHOT'OCJIOMHEBIE JIEHTHI, COAEPKAIle CJIOW M3 CBEPXIIPOBOAAIIUX CIIJIABOB
Huobusa ¢ 30 u 31 macc.% Ti, pasgeneHHbIX caoaMu HuoOusa. Toammuua ciaoes — or ~140 mo
~10 um. JleHTBH moaydaau 8-2TAIIHON IIPOKATKONM MHOI'OCIOMHBLIX IIaKeToB. I(M(PEeKTHBHOE
3allellJIeHre CBEePXIIPOBOJSININX BUXPEBBIX HUTEH IPOMCXOAMJIO Ha MEXKCIOMHBIX TPAHUIAX
Nb—NbTi. Ycranosiaesno, 4To Bropoe KPUTHUYECKOE MATrHUTHOE II0JIe YMEHbIIAJI0Ch C YMEHbIIIe-
HUEeM TOJIIUHEI caoeB. [Ipy Maioi ToNIIMHE CI0eB ero BeJHYNHA 3aBHCEJIa OT OPHEHTAI[UHU
ILJIOCKOCTH IIPOKATKM JIEHTHI OTHOCUTENHHO BHEIIIHEr0 MAarHHTHOIO I0Jisdg. Pesyabrarsl 06bsic-
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1. Introduction

In the mixed state of type II supercon-
ductors, a magnetic field can penetrate into
a sample as quantum vortice threads. The
vortices have a normal core with a radius
about coherence length £ and extend along
the magnetic field direction. Around the
vortices, a superconducting current flows in
area with a radius about the magnetic field
penetration depth A which can exceed £ con-
siderably.

A Lorentz force acts on the vortices
when an electric current flows through su-
perconductor. The vortices should start to
move at an indefinitely small Lorentz force
in a superconductor free of structural de-
fects that results in energy dissipation, so
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the superconductor loses the possibility to
conduct the electric current. However, there
are structural defects in any real supercon-
ductors at which the vortices are pinned.
The pinning efficiency depends on the size
and character of defects. The most effective
pinning centers capable to provide a high
critical current density j. in a superconduc-
tor are normal metal inclusions of the size
about &. Smaller defects, such as vacancies,
single atom defects et al., are not the effi-
cient pinning centers.

Theoretical consideration of the interac-
tion between the vortices and the supercon-
ductor surface has shown that the borders
of superconductor layers are the effective
pinning centers [1]. Therefore, a layered
structure where superconducting layers al-
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Fig. 1. Dependences j.(H) for Cu/Nb/Nb31Ti composites at 4.2 K: a and b, the Nb and alloy layer
thickness ~91 and ~138 nm, ~8 and ~12 nm, respectively.

ternate with those of a dielectric or a nor-
mal metal are capable to carry a rather
high superconducting current of about
10% A/cm?.

In our previous work [2], such a layered
structure has been realized in multilayered
Cu/Nb composites where niobium layers al-
ternate with copper ones. Measurements in
0.5-0.6 T magnetic fields have shown that
in case of parallel orientation of the mag-
netic field and the layer plane, j. is 410
times higher than at the perpendicular ori-
entation [2]. The large anisotropy of critical
current density testifies to the vortex pin-
ning on extended flat copper/niobium bun-
daries. Further similar results have been ob-
tained in multilayered tapes with supercon-
ducting niobium-titanium alloy layers [3, 4].

The critical current density j, increases
with the layer thickness reduction because
of increasing density of boundaries being
the pinning centers. However, in the multi-
layered tapes with very small layer thickness
(d<12 nm), j. exceeded that in those of a
greater thickness only in rather small mag-
netic fields H < 6 T. In higher fields H > 6 T,
the j, value for the multilayered tapes with
d<12 nm decreases sharply (Fig. 1,b) and
becomes lower than that in the multilayered
tapes with thicker layers of d~80-140 nm
(Fig. 1,a). The sharp j, reduction in the
high fields H > 6 T may be connected with
the reduction of second critical magnetic
field H,, of the multilayered tapes with
thin layers d~12 nm. In order to verify this
assumption, we have measured the second
critical field H_, of the multilayered tapes
containing the minimal and maximal num-
ber of layers.
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2. The study object

Studied were multilayered Cu/Nb/NbTi
tapes where the layers of Nb-30 and 31 wt. %
Ti alloys of nano-dimensional thickness al-
ternate with niobium layers. Copper was
contained in the composite as two external
layers.

The tapes were prepared using stage-by-
stage rolling [5]. Each stage included the
assembling of a multilayered packet, its hot
rolling and following rolling at room tem-
perature. At the first stage, the packet was
collected from niobium and an alloy foils.
To obtain a set of multilayered tapes with
various thickness of separate layers, the in-
itial packets are formed of various numbers
of niobium and a niobium-titanium alloy
foils. For example, for composite
Cu/Nb/Nb31Ti with the minimal number of
layers (675 niobium, 540 the alloy) thus, with
their maximal thickness, the number of Nb
foils was 5, the number of alloy ones, 4. For
a tape with the maximal number of layers
(7440 — Nb, 6975 — an alloy) and their
minimal thickness, the initial number of Nb
foils was 16, the number of alloy foils, 15.
At the second stage, the packet was col-
lected from 9 and 31 multilayered foils of
of 0.3 mm thickness obtained after the first
stage. At the third stage, the packets con-
sisted of 15 multilayered tapes obtained
after the second stage, and copper foils for
both composites. To finish the thickness of
niobium and alloy layers to ~5 and ~2.5 nm,
respectively, the CuU/Nb/Nb31Ti composite
with the maximal number of layers was
rolled additionally down to 0.15 and
0.075 mm thickness.

Fig. 2,a shows the cross-section micro-
structure of the multilayered tape contain-
ing 2730 niobium layers and 2340 Nb-
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Fig. 2. Cross-section microstructure of multilayered Cu/Nb/Nb31Ti tapes: a, raster electronic micros-
copy, unannealed; b and ¢, transmission electron microscopy after annealing at 360°C for 3 h.

31 wt.%Ti ones. The section is arranged
along the rolling direction. Under raster
electron microscope, the niobium layers look
as light strips, the alloy ones are dark. The
microstructure photo (Fig. 2, b and c¢) ob-
tained using transmission electron micros-
copy shows that the layers are not inter-
mixed after cold deformation and low-tem-
perature annealing. The estimated thickness
of layers in this tape did not exceed
100 nm, and in most cases amounted 50—
60 nm that corresponded well to the calcu-
lated thickness of niobium and alloy layers.

3. Measurement of the second
critical magnetic field

The second critical magnetic field H,s
was determined experimentally by measur-
ing H 5 near the critical temperature T, [6],
that is, at fixed values of magnetic field H
produced by a superconducting solenoid.
The measuring current was about 1 mA.
The superconducting transition temperature
was measured using positions of the resis-
tive transitions shown in Fig. 3. The H _4(T)
dependence was further plotted, being lin-
ear near the critical temperature. Then the
slope (—-dH,s/dT)p_p, was calculated. The
second critical magnetic field was found
using the formula H_5(0) = 0.69T,
(_dHc2/dT)T:Tc [6]. The ch at 4:.2 K
amounts ~0.95 of the H 5 value at 0 K. The
second critical field H,,, as well as the
critical current (see Fig. 1) was measured
both at perpendicular (I and 2) and parallel
(3 and 4) orientations rolling plane with re-
spect to the magnetic field direction (Fig. 4).

4. Experimental results

The data of measurements as well as the
(—dH .5/dT)r_7, and H,.y (4.2 K) values are
summarized in the Table. In the three upper
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Fig. 3. Superconducting transitions of the
Cu/Nb/Nb31Ti composite measured by a resis-
tive method at the measuring current ~1 mA
at different values of the magnetic field per-
pendicular to rolling plane (from right to
left): 0; 0.5; 1; 1.5; 2; 2.5 and 3 T. Anneal-
ing: 360°C for 3 h.
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Fig. 4. Dependences H,,(T) for Cu/Nb/Nb30Ti
composites at perpendicular (I and 2) and
parallel (3 and 4) rolling plane orientations
relative to magnetic field direction: 1 and 3,
after cold deformation; 2 and 4, after cold
deformation and annealing at 250°C for
295 h. The tape thickness 0.15 mm. See
Table, lines 6 and 7.
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Table. Results of H , measurements near T,

(-dH ,5/dT)y_p., T/K H,,(4.2 K), T
Sample characteristic - -
H 1 rolling | H | rolling | H 1 rolling | H || rolling
plane plane plane plane
1. 9100/91/138 nm 2.17 2.21 13.8 14.2
Cu/Nb/Nb31Ti annealed at 360°C, 2 h
2. 9400/8/12 nm 1.50 1.82 9.7 11.8
Cu/Nb/Nb31Ti unannealed
3. The same as No.2 but annealed at 1.46 1.78 9.4 11.5
360°C, 3 h
4. 0.3 mm thick tape of Nb-31 %Ti alloy 2.34 2.27 15.2 14.8
unannealed
5. ~27800 layers 9.6 nm Cu/Nb31Ti/Nb31Ti 2.39 2.36 15.4 15.3
Anneal 300°C, 2 h
6. 8600/3.6/5.4 nm 1.60 1.88 10.0 11.8
Cu/Nb/Nb30Ti unannealed
7. The same annealed at 250°C, 295 h 1.54 1.87 9.6 11.8
8. The same annealed at 600°C, 5 h 1.57 1.68 9.9 10.7
9. The same annealed at 600°C, 1.57 1.71 9.9 10.9
5 h + 250°C, 295 h
10. The same annealed at 350°C, 285 h 1.44 1.75 9.0 11.0
11. 8600/7/10.5 nm 1.51 1.75 9.4 10.7
Cu/Nb/Nb30Ti annealed 350°C, 285 h
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Fig. 5. Dependences H,,(T) for Cu/Nb/Nb31Ti composites with the alloy layer thickness 188 (a) and
12 nm (b) at parallel (1) and perpendicular (2) rolling plane orientations relative to magnetic field

direction. Annealing: 360°C, 3 h.

lines of the Table, we compare the measure-
ment results for Cu/Nb/Nb31Ti composites
having different thickness of layers. The
following lines present the data for a "sin-
gle-layered” tape of Nb-31 %Ti alloy (1),
Cu/Nb31Ti/Nb31Ti composite (2) and
CUu/Nb/Nb30Ti composites heat treated in
various manners (3). The number of 9.6 nm
thick Nb-31 %Ti layers in Cu/Nb31Ti/Nb31Ti
composite was 27791, thus approximately
corresponded to the total number of nio-
bium and alloy layers in Cu/Nb/Nb31Ti com-
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posite. The composite Cu/Nb/Nb30Ti are sub-
jected to low temperature annealing after
the deformation at the room temperature
and after heat treatment at 600°C. All the
samples had approximately identical critical
temperatures in zero magnetic field. For
Cu/Nb/Nb31Ti composite with layers of Nb-Ti
alloy of minimal (11.8 nm) thickness, an-
isotropy of second critical field with respect
to the orientation of layers in magnetic
field was observed. The slope of H 5(T) de-
pendence and consequently H.5(4.2 T), at
the rolling plane orientation perpendicular

Functional materials, 17, 1, 2010
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Fig. 6. Dependences j.(H) at 4.2 K for multi-
layered tape free of Nb-layers at perpendicu-
lar (1) and parallel (2 and 3) rolling plane
orientations relative to magnetic field direc-
tion after rolling (2) and after rolling and
annealing at 300°C for 2 h (I and 3).

to magnetic field direction was appreciably
less than for parallel orientation (Fig. 5, b).
Such anisotropy was not observed for a
composite with maximal (137.6 nm) thick-
ness of layers (Fig. 5, a).

The measurements have confirmed the
above-mentioned reduction of the second
critical field in composite tapes with thin
layers. For the parallel orientation,
H_.5(4.2 K) =11.8 T for the tape with the
minimum layer thickness d~12 nm is appre-
ciably lower than for a "single-layered”
(massive) tape of Nb-31 %Ti alloy (14.8 T)
and tapes with the Nb-31 %Ti layer thick-
ness d~138 nm (14.2 T). The annealing at
360°C resulting in the a-phase segregation
in alloy layers practically has not changed
the second critical field being 11.5 T. In
case of the rolling plane perpendicular to
magnetic field, the H_ 5 reduction was even
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of @
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more: H_ 5(4.2 K)=18.8 T at d ~ 1388 nm
and 9.7 T at d ~ 12 nm.

The critical current density j. for the
Cu/Nb31Ti/Nb31Ti composite in magnetic
fields 5—6 T (Fig. 6) was by the order lower
than in tapes with Nb-layers (see Fig. 1, b).
However, no sharp j, drop starting from
6.5 T it was not observed. The dependences
H_5(T) for the Cu/Nb31Ti/Nb31Ti tape show
substantially the same slope (—dH .5/dT)p_p,. =
2.36—-2.39 T/K at different tape plane ori-
entations in magnetic field (Fig. 7, a) and
thus the same H_.5 (4.2 K) =15.3-15.4 T.
The values of (—dH_.s/dT)p_7p., and H,s
(4.2 K) for the Cu/Nb31Ti/Nb31Ti composite
do not differ from similar parameters for a
0.3 mm thick "single-layered” alloy Nb-
31 %Ti tape (Fig. 7, b).

Thus, our measurements have confirmed
that the second critical magnetic field H, .,
of the CU/Nb/Nb31Ti composite tapes con-
taining Nb layers decreases at small layer
thickness d~12 nm comparable with the su-
perconductor coherence length §(7) [1]. The
measurements have shown also that H, 5 of
the Cu/Nb31Ti/Nb31Ti composite formed only
by Nb-31 %Ti alloy, superconducting in the
high magnetic fields, coincides with H 5 of
a massive tape of the same alloy. Therefore,
it is obvious that significant decrease of
H,, in the Cu/Nb/Nb31Ti composite should
be connected with the presence of Nb layers
which is in normal (not superconducting)
state at high magnetic fields and that de-
crease can be explained by the proximity
effect. The Nb layers having a low second
critical field and consequently thus being in
the normal state in high magnetic fields,
suppress the superconductivity in Nb-
31 %Ti layers in the depth about the coher-
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Fig. 7. Dependences H_,(T) at perpendicular (I) and parallel (2) rolling plane orientations relative to
magnetic field direction for the composite free of Nb-layers after cold deformation and annealing at
300°C for 2 h (a) and a "single-layered” Nb-31 %Ti alloy tape (b).
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ence length [1]. This effect cannot result in
reduction of the measured H_., value at the
layer thickness larger than double coherence
length d >> 2&(T). In this case, the super-
conductivity remains unsuppressed inside
the layer. But at d < 2£(T), the supercon-
ductivity is suppressed in the whole layer
and thus, H,.s should decrease. The size of
E(T) at the specified temperature can be cal-
culated from results of H_,, measurement
using the formula §(T) = (®y/2nH )1/ [1],
where ®, ~ 2.07-10715 Tm? is the flux
quantum. At maximal value H., =4 T that
we were able to measure, the correlation
length &(T) = 9 nm at the measurement
temperature about 7.5 K. For the
CUu/Nb/Nb31Ti composite with the maxi-
mal layer thickness d ~ 1838 nm exceeds
considerably 2§(T) =~ 18 nm, while for the
composite with the minimum layer thickness,
d ~ 12 nm < 2§(T) = 18 nm. Thus, the H,y
value reduction found for the Cu/Nb/Nb31Ti
composites with layer thickness d ~ 12 nm
can be explained by the suppression of su-
perconductivity because of the proximity ef-
fect. The sharp reduction of the critical cur-
rent density j. measured at 4.2 K in the
fields exceeding 6.5—7.0 T (from high val-
ues of 10° A/em? at H=5 T down to
~108 A/cm?) observed for the Cu/Nb/Nb31Ti
composites with d ~ 12 nm is due to the H_y
reduction because of the proximity effect.
At H_y ~ 11 T determined by us for T = 4.2 K,
the double coherence length 2&(T) ~ 10 nm
is approximately equal to the layer thick-
ness.

At small layer thickness, the H_., value
depends on the tape rolling plane orienta-
tion with respect to the magnetic field di-
rection. The observed H,, anisotropy can be
explained by an increase of the critical field
value at the parallel orientation with reduc-
tion of plate thickness [1]. While the proxim-
ity effect is independent of the orientation.

5. Conclusions

Thus, the measurements of second ecriti-
cal magnetic field H., near T, have con-
firmed the H_,; reduction in multilayered
Cu/Nb/Nb31Ti tapes containing Nb—Ti nano-
layers with decreasing layer thickness. For a
tape with the layer thickness d ~ 12 nm, the
H_, is appreciably lower than for those with-
out Nb layers both for parallel (11.5-11.8 T)
and perpendicular orientation (9.4-9.7 T).
The reduction of the second critical mag-
netic field explains a sharp drop of the
critical current density in the multilayered
tapes containing ~10 nm thick layers in the
magnetic fields exceeding 6.5-7 T.
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JIpyre KpuTHYHEe MarHiTHe mmoJie 0araTomapoBUX
NPOBITHUKIB 3 HAHOPO3MIpPHMMH IIapaMu
3 magnposigaux cmaasiB Nb-Ti

B.Il.Kopyxcose, A.B.Hixynoe, B.H.36epeé6

Hocaigsxeno OararomapoBi cTpiuku, AKi MicTATh mIapu 3 HAANPOBIAHUX cIaBiB HioGi0
3 (30 Ta 31 mac.%) Turamy, posainmenmx mapamu HioOito. Tosmmua mapie Bix ~140 mo
~10 M. Crpiuku oep:KaHO TPHETAIIHMM IIPOKATYBAHHAM OararomapoBux mnaxeriB. Edex-
TUBHE 3aveIlIeHHs HAANPOBiIHMX BUXOPOBUX HHUTOK BimOyBasocs Ha MIiKIIapOBHX MeKax
Nb—NbTi. Beranosieno, 10 Apyre KpUTUYHE MAarHiTHe I10J€ 3MEHIIYBAJIOCS 31 3MEHIIEeHHIM
ToBiuHKN mapis. I[Ipum maxiii ToBIMuMHI mapiB #oro sHaueHHs B3aJjeKaJyo Bix opiemrarii
ILUIOIMHY ITPOKATKM CTPiUKM BiJJHOCHO 30BHIIIHBOI'O MATHITHOIO II0Jsi. Pe3yjbTaTH MOSICHIO-

10TbcsA edeKToOM OJIM3BKOCTI.
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