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Sandwich and superlattice structures composed of the high critical field
superconducting alloy Nby, s; Ti, ., (Where the compositions refer to weight percent) and
amorphous Ge were sputter-deposited on sapphire substrates using a novel multi-
sputter-gun system. The thicknesses of both the superconducting Nb,, 5; Ti, ,; and the
insulating Ge layers were varied over a wide range in order to study the two-dimensional
(2D} and three-dimensional (3D) superconducting properties of these structures. The
observed suppression of the measured resistive superconducting transition temperature
T, with increasing sheet resistance is tentatively interpreted using the Maekawa—
Fukuyama theory which incorporates contributions from locatization and Coulomb
interaction effects. The upper critical fields, with the field both normal H_,, and parallel
H,, to the film, were measured up to 50 kG. H,,, exhlblted 2D behavior when the
thickness of the superconducting layer was less than 200 A. The zero temperature values
of H,, (0) were estimated using the Rickayzen formula, which is valid in the regime
1<(1§0)” 24D, (where [, £,, and D, are the mean free path, pure material coherence length,
and film thickness, respectively). The estimated H., (0) peaks at about 400 kG for a
superconducting layer thickness of 144 A. This rather high upper critical field, which is
considerably above the bulk value of 145 kG, likely has its origin in flux line
accommodation within the insulating Ge layers. Since the Rickayzen expression neglects
paramagnetic limiting, the true H,, (0) is expected to be somewhat lower; localization/
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interaction and spin orbit coupling effects are also neglected in this treatment. The
situation is none the less encouraging and suggests multilayer superconductors may

have a place in high-field magnet technology.

I. INTRODUCTION

The results of Gamble et al.," on the highly anisotropic
superconducting properties of the layered dichalcogenides
{transition-metal dichalcogenides intercalated with organic
molecules), aroused considerable interest, both theoretical-
ly*- and experimentally,*'? in quasi-two-dimensional (2D)
superconductors. Related systems have been studied which
involve thin layers of a superconducting element separated
by some sort of “isolating” material, either an insulator,® a
norma} metal,” or even another superconductor with a lower
T, .'° The use of an insulator minimizes the suppression of 7,
via the proximity effect. It is a general property of these
layered systems that as the isolating layer thickness becomes
of the order of an interlayer coherence length £, (7') the su-
perconducting layers become decoupled and exhibit proper-
ties determined by the individual layers. A dramatic dernon-
stration is the sharp upturn of H, (T") at a 2D-3D crossover
temperature 7* < T, >%%112 Above T*, £,(T) is larger
than the superlattice repeat distance and the system exhibits
3D-like behavior of the parallel upper critical field where, in
the Landau-Ginzburg regime,?

Ho)(T) =/ 206 (T)E,(T) = (1 - T/T.); (1)
here & is the in-plane coherence length and ¢, is the flux

quantum hc/2e.
At temperatures below 7°*, a 2D behavior*!! is ob-
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served:
H(T) = ¢o/20& (TVDN2) < (1 = T/T )% (2)

where D, is the thickness of the superconducting film.

The above suggests that a considerable enhancement of
H _; can be achieved for small superconducting layer thick-
nesses, as is often observed in practice.

In this paper, we report the synthesis and supercon-
ducting properties of sandwich and multilayer (superlattice)
structures composed of the superconducting alloy
Nb, s; Tig.; and amorphous Ge. The alloy Nby 5, Tiy 47 is a
widely used high critical field superconductor’® which is rel-
atively ductile and compatible with copper. It has the advan-
tages of greater metallurgical and cryogenic stability over
the other commercially used conductor Nb;Sn, but with the
shortcoming of having an upper critical field of only 140 kG
(at a temperature of 1.5 K). The diminished H , arises in part
from the large Pauli paramagnetism of Nb-Ti which lowers
the free energy of the normal state.'*'* Although alloying of
Nb-Ti with heavier elements (such as Ta or Hf) has been
studied to relax the paramagnetic limit (via spin-orbit scat-
tering processes),'>'® the improvements have been minimal.

Il. SAMPLE PREPARATION AND X-RAY ANALYSIS
The Nb, 5, Tiy 4, /Ge structures were prepared with a
novel four-gun multisubstrate sputtering system.'” With
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four sputter guns, we can prepare superlattices such as
A.B,_,/C,D,_, by cosputtering with guns containing
each of the components A, B, C, and D. By monitoring the
sputter rate of each gun, the compositions x and y can be
easily controlled until the required stoichiometry is
achieved. In this experiment, one of the unemployed guns is
used to sputter Ti which acted as a sublimation pump during
the film preparation process. The S-guns were supplied by
Sputtered Films, Inc.

The Nb, ,, Ti, ., target was prepared by arc-melting the
starting material (obtained from Kawecki Berylco Indus-
tries) to approximately the desired shape in a specially de-
signed annular two-piece copper hearth which was then ma-
chined to the final tolerances. The Ge target was cast in its
final form in an induction-heated graphite mold from
99.9999% pure starting material. The three substrate
holders can be individually heated to over 1000 °C; the tem-
peratures are monitored by Chromel/Alumel thermocou-
ples. The substrate holders are mounted on a computer-con-
trolled turntable. During deposition, the movement of the
substrate holder is programmed to hover alternatively above
the two guns containing the Nb, 53 Ti, ,; and Ge targets. The
period that the substrate remains above each of the targets,
together with the deposition rates, determine the modula-
tion wavelength or layer repeat distance of the structures.

The substrates used were 1/2X 1/2<0.025-in., 0° sap-
phire and a layer of approximately 40 A of Ge was deposited
prior to depositing a superlattice. This was followed by the
deposition of 60 layers of Nb, 5, Tig4, and Ge, and then a
final layer of 40 A of Ge was deposited to protect the struc-
ture from atmospheric contamination. The deposition rates,
which were monitored by two quartz sensors, were typically
about2 A/s. The pressure of the argon gas was 5 mTorr and
the purity was 99.999%.

The high angle 6-26 diffractometer scan showed a tex-
tured growth of Nby, s, Ti, 4, layers with the bee (110) planes
parallel to the substrate; no indication of crystalline Ge
peaks was seen for the range of substrate temperature stud-
ied (55-500 °C). The rocking curves of the (110) Nby 53 Ti 4,
peak for films deposited at different temperatures are shown
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FIG. 1. The rocking curves of the Nb, 5, Tiy ., (110) peak of films deposited
at varying temperatures with D,/Dg. = 60 A/50 A. X:40°C; +:100°C;
A: 140 °C; @: 260 °C.
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in Fig. 1. The relative intensity suggested an optimum depo-
sition temperature of about 200 °C. We note here that films
deposited at 400 °C or above showed no texture at all. The
films studied here were all grown at an indicated substrate
temperature of 200 °C.

FLow angle diffractometer scans are shown in Figs. 2(a)
and 2(b) for two superlattices with different D, /D, ratios,
where D, and D, are the layer thickness of Nb,, 5; Tig 4, and
Ge, respectively. The distinct low angle satellite peaks indi-
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FIG. 2. The low angle diffractometer scan: (a) D,/Dg, = 60 A/100 &; (b)
D./Dg. =05A/28 A.
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cate a high degree of periodicity in the direction normal to
the layering, even for the Nby s; Tiy ., sublayer thickness as
thin as 0.5 A. The modulation wavelength S =D, + Dg,
can be calculated with the following equation’®:

S=A41/2(46), (3)
where A is the x-ray wavelength of CuKa radiation, (1.54 A)
and 40 is the separation between neighboring low angle sat-

ellites. The individual layer thicknesses D, and D, are de-
termined by solving a set of linear equations,

S, = airA,(IA‘ + 4t +Bi’B,.(tB, +4t)=D, + Dg,, (4)
where a;, B, are geometric tooling factors: r, , ry_are the
deposition rates for Nby, ,Tiy,, and Ge (as read by the
quartz sensors), ¢, and fp are the times the holder stays
above the Nb, 5, Tl 4, and Ge targets, respectively, and 47 is
the time needed for the holder to clear the shutter opening
(which is usually negligible for larger ¢ a, and fg ).

The values of D, calculated by Eq. (4) were compared
with those calculated with the Scherr formula,

_ 094
Bcos8 '’
where B = /B2 — B, B,, isthe FWHM of the Nb, s, Tio 47
(110) peak, and B, ~0.18° is the instrumental broadening;
the two were found to differ by about 10% for D, in the range
of 50 to 90 A and by about 30% for thickness larger than 120

A. In this experiment, we consistently used £q. (4) to calcu-
late D,.

(5)

fll. TRANSPORT PROPERTIES

The temperature dependence of the sheet resistance per
layer (R ) of our samples was measured with the four-probe
method on photolithographically defined samples. The
width of the samples was 0.5 mm and the distance between
the potential leads was 2.83 mm. Measurements were per-
formed with a variable temperature susceptometer, SHE
VTS-805, which provides magnetic fields to 50 kG and tem-
peratures from 1.8 to 400 K. Table I shows some properties
of films with varying Nb, 5; Ti, 4, thicknesses.

We note here that at a temperature of 1.8 X, the super-

TABLE 1. Physical properties of Nb, s, Tiy ., /Ge superlattices.

D,/D,, Rq T.
{A/A) 2) (K) R (300K)/R (20K)
0.5/28 22xX10° 0.27
0.9/28 48x10° 0.72
1.6727 2.1x10° 0.90

3/30 1.6X10° 0.85
7.5/30 984 0.88
15/29 627 0.95
38/45 298 2.51 0.98
42/49 296 2.65 0.97
59/38 196 5.10 1.03
89/38 99 6.60 1.06
129/38 66 7.60 1.15
144/32 61 7.58 1.09
163/28 51 7.94 1.09
221/45 47 8.91 1.14
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TABLE II. Physical properties of GeNbs, s, Tig ., /Ge sandwich films.

DGe/‘Ds/DGe RD Tc
(A7A/4) ) (K) R (300K)/R (20K)
300/0.5/300 2.35x10° 0.32
300/33/300 340 0.97
300/50/300 201 3.94 1.00
300/100/300 78 6.77 1.08
300/1000/300 6 9.16 1.15

lattice with the thinnest metal layer thickness (D,/Dg,

=0.5 A/28 A) has a resistance 10* times smaller than a
similarly prepared pure Ge film with about the same total
thickness. This indicates that the conductivity is mainly due
to the metal layers in the superlattices.

To compare the properties of a superlattice with those
of a single layer of Nb, 5, Ti, 47, we have also prepared singie
layer Nb, 55 Tiy 4, films with a thick Ge layer on each side;
the properties of these sandwich films are listed in Table IL

The sheet resistance R, is plotted in Fig. 3; note that it
is inversely proportional to D, for films with D, larger than
~40 A, suggesting an approximately uniform resistivity in
the individua! Nb,, 5, Ti, ., layer, i.e.,

p = Ry D,~90 2 cm. (6)

This is close to the bulk value of 80 .2 cm. For films with D,
<40 A, R, deviates from a D, ' dependence in the direc-
tion of lower resistivity. This is attributed to the effect of
superconducting fluctuations' which are more important
for layered superconductor with shorter mean free paths
(i.e., more disorder). The superconducting fluctuations can
extend to a temperature of the order of T'~2T, for highly
disordered superlattice superconductors. On the other hand,
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FIG. 3. Resistance per square (R) vs the Nby s, Ti, 4, layer thickness (D).
®: Nb,, 5, Ti, ., superlattice; A: Ge/Nbg ; Tig ., /Ge sandwich.
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note that when D, is decreased from 0.9 to 0.5 A, the sheet
resistance increased abruptly from 4.8 to 220 kf2, implying a
transition from a weakly localized state to a strongly local-
ized state; this is consistent with theoretical predictions of a
mobility edge near Ry =~ 7°#/e’ ~30 ks2.?° This interpreta-
tion is strengthened by our observation of a transition from a
logarithmic to an exponential temperature dependence of
the resistance; these and other properties relating to so called
localization®' and interaction®? effects will be discussed in a
separate paper.?? In Fig. 3, the D, dependence of the sheet
resistance of five of the sandwich samples is also plotted and

found to be perfectly compatible with the superlattice data,

which suggests a quasi-2D nature for our multilayer films.

IV. SUPERCONDUCTING PROPERTIES
A. Critical temperatures 7,

We have observed a sharp decrease of the supercon-
ducting transition temperature with increasing sheet resis-
tance (see Fig. 4). A similar degradation of T, has been ob-
served in other two-dimensional thin film?*?52% systems and
was attributed to the inherent competition between super-
conductivity and the disorder-related localization and Cou-
lomb interaction effects. Maekawa and Fukuyama®’ have
recently investigated the effect of localization in two-dimen-
sional superconductors and obtain an expression in terms of
the sheet resistance,

(g1 — 3g')¥ (0)’Rgy

In(T,/T,) = ; {1n(5.40 §9T—)}2
g 4k 1T
’ 2 i
_ k& +gg:; ;O)e R {m(s.m%ﬂ%“)]a, (7)

where g, and g’ are the exchange and seif-energy interaction
strengths, respectively; NV (0} is the density of states; £, is the
superconducting coherence length of pure material; / is the
mean free path; and T, is the bulk superconducting transi-

10.0

T AK)

00 | | J
0 100 200 300

R o)

FIG. 4. T, vs R,. The solid curve is from the Maekawa—Fukuyama theory.
@: superlattices; A: sandwiches.
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tion temperature. To fit the experimental data using Eq. (7),
we used the Nb coherence length of 380 A for £, and the
approximate interatomic spacing, 3 A, for the mean free
path; although somewhat arbitrary, the values chosen are of
the correct order of magnitude. The constant g’ is usually
small compared to g, and will be neglected. The remaining
parameter g,V (0) ~2.0 is then obtained by linear regression.
The large value of g,V (0) indicates the existence of strong
electron-electron interaction effects in these quasi-2D super-
conductors. The T, curve calculated with the M—F theory
exhibits 2a minimum around 0.4 K. The predicted reentrance

can only be observed below 0.4 X and with samples havinga

sheet resistance between 330 and 360 £2. It is apparently not

clear at this time whether the reentrant phenomena is an

artifact of the theory or is, in fact, observable.

B. Upper critical field

Both the parallel H,,(T) and perpendicular H,, (T')
critical fields were measured with magnetic fields up to 50
kG. The results are shown in Figs. 5{aj and 5(b) for films with

(a)

Hes (kG)
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L0
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"2 3 4 s 6 1.8 9
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FIG. 5. {a} H,, (T} vs T. The solid lines are for superlattices and the dashed
lines for sandwiches. The following notation is employed: For the superlat-
tice the D,(A)/Dg, (A} values are W, 48/45; €, 59/38; B, 89/38; A, 144/
38; @, 221/94, For the sandwiches the D, (A)/D,(A)/ D, (A} values are X,
300/33/300; O, 300/50/300; O, 300/100/300; +, 300/1000/300. (b}
H3,(T) vs T. The symbol used for each sample is the same as that used in
Fig. 5(a).

Heo (kG)
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FIG. 6. H4,(T)vs{T, — T)"/. Notations are the same as those used in Fig.
5(a).

relatively thick Ge layers and varying Nb, 5, Ti,,, thick-
nesses. All the perpendicular critical fields shown in Fig. 5(b)
are linear in T as expected from theory.? For a dirty isotropic
type II superconductor,?® we have

H, (T)=022% -7 (8)

§f T,

The parameter (£,/)'/? calculated from the slope of the
H,, (T) line (thick D, sample) is 37 A and compares well
with the value used in fitting the T, curves (34 A). In Fig.
5(a), we see a rapid (nearly vertical) rise in H, (T') for films
with D, <200 A. We have also plotted H , (T') vs (T, — T')'/
in Fig. 6. The linear dependence of H,, (T)on (T, — T)"/?is
in agreement with the prediction of Eq. (2) and clearly shows
the quasi-2D nature of our films when D, <200 A. The mea-
surements on the sandwich samples are shown in the dashed
lines in Fig. 5(a) and are, again, consistent with the superlat-
tice samples. The departure from the expected behavior near
T, is usually ascribed to sample inhomogeneities.

The zero temperature critical field 5, (0) for thin fiims
has been studied by various investigators*®—*! with differing
results depending on the relative size of the lengths D, £,, and
1. Since our superconducting films all have layer thicknesses
larger than 40 A, we will use the Rickayzen theory?! which is
applicable when /<(/&,)! /2 < D,.

TABLE III. Zero temperature parallel upper critical field estimated with
the Rickayzen formula.

D,/Dg. T H(0)
(A/A) (K) (kG)
164/28 7.82 329
144/32 7.58 400
129/38 7.55 344

89/38 6.59 391
59/38 5.09 347
48/45 251 148
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FIG. 7. H,(T) vs t, where =T /T, is the reduced temperature for films
with fixed Nb, 5, Tig ., thickness (95 A} and the following Ge thicknesses: @,
454; +,10A,0,154; A\, 20A.

The parallel critical fields given by Rickayzen in two
limiting cases are as follows,

6cti [2kAT\'?
H.y (T—T,) = ( 7) )
eD, \fw.lr
and
cfi 37kT, V2
Hoy(T=0)= - (exp 1) , (10)
eD, yhvel

where AT =T, — T, y = 1.781, v, is the Fermi velocity,
and D_ is the layer thickness. Combining Eqgs. (9) and (10}, we
obtain

H.,, (T = 0)=1.306 [T—(i——) (1
dT. = T))rr,

where the quantity in large parentheses is just the slope of the
H,(T)vs(T, -T }1/2 curve near 7,. The zero temperature
H_, values estimated by Eq. (11) are listed in Table II1. We
see from this table that H ,, (0} reaches a maximum oof 400
kG for films with Nb-Ti layer thicknesses of 144 A. The
quasi-2D behavior of H,,(T') vanishes whex}’ either the Nb-
Ti layer thickness becomes larger than 200 A [see Fig. 5(a)]
or the thickness of the Ge layers is reduced to the point
where substantial Josephson coupling between the super-
conducting layers occurs (typically around 20 A). The latter
case was observed and is shown in Fig. 7.

C. The critical current density

For practical applications, it is desirable to know the
critical current density as a function of temperature and ap-
plied field. Only one sample was studied in the present work.
Time isolated pulses (of 3 us length) were applied to the sam-
ple in series with a 2.186-12 resistor, the latter being used to
determine the sample current. The pulse width was restrict-
ed in order to avoid heating of the sample. A dual trace
oscilloscope was used to individually measure the voltage
drop across the sample and the current sensing resistor. The
pulse height was then gradually increased unti! the sample
current decreased by about 0.3%; this is equivalent to about
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FIG. 8. Critical current density vs external field at T= 1.8 K for D,/D,_
=89A/38A

a 5-mV voltage on the sample, and was observed as an ampli-
tude shift between the leading and trailing edges of the pulse.
The critical current is then taken as the onset current for this
phenomenon. The results are shown in Figs. 8 and 9. We
note that the critical current density (1.2 X 10° A/cm?) at 50
kG and 4.2 K is comparable to the bulk Nby ; Ti, ., value®
(1.8~2.0x10° A/cm?).

V. CONCLUSIONS

Very good quality multilayer films of Nby, s, Fi, 4, /Ge
have been prepared in a controlled manner with the pro-
grammable deposition process described in this work. The
parallel upper critical field was studied in both the 2D and
3D regions by systematically varying the Nby 4, Ti,, and
Ge layer thicknesses. H,, (0) was estimated with the Rickay-
zen formula and found to be 2.7 times higher than the bulk
value. The Rickayzen formula does not include the effect of

5
10 [~ \
— k
~ 10— .
s F
h 3
10 —
102 AN NS N S
o 1 2 3 4 5 6
T (K)

FIG. 9. Critical current density vs temperature at an applied field of 50 kG
for D,/Dg, =89 A/38 A.
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localization and Coulomb interactions on the upper critical
field**** which could well be important. It also does not
include the paramagnetic limiting nor spin-orbit scattering
effects. Thus, the estimated value of H , (0) should be treat-
ed cautiously; however, it is apparent that a considerable
increase in H ,, can be achieved by layering with a second
insulating component.

One might well question the utility of a high H,, when
the H,, valuesare substantially lower. Here we simply point
out that by properly tilting the plane of a multilayer ribbon
to be parallel to the local direction of the field at each point in
a magnet, the full value of H, can be realized; this could be
accomplished in practice by the occasional insertion of ap-
propriately shaped packing material while winding the mag-
net. To obtain cryogenic stability, multilayer films com-
posed of stacks of ...Nbg, 53 T, 4, /Ge/Cu/Ge... may be easily
fabricated with our four-gun system and will hopefully be
the subject of future studies.
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