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Based on an improved calculation formalism of the proximity effect, the transition temperature T,
the parallel (H|) and perpendicular (H,) critical fields of the NbsgTiso/Nb superlattice have
been analyzed as a function of the structural modulation wavelength A, T, Ho and Hc, have
been calculated using a unified set of the material parameters and allowing for the transition of
the center of the order parameter between the NbTi and Nb layers. The calculation has system-
atically reproduced the characteristics of He and H, including the two-step dimensional cross-
over of He(T) and the anomalous upward curvature of He, (7).

1. Introduction

It is now well known that in superconductor/normal metal (S/N) superlattices, quasi-
two-dimensional (q-2D) superconductivity is realized and the critical field parallel to
the layer (Hcy|) exhibits a dimensional crossover at Tp from three-dimension (3D) for
T > Tp to g-2D for T < Tp [1-6]. Takahashi and Tachiki [7-9] predicted that, under
appropriate conditions, superconductor/superconductor (S/S") superlattices with differ-
ent electron diffusion constants D exhibit a more complicated two-step dimensional
crossover associated with a jump of the center position of the order parameter. With
decreasing temperature 7, the dimensionality of the superconductivity at first changes
from 3D to g-2D at T},. In this q-2D state (2D’) the center of the order parameter is
situated in the S’ layer with the larger D value. With the further decrease of 7, the
center of the order parameter shifts from the S’ layer to the S layer with the smaller D
value at T} and another q-2D state (2D*) is realized. Experimentally, the dimensional
crossover appears most clearly as an inflection point in the parallel critical field Hej
versus T curves [10-13].

In our previous papers [14, 15], we reported an anomalous depression of the super-
conducting transition temperature 7, of NbTi/Nb (S/S’) superlattices with decreasing
structural modulation wavelength A The depression of 7. was attributed to the 7. drop
of the Nb layer (77,) with decreasing thickness and analyses were made for typical two
cases. In the case (i) the T, drop was attributed to the decrease in the electron density
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of state N of the Nb layer and in the case (ii) it was attributed to the decrease of the
BCS potential V of Nb. The calculations were performed based on an improved formal-
ism of the proximity effect, which reproduced the experimental 7. versus As depen-
dence equally well for both cases and we could not conclude which model was more
likely to correspond to the actual case.

In the present paper, we try to analyze T¢(4;), Ho(T) and the perpendicular critical
field He (T) self-consistently based on the advanced formalism of the proximity effect
[16—19] using a unified set of material parameters. He(7) of the present NbsgTiso/Nb
superlattice with 4, =120 A shows the characteristic two-step crossover. He (T) shows
a clear upward curvature for large As values, which also seems to be peculiar to S/S’
superlattices with different D values [20, 21]. It is meaningful to examine if such pecu-
liar behavior of the upper critical fields can be reproduced together with the A; depen-
dence of T, on a same footing.

2. Theoretical Background [18]

Takahashi and Tachiki [7] made an eigenfunction expansion for the de Gennes kernel
and rewrote the equations to determine H of the superconducting superlattices with
spatial variations of the BCS interaction constant V, the density of states N and the
diffusion constant D. They showed that 1. for the case with the spatial variation of D
and V, one can obtain Hy taking into account only the lowest eigenstate and eigen-
function for the secular equation. 2. For the case with the spatial variation of N, it is
necessary to take account of all the eigenvalues and eigenfunctions. For the case 2,
Takahashi and Tachiki actually made an approximation to use only the lowest eigen-
state, which is valid only for small values of N;/N;. In the present calculations of He
and H,, the finite element method is applied to the equations derived on the basis of
the Takahashi-Tachiki formalism. The finite element method permits us to take account
of the higher eigenvalues and eigenfunctions besides the lowest ones. In the following,
we describe an outline of the theoreticals used in the present calculation.

The eigenfunctions ¥, (r) to expand the de Gennes kernel satisfy the equation [7, 22]

2
hD(x) (v  die A(r)) W) = E;V)., )

where A(r) is the vector potential. The boundary conditions postulate that the quanti-
ties
' 2i
20 nd /NG D) (v S A(r)) W, (r), 2)
N(r) hc

are continuous at the interfaces of the superlattice. We assume that the BCS potential
V(r), the density of states N(r) and the diffusion constant D(r) are constant inside each
layer.

The order parameter A(r) and the pair function F(r) are connected with ¥, (r) by the
relation

% = F(r) = VN0 X G(). (3)

The pair function F(r) then satisfies the same boundary conditions as /N(r) ¥(r) [22].



Synthetic Analyses of T and H, of NbTi/Nb Superconductor/Superconductor Superlattice 801

The transition temperature and the upper critical field of the superconducting super-
lattice are obtained by solving the following determinant raised from the de Gennes kernel
for the coefficient ¢, [7, 17]:

A| VN |2
det 611’ _ZﬂkBT E < |V ‘ >

SUREARLON B 4
‘wn|§QD 2h|wn|+El ( )

where hw, = 2n+ 1) kg T, and Qp is the Debye frequency. For the w, summation in
the above expression we take into account the effect of the Debye cutoff w, < Qp,
pointed out by Auvil and Ketterson [17] and approximate the sum as

1 2hQp + E; 1 E;
1(E;) = 2kg T . jog (DT oy
(E;) = 27ks MEQD 2h|wn| + E; °g< kg T > <2+4nkBT>’
(5)

where we assume that the Debye cutoff frequency is same for both layers. By the use
of Egs. (4) and (5), T. of superlattices in the small As limit (the Cooper limit) is cor-
rectly reproduced. In the Werthamer [23] and the original Takahashi-Tachiki calculation
[7], the small Ay Cooper limit cannot be reproduced.

To have the eigenvalues and eigenfunctions of the lowest and the excite states, the
following functional is considered:

Jdv N(r) {hD(r) (V - % A(r)) @, (r)

2
—E |¢a(r)lz} : (6)

The variation of (6) with respect to ¢,(r) gives an equation of the same form as Eq.

D),

. 2
() (V-5 AW ) 9306 = B ). )
We impose the conditions on ¢, (r) that
#0). and NODE) (T3 A0 ) 9306, ®

are continuous everywhere. The latter condition comes from the partial integral which
appears at the interfaces by the variation of ¢,(r). We relate the eigenfunction ¢, (r)
with ¥, (r) by the relation

Wi(r) = VN(r) ¢;(r). ©)

Then the finite element method can be applied to the functional (6). Numerical calcula-
tions in this study were performed on the computer program due to Takanaka.

3. Procedure of Experiments and Analyses

NbsgTiso/Nb (S/S") superlattice samples were fabricated by an rf sputtering method un-
der symmetrical condition, i.e., ds = d, = As/2, As being the structural modulation wave-
length and d, and d, the layer thicknesses of NbTi and Nb, respectively. The total thick-
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Table 1
Parameters for the present calculation of 7. and H.,
parameter N} varied fixed Vi varied
0p(K) 250" 2501 2501
T(K) 8.4 8.4 8.4
T (K) variable 8.1 variable
V (102 eV cm?®) 0.2684%) 0.2684%) 0.2684%)
V. (10~ eV cm?) 0.34%) 0.34%) variable
N (107 states/eV cm?) 1.0588%) 1.0588%) 1.0588%)
N! (107 states/eV cm?) variable 0.8273%) 0.8470%)
D (cm?/sec) 1.36 1.36 1.36
D!, (cm?/sec) variable variable variable
SGL(O)(A) 58.9 58.9 58.9
HE,(0)(kOe) 85 85 85

1) Referred to Sasaki [24], Op = 250 K is assumed for Nb and NbT1 alloys as an average.

2) Determined from the relation Vs = —[N; In (Tes/1.134 6p)]

3) Referred to Gladstone et al. [25].

4) Deduced from the NbTi composition dependence of y [24, 26-29] and the density of
state of Nb [26-28, 30].

%) Determined from the relation N, = —[V/In (T./1.134 0p)]" using Vi=10.34 and
T, = 8.1 for fixed case and T, = 8.8 for varied case.

Non-marked: Experimental values. For T., of fixed case, the value of thlck film is used.

Ds is determined from the relation D= (4ckg/me) (0Ho, (T)/0T)” \T 7. using

(9He, (T)/0T) |77, = ~8060

ness of each superlattice was designed to be ~5000 A T, Hy| and Hy, were deter-
mined by a four-terminal resistive method using a 10 T superconducting magnet. The
small-angle X-ray diffraction patterns were taken to confirm the consistency between
the designed A and the actual one.

The calculations of Tc(4s), Ho(T) and He (T) were performed by an ACOS system
computer at Tohoku University. For the calculations of 7. and Hc), 1, we need the
values of several parameters of each layer, such as the GL coherence length at 0K,
£51.(0) of NbsgTiso, the Debye temperatures 6}, and 6%, the transition temperatures 7
and T/, the densities of states Ny and N/, the BCS potentials V and V/, and the ratio
of the diffusion constant AD = D./D;. The values of &5, (0) and T were experlmen—
tally determined from the data of the sputtered NbsyTisy monolayer. 6}, and Gs were
set to be 250 K and other values of the material parameters were taken from refer-
ences. For the fitting of the experimental data, we chose the ratio of the diffusion con-
stant, AD = D;/Ds, and either N, or V} of the Nb layer as adjustable parameters. T

was determined from the relatlon T, =1.134 HS exp (—1/N’V"). The material param-

cs
eters used for the fitting are summarized in Table 1.

4. Experimental Results

Figure la shows T, data of NbsgTiso/Nb superlattices as a function of the structural
modulation wavelength A, together with the results of the T, calculations. In spite of
almost the same 7, values (28 K) of both Nb and NbsyTiso, 7Tc(4s) of the superlattice
substantially decreases with decreasing A,. If we calculate 7.(4s) of the NbsyTiso/Nb
superlattice sticking to the standard set of the material parameters in Table 1 and keep-
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Fig. 1. a) T. vs. As of NbsgTiso/Nb superlattices. The closed circles are experimental points. The
dotted line almost independent of A, represents the fitting with a constant T} (7. of the Nb layer)
value. The full line is the case (i) fitting changing the N value as a fitting parameter with the ratio
of the electron diffusion constant AD = D//D, = 8. The dashed line in the case (ii) fitting changing
the V value as a fitting parameter with AD =9 (see text). b) As dependence of T}, N; (for case

1) and V! (for case (ii)) used in the present calculation. The full line is T} vs. As for the case (i)

fitting and the dashed one for the case (ii) fitting

ing T¢s and T, constant, the calculated T.(4s) curve derivates far higher from the ob-
served one as shown by the dotted line in Fig. 1a. Then we must vary either T, or T
as a A5 dependent parameter to achieve the fitting. In a previous paper [15] we pointed
out that T of the Nb layer (77) should decrease with decreasing As.

Here we consider two typical cases of origin of the T/ (4;) depression; a) N/ varied
case, which we denoted as case (i) and b) V| varied case, which we denoted as case (ii).
The full line in Fig. 1a represents the calculated line for the case (i) and the dashed line
represents that of case (ii). In order to keep consistency with the calculations of Hc
and Hy, to be given later, the ratio of the diffusion constants AD (= D;/D;) is set to
be AD = 8 for the case (i) and AD =9 for the case (ii). Both calculated curves repro-
duce well the experimental T.(1;) down to A; = 86 A. For A, = 60, and 40 A, however,
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Fig. 2. Typical a) Hy and b) He,, data as a function of 7. The origin of the ordinate is shifted for
each sample to get a clear view

T. of NbTi/Nb again increases having a minimum around As ~ 80 A. As we will men-
tion later in connection with the Hy) fitting, the non-neglectable alloying effect and/or
interdiffusion of Nb and Ti atoms through the interface are considered to be the main
origin of the 7, minimum. Figure 1b shows the As dependences of T’ and N, (case (i))
and T, and V| (case (ii)) necessary to achieve the T fitting given in Fig. 1a.

Figures 2a and 2b show the temperature dependences of Hy and H of six typical
NbTi/Nb samples. In both figures, the origins of the ordinates (H = 0) are shifted to
get clearer views. For A5 = 60 A in Fig. 2a, Hy) shows the usual 3D behavior without
any anomalous behavior. For s = 86 A, the crossover is seen in Hy(T) at T ~5.0K.
For A, =120 A the two-step crossovers of He|(7) occur at T ~ 58K and 3.7 K. For
As = 160 A, the dimensional crossover from 3D to 2D is barely noticed in the very
vicinity of T, followed by another clear crossover at 7 ~52K. For A; =300 and
500 A, Hg) shows a 2D behavior following the relation Hey o< (1 — t)l/ 2, and no cross-
over phenomenon is observable.

In Fig. 2b, the temperature dependence of H.,, is not so drastically different from
that of Hy of usual 3D superconductors for 15 < 300 A. What is to be noticed in Fig. 2b
is that a clear positive curvature anomaly (PCA) is noticed for A, > 300 A. The exis-
tence of PCA in S/S’ multilayer systems with different D values of the sublayers was
first predicted by Takahashi and Tachiki [7] in their pioneering paper.

5. Discussion

In order to perform systematic calculations of T, Hep| and He, we must determine a
self-consistent set of material parameters. For the H,, fitting of S/S’ multilayers, the
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ratio of the electron diffusion constants AD = D;/D; is very important to decide the
shape of the Hy(T) curves; the crossover temperature from 3D to 2D’ or from 2D’ to
2D* crucially depends on the ratio AD. Let us first discuss He(7) of NbsgTiso/Nb with
As = 120 A, which shows the typical two-step crossover. The results of the calculations
using the material parameters of Table 1 and with AD as a variable parameter are
shown in Figs. 3a and b. In Fig. 3a V| is kept the same as that of bulk Nb, while N is
varied to give the reduced T for A5 = 120 A. The calculation in Fig. 3a corresponds to
the case (i) of the 7. calculation in Fig. 1b. In Fig. 3b, on the other hand, N/ is kept the
same as that of bulk Nb, while V is varied to give the reduced 7, which corresponds to
the case (ii) in Fig. 1b. In these figures, the thick lines represent the calculated results
with the center of the order parameters situated in the S layer (NbTi layer) and the
thin lines represent those with the center of the order parameter situated in the S’ layer
(Nb layer). According to the calculations for A, = 120 A, the two-step crossover is ex-
pected for both case (i) and (ii) for AD 2 6. In Figs. 3a and b, all thick and thin lines
are almost indistinguishable between 7./T ~0.78 and T/T(=1') ~0.7. This fact
means that the dimensionality of the superconductivity of NbsgTiso/Nb with A, = 120 A

80 TN T T T 7T

(o))
O
T

Hey (kOe)
S
T
|

%]
<

Fig. 3. a) Case (i) fitting for Hy of the
As = 120 A sample. The N/ value is set
to be 0.6976 x 10% states/eV cm®
based on the result of N;-calculation
(see Fig. 1b), while the bulk Nb value
is used for the V] value
(=034 x 1072 eV em?®). The thick
and thin lines represent the calculated
results with the center of the order
parameter in the NbTi(S) and Nb(S’)
layer, respectively b) Case (ii) fitting
for Hy of the As = 120 A sample. The
V! is set to be 0.2858 x 10723 eV cm?
based on the result of Vi-calculation
(see Fig. 1b), while the bulk Nb val-
ue is used for the N, value
(= 0.8470 x 10723 states/eV cm?). The
thick and thin lines represent the cal-
culated results with the center of the
order parameter in the NbTi and Nb
layer, respectively

Heoy
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60

Heyy (kOe)
=

o]
<




806 Y. OsI et al.

is 3D above T{,/T¢ ~ 0.7 and changes to g-2D below Tp,. In this g-2D state below Tp,
the center of the order parameter is located in the S’ layer, which we denote as the 2D’
state. In Figs. 3a and b, we notice that T}, is not so much sensitive to the AD value and
is nearly independent of AD for 7 < AD < 10. With further decrease of temperature,
the thick lines cross the thin lines at 7}y and surpass the thin lines for 7' < Tp;. This
means that the center of the order parameter shifts to the S layer (NbTi layer) at T
and the superconductivity of the superlattice enters into another g-2D state, which we
denote as 2D* state. Experimentally, the transition from the 2D’ to 2D* state occurs at
Ti/Tes ~ 0.4 for A, =120 A and the calculation line with AD =8 of the case (i) in
Fig. 3a and that with AD =9 of the case (ii) in Fig. 3b are both consistent with the
experimental results. Comparing the AD = 8 line in the case (i) and AD =9 line in the
case (ii), the case (i) lines give somewhat a better fitting with experimental data, espe-
cially in the lower temperature region (¢ < 0.3).

Figure 4 shows the fitting of He(7T) of NbTi/Nb for A = 160, 300 and 500 A. The
results are presented for both case (i) and (ii) calculations. The same parameter values
as s = 120 A were used except for the N/ and V! values. The N/ values for the case (i)
and V} values for the case (ii) were set to be consistent with N/(4,) and V](4) lines in
Fig. 1b, to reproduce the experimental 7. values for each modulation wavelength As.
For the As = 160 A sample, for which Hy) shows apparently one crossover at ¢ ~ 0.65,
the calculation indicates that the observed crossover actually corresponds to 7%, from
2D’ to 2D*, and T}, exists just below T, (T},/Te ~ 0.81, T,/Te ~ 0.84). Though the
calculation lines somewhat derivate downward from experimental Hy(T) near T, and
the calculated 77};/T. (=~ 0.68) is slightly higher than the experimental one, both fittings

for the cases (i) and (ii) are satisfac-
torily equall as a whole.

180 17— LA The dimensionality of supercon-
g ss, var}e(cii (ﬁgfg)“ ductivity is g-2D for A; =300 and
160 b c2// s’ varied (AD=9) | 500 A and the Hg) calculations sug-

- 8 gest that the superconductivity of

140 those samples is in the 2D* state
over the whole temperature range
120
—_
©
Q 100
=2 Fig. 4. He fitting for A, =160, 300 and
= 500 A samples. The full lines represent case
2 80 (i) fitting, where N] is set to be
s 0.7140 x 10® (160 A),  0.7511 x 10?3

(300 A) and 0.7801 x 10% (500 A) states/eV
cm® with AD = 8. The dashed lines repre-
sent the case (ii) fitting, where V7 is set to be
02918 x 1072 (160 A), 0.3050 x 10~
(300 A) and 0.3150 x 10~2 eV cm? (500 A)
with AD = 9. The thick and thin lines are
the calculated results with the center of the
order parameter in the NbTi and Nb layer,
respectively
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T Fig. 5. He fitting for the A, =86 A
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below T, with the center of the order parameter in the NbTi layer. Comparing the
fitting lines for the cases (i) and (ii), the line of the case (i) is more satisfactorily for
As =300 A.

Figure 5 shows the He fitting results for the NbTi/Nb with A, = 86 A. In this sample
the one-step crossover occurs at around ¢ ~ 0.65 and the calculation indicates that the
crossover corresponds to 7{, from 3D to 2D’ With this small layer thickness
(dnbri = dny = As/2 =43 A), the center of the order parameter is situated in the Nb
layer below T7, and does not shift to the NbTi layer down to 0 K. The present calcula-
tion assumes that £}, (0), the GL coherence length at 0K, is 58.9 A. The calculation
suggests that dnyri = 43 A is not thick enough to localize the order parameter in the
NbTi layer to take full advantage of its smaller &gy (0) value. Comparing the lines for
the cases (i) and (ii) in Fig. 5, we notice that the lines for the case (i) again result in a
somewhat better fitting than for the case (ii).

Figure 6 shows the result of the case (i) fitting for Hy)(T) of NbTi/Nb with
As =60 A. As we have mentioned already in Fig. 1la, T, for this sample deviates up-
wards from the extrapolation of the calculated line and we suggest an interdiffusion

— T T T T T T
A=60A
Heoy

60

Fig. 6. Case (i) fitting for He) of the
As =60 A sample. N. is set to be
0.7272 x 103 states/eV cm® to give
the observed T.. The dashed lines re-
present the calculated results for
AD =8 and the full ones those for
AD = 4. The thick and thin lines are
the results with the center of the or-
der parameter in the NbTi and Nb
layer, respectively

| N, varied

0 1
0 0.2 04 0.6 0.8 1
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T LN Fig. 7. He, fittings for the typical NbsgTiso

120 7 — Ny’ varied (AD=8) superlattices. The full lines represent the

- e V¢ varied (AD=9) case (i) fitting (AD =8) and the dashed
lines show case (ii) fitting (AD =9)

100 [ Heoy
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through the interface as a possible ori-
gin [15]. In order to remedy the de-
viated 7, value, we adopted a higher
value of N. (=0.7272 x 10 states/
eVcem?®) than that of Fig. 1b. If we
stick to AD =8, however, the calcu-
lated lines do not reproduce the ex-
perimental data as shown in the figure.
By scanning the AD values we found
that AD =4 lines reproduce the ex-
perimental Hy)(7). If the mixing of
NbTi and Nb components through the
L N interface becomes important, the diffu-
0 02 04 06 08 1 sion constant D} of the Nb layer may
T / T become smaller due to the impurity
scattering by immigrant Ti atoms.
Thus, the smaller effective value of
AD = D/D may be consistent with the interdiffusion model for this small A, superlat-
tice.

Finally, let us discuss the A; dependence of the perpendicular critical field He ) (T) of
NbTi/Nb superlattices. Figure 7 shows the fitting lines of H (T) for s = 86, 120, 160,
300 and 500 A which were calculated using the same set of parameter values as for T
and Hg(7T) fittings. The overall agreement between the theoretical lines and the ex-
perimental data is satisfactory for the case (i) calculations. The case (ii) calculation lines
with varying V! deviate from the experimental data for A = 300 and 500 A.

The Hepy versus ¢ lines in Fig. 7 show a clear positive curvature anomaly (PCA) for
As =300 A and 500 A. As Takahashi and Tachiki [7] suggested for S/S’ superlattices
with different D values of sublayers, the PCA anomaly occurs because the pair function
for the order parameter, which are widely spread over several layers near T, become
gradually localized in the S layers with smaller D as temperatures decrease. Our pre-
sent Hy, (T) calculations well reproduce the upward curvature of H, for 13 = 500 A,
though the calculation line for 4, = 300 A does not fully account for the observed very
clear PCA anomaly.

Hegi (kOe)
2 S

40

20

6. Summary

The superconductor/superconductor (S/S’) superlattices, NbsoTiso/Nb multilayers, were
fabricated by a dual sputtering method over a wide range of structural modulation
wavelenghths A;. The transition temperature 7., the parallel critical field Heo)(7) and
the perpendicular critical field He,(T) were resistively measured. The experimental
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results were synthetically analyzed based on an improved formalism of the proximity
effect. From the anomalous depression of 7. of the superlattice, it was concluded that
the T, depression of the Nb sublayer with decreasing A is responsible for the 7. depres-
sion of NbsgTiso/Nb. The analyses of He(T) and He (T) indicated that the degrada-
tion of T, of the Nb sublayer should be mainly caused by the reduction in the elctron
density of state N rather than by reduction of the BCS potential V. For A; > 86 A, the
calculated lines using a unified set of material parameter values minutely reproduced
the behavior of He(T) and He (7T), including the two step crossover in He(7) char-
acteristic of S/S’ superlattices. For 1, = 60 A, the H| analyses provide an evidence of
the interdiffusion effect as a reduction of the diffusivity ratio D,/D; of the NbTi and
Nb sublayers. The calculation also reproduced the anomalous upward curvature in
Hg,, (T) semi-quantitatively.
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