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Abstract. A direct determination of the interfacial transparency on the basis of current-perpendicular-to-
plane (CPP) resistances for Cug.5Nig.5/Nb layered system is presented. This particular realization has sub-
stantial significance for understanding the interfacial transport in such heterostructures. The unexpected
large critical thickness for this weak ferromagnetic containing system can be attributed to the strong pair-
breaking effect as a result of the high interfacial transparency. Besides, the strong pair-breaking also plays a
decisive role in the occurrence of the dimensionality crossover of the temperature dependent upper critical

magnetic field.

1 Introduction

Surface and interface related phenomena are important in
nano science and technology. The proximity effect between
a ferromagnet (F') and a superconductor (S) has attracted
tremendous attention for several decades [1]. Extensive
works have been devoted to the study of the coexistence
of ferromagnetism and superconductivity at the junction
of a ferromagnet and a superconductor in layered systems,
such as Gd/Nb and Co/Nb multilayers, Ni/Nb bilayers,
and Fe/V/Fe trilayers [1]. The controversy in such systems
is that the exchange field in the ferromagnet is expected
to break the time-reversal symmetry in the superconduc-
tor and suppress singlet superconductivity. While super-
conductor prefers an antiparallel spin orientation to form
Cooper pairs, the ordered ferromagnet forces the spins to
align in parallel. Because superconductivity and ferromag-
netism are two competing orders, their coexistence, known
as the LOFF state, is possible only in a narrow interval in
phase space [1-3]. Upon entering the ferromagnet, the su-
perconducting order parameter exhibits spatial variation
due to energy shift between the constituents of the quasi-
particle in the presence of the exchange field. As a conse-
quence, the superconducting wavefunction not only decays
in the F' layer but also oscillates over a certain length
in the direction perpendicular to the interface. Interest-
ing effects, such as the F' layer thickness (dr) dependent
nonmonotonic oscillating superconducting critical temper-
ature (7T.) [4,5] and critical current (I.) [6-8], and the

# e-mail: phys2021@mails.fju.edu.tw
b e-mail: leesf@phys.sinica.edu.tw

reentrant superconducting behavior emerge in F/S lay-
ered structures [9,10]. Over recent years, advances in the
fabrication of artificial F'/S layered structures have en-
abled the study of these effects from both the fundamen-
tal and the applicative aspects when the two orders are
spatially separated. To reliably control F' thickness over a
large range in S/F/S junction, it is essential to use a weak
ferromagnetic metal [6,7]. For the study of quasiparticles-
mediated coupling in the F/S/F spin valve structure, a
thin S layer is required [11-13].

The quality of the interface is important for under-
standing the coupling mechanism between the S and
the F. Lately, interfacial transparency Ty..., has been
taken into consideration in the analysis of the interfa-
cial quality and is considered to play a dominant role
in the boundary condition in layered structures [13-20].
While T4, = 1 indicates a perfect interface, the values
of Tirqn < 1 signifies the decrease in the amplitude of the
order parameter. It follows that electrons are apt to be
reflected rather than transmitted at the interfaces, which
may reduce the strength of the proximity effect [14,15]. Tt
is known that the reduced transparency may result from
both extrinsic and intrinsic factors such as interface imper-
fection, Fermi velocities difference, and band-structures
mismatch. By considering the interfacial transmission co-
efficient in the proximity theory, the discrepancy between
the experimental results and the theoretical prediction un-
der a perfect interface assumption could be reconciled.
Attanasio et al. have studied interfacial transparency for
different layered structures, which consist of Nb as a su-
perconductor, Cu, Ag, and Pd as normal metals, and PdNi
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and Fe as ferromagnetic materials, trying to correlate the
effect of the fabrication method to T4, with sputtering
and molecular beam epitaxy. Their results showed that
the interfacial transparency was influenced mainly by the
intrinsic factors related to the microscopic properties of
the two metals across the interface rather than by the
fabrication method [16]. Although interfacial transparency
is important both from the theoretical and experimental
points of view, it has been hitherto treated as a fitting
parameter due to the great difficulty in direct measure-
ment [13-20].

In the present work, we report a systematic inves-
tigation of the current perpendicular to plane (CPP)
resistance and 7. in dependence of the thickness for
Cug.5Nig.5/Nb layered structures, aiming at the trans-
port characteristics at the interface. Unit area resistances
for one pair of interfaces are deduced by a series resistor
model from the CPP measurements. Together with the
results of the superconducting critical temperature as a
function of individual layer thickness, we are able to de-
termine the interfacial transparency between the S and
the F' quantitatively. High interfacial transparency in this
system is obtained. From the study of the dimensionality
crossover, it reveals that high interfacial transparency sig-
nificantly influences the behavior of the temperature de-
pendence of the critical magnetic field (H.o) through the
strong pair-breaking effect. This paper is organized as fol-
lows. Section 2 contains a brief description of the sample
preparation and characterization. In Section 3, the CPP
measurements and the interface resistance studies are pre-
sented. In Section 4, the critical temperature is studied
based on the solutions of the Usadel equations subject
to the boundary conditions developed by Fominov [15].
The determination of interfacial transparency is demon-
strated. In Section 5, the two-dimensional (2D) to three-
dimensional (3D) crossover in superconductors and the
strength of the pair-breaking effect is discussed from
the temperature-dependent H o measurements. Finally, a
summary is presented in Section 6.

2 Sample preparation and characterization

The samples were grown on Si (100) substrates in a mag-
netron sputtering system with a base pressure of less than
2 x 1077 torr. Highly pure Ar gas (99.999%) used was
further purified by passing through a liquid N9 cold trap.
To minimize the variations in the preparatory condition
and obtain comparable physical quality for a specific set,
by using a movable substrate holder, we could fabricate
12 samples for current in the plane (CIP) configurations
in the same deposition run but 8 samples for CPP con-
figurations in another same deposition run. The growth
of the CIP samples was less complicated than that of the
CPP ones, in which three contact masks must be changed
in situ to ensure clean interfaces. The deposition condi-
tions used for the CPP samples were similar to those used
for studying the Co/Nb,Ti;_, multilayers reported ear-
lier [21]. The sample was deposited at room temperature
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Fig. 1. (Color online) Curie temperature versus Cuo.5Nig.5
layer thickness with zero field cool (square) and field cool (tri-
angle) methods. The solid lines are the guide to eye. Right in-
set: magnetic hysteresis loop for Cug.5Nig.5 thickness of 300 nm
at T' = 5 K. Left inset: the TEM cross-section image of the
sample of [Cug.5Nio.5 20 nm/ Nb 100 nm]s/ Cug.5Nig.5 20 nm
multilayer.

by sputtering. Ex situ X-ray diffraction showed crystalline
structures of bee (100) for Nb and fee (111) for CuNi.

According to the binary phase diagrams, Cu and Ni
can form alloys at room temperature. The Ni concentra-
tion was 50 + 1% analyzed by energy dispersive X-ray
analysis (EDX). The formation of Ni-rich atomic clus-
ters near the composition Nip5Cug 5 gives rise to mag-
netic clusters. The spin moment of Cug5Nig 5 alloys on
a Ni atom depended on the local atomic environment
which is specified by the number of Ni nearest neigh-
bor and the number of Ni second nearest neighbors [22].
The existence of cluster was studied by the width of the
peak which reflected the size of spin cluster in neutron-
scattering measurements [23]. However, the detail of local
structure around Ni atoms in Cug 5Nig 5 alloy will require
further experiments probed by the extended X-ray absorp-
tion fine structure (EXAFS) technique. To characterize
the properties of the F' films, magnetic moment measure-
ment was performed on a series of Cug 5Nig 5 single lay-
ers using a commercial SQUID magnetometer with mag-
netic fields applied parallel to the sample surface. Figure 1
shows the Curie temperature, T oy e, versus the Cug.5Nig 5
thickness, which is derived from the temperature depen-
dence of the magnetization, M, with field-cooled and zero-
field-cooled measurement at 30 Oe. The Tcyrie is about
80—110 K in agreement with the results reported for bulk
samples at this composition [24]. The saturation magne-
tization, Mg, of Cug sNig s calculated from the hystere-
sis loop at 5 K (see the right inset of Fig. 1) is about
0.1 pp/atom. There is no clear indication of the thick-
ness dependence of Toypie and Mgy as doyni is larger
than 7 nm.
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Fig. 2. (Color online) Superconducting critical temperatures
as a function of dxp, for Cug.5Nig.5/Nb/Cug.5Nig.5 trilayers
with constant Cug.5Nig.5 thickness dcuni = 50 nm. The solid
(red) line is the fitting with high interfacial transparency as-
sumption. The other lines are calculated with various values
of y5. Fexz = 120 K is chosen after Figure 3. The inset is an
enlargement of the region between 40 nm and 160 nm close to
the corner. The star symbol represented 7. for the asymptote
of CuNi thickness in the set of dCug.5Nig.5/Nb/dCug.5Nio.5
trilayers.

The superconducting critical temperature and critical
field are resistively measured in a *He cryostat by a stan-
dard four-probe technique. The geometry for these CIP
samples is 5 mm long and 1 mm wide between the voltage
contact pads. The definition of T, was taken at the tem-
perature corresponding to 90% of the normal resistance.
Figure 2 shows the dependence of T, on the thickness of
the Nb layer for Cug 5Nig.5/Nb/Cug 5Nig 5 trilayers with
dcuni fixed at 50 nm. A monotonically rapid decline in T,
with decreasing dny, results from the depression of the am-
plitude of the superconducting wavefunction, induced by
the pair-breaking effect near the F'/.S interface. The super-
conducting transition can be recorded down to the base
temperature 1.7 K of our cryostat. Based on the weak fer-
romagnetic nature of Cug 5Nig 5 ascertained by magnetic
measurement and the good quality of the interface veri-
fied by the transmission electron microscopy (TEM) image
shown in the left inset of Figure 1, the solid line in Figure 2
can be fitted by a model developed by Radovic et al. under
the assumption of a perfect interface [25]. Detailed dis-
cussion of this subject has been reported in reference [26].
The critical thickness d.,; extrapolated from the fitting
cure to T, = 0 is determined to be 35 nm. Compared
with the strong ferromagnet, in which d..; is 30 nm for
Co/Nb/Co [27] and 34 nm for Fe/Nb/Fe [28], the critical
thickness of 35 nm for Cug 5Nig5/Nb/Cug 5Nip 5 is un-
expectedly large regarding the weak exchange field. The
critical thickness in our system is larger than not only
strong ferromagnet but even for the weak ferromagnet
CuNi system in previous reports. In principle, the order
parameter induced by a superconductor in ferromagnet
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results in an oscillation of the critical temperature for
increasing F' layer thickness in S/F bilayers. Sidorenko
et al. observe oscillation reentrant behavior for Nb =
7.8 and 7.3 nm, respectively, in Nb/Cug 41 Nig 59 bilayers.
When Nb was increased to 14.1 nm, the T, oscillation was
flat with a shallow minimum [29]. Rusanov et al. report
the critical thickness is about 18 nm in Cug 41 Nig.59/Nb/
Cug.41Nig 59 trilayers system. However, the dip in T.(dF)
of Nb/Cug.41Nig 59 bilayers with dNb = 18 nm was very
small. They mentioned that the absence of dips may prob-
ably due to the interfaces less than fully transparent [30].
In this report, we demonstrate that a strong pair breaking
effect can be induced at the interface between Cug 5Nig 5
and Nb. The interfacial transparency between two met-
als with different Fermi energies is a quantum mechanical
problem of reflection and transmission of charge carriers at
the interface [31]. This mismatch of the Fermi wavevector
may reduce the transmission across the interface, espe-
cially a comparison between the Cooper pair with oppo-
site spins in a superconductor and the Fermi momentum
of the energy-split subbands in a ferromagnet. By using
CPP measurement, the transport properties of the inter-
face between F' and S can be quantitatively characterized.

3 CPP measurement

To quantitatively analyze the interface resistance in the
superconducting and normal states, two sets of samples
with different numbers of bilayers were fabricated. The
measurements were carried out at 4.2 K. The thickness
of Cug.5Nig.5 was fixed at 50 nm. The thicknesses of Nb
were chosen respectively as 15 and 80 nm according to
the phase diagram of Figure 2. The 15 nm Nb thickness
was thinner than the critical thickness, it was in the nor-
mal state (NM) and the samples were F'/ NM multilayers.
On the contrary, samples consisting of 80 nm Nb formed
F/S multilayers. In Figure 3, we plotted the product of
sample area A and total resistance Ry versus bilayer num-
ber N for the two series of Cug 5Nig.5/Nb multilayers. In
the CPP geometry, ARy is the unit area resistance since
all areas conduct in parallel. As can been seen in Fig-
ure 3, ARy is linearly proportional to the number of bi-
layers for both sets of samples. No magnetoresistance was
observed on these samples. The fact that the resistance
remains the same while an external magnetic field was
applied implies that the spin-up and spin-down electron
channels could not be distinguished. Therefore, we infer
that there is strong spin mixing at the Cug 5Nig.5/Nb in-
terface and/or in the Nb layer [32,33]. The linear behavior
of ARy versus N can be described by a one-band series
resistance model expressed as [34]

ARy = 2ARF/S(S) + prtr
+ N (pptrp + psts + 2ARp s(v ) (1)

for normal state Nb and

ARr =2ARps(s) + prte + N (prtr + 2ARp/s(s)) (2)
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Fig. 3. (Color online) (a) Unit area resistance, ARr, versus bilayer number N measured at 4.2 K. The two sets of samples have
Nb thickness of 80 nm and 15 nm, respectively. The dashed lines are the linear least squares fit to the data. The dotted lines and
the solid lines are the global fits to the data with two and three parameters, respectively. Inset: schematic cross section of CPP
miltilayers sample. (b) Linear I — V characteristic as a function of Cug.5Nig.5 thickness for CPP Cuo.5Nig.5 /Nb multilayer. The
solid lines are the linear least squares fit to the data. (c) Non-linear I — V' characteristic as a function of Cug.5Nio.5 thickness
for CPP Cuo.5Nig.5/Nb multilayer. The solid lines are the guide to the eye.

for superconducting state Nb. Here, t’s are the cor-
responding layer thicknesses, p’s are the resistivities,
ARp/s(nay’s are the unit area interface resistances
between normal state Nb and CugsNigs layers, and
ARFp/s(s)’s are the unit area interface resistances between
the superconducting state Nb and Cug 5Nig 5 layers. Re-
cently, theoretical research asserted that the asymmetry
of interface transparency in the F/S/F structure origi-
nates mainly from the unequal interfacial transparencies
of the F/S and S/F. This asymmetry can be observed
from the T, dependence on the relative magnetization
orientation between two adjacent ferromagnetic layers by
varying the F' thicknesses in the F'1/S/F2 structure [35].
Though we assume the interface resistances are identical
on the ground of the same F' thickness in all of the CPP
multilayer samples, we use the notation 2ARg/s () and
2ARp/s(s) for every pair of interfaces in equations (1)
and (2), respectively. In Figure 3a, the dashed lines are
the linear least squares fits to individual sets of data. Ac-
cording to the one-band model, equations (1) and (2) can
be neatly expressed by ARy = C7 + CoN and ARy =
C1(N + 1) for the normal and superconducting states
of Nb, respectively, where C1 = 2ARp/5(s) + prtr and
Co = 2ARp;s(nm) + prtr + psts. ARy for each series
of samples can be individually fitted with the model. In
this manner, however, the same quantities deduced from
the fitting are sample series dependent. To overcome this
difficulty, a global fit was performed to analyze the two
sets of data with the same fitting parameters. The results
of the two-parameter global fit are shown in Figure 3a as
dotted lines. In principle, we could use independently mea-
sured CuNi and Nb resistivities to get the interface resis-
tances. However, when the CuNi thicknesses were varied,
we found that the supercurrent penetrating into the CuNi
layers played an important role in deriving the interface
resistance.

As shown in Figures 3b and 3c, non-linear I — V' be-
havior was observed when the thickness of Cug 5Nig 5 was
less than 40 nm. The voltage drop across the sample in
the CPP measurements was less than 10 nV for a maxi-
mum current of 100 mA that was provided by a battery-
powered DC current source. This voltage is six orders
of magnitude smaller than the energy gap of 1.4 meV
for Nb. Under these circumstances, the measured non-
linear I — V curve can be attributed to the presence of
a supercurrent in the F' layer. The S/F/S structure can
be regarded as a Josephson junction in that the supercon-
ductor couples weakly through the ferromagnetic barrier.
It has been shown that the critical current of the ferro-
magnetic Josephson junction, I;., will change signs from
positive to negative under certain conditions, correspond-
ing to a phase shift between two S layers in the Josephson
ground state [1]. This phase change in the Cooper pair
wavefunction is induced in the F' layer by the proximity
effect. As has been reported, ;. exhibited a non-linear IV
characteristic, even for the thickness of the ferromagnet
larger than the diffusion length of the Cooper pairs in
the F' layer, 7. The largest spacer layer presented in the
literature was 28 nm for CuNi [6,7], 11 nm for Ni, and
5 nm for Co [8]. The non-linear I'V-characteristic could

be well described by the expression V = Ry \/12 — Igc
because a supercurrent can be sustained even through a
ferromagnet. Here, ;. was taken at the point where the
dV/dI(V) increased above the value of the zero bias cur-
rent. Ryps was measured by applying a sufficient large
bias current so that the nonlinear part of the current volt-
age curves could be ignored. Yet, the current was kept
small enough to ensure the Nb electrodes remained in the
superconducting state.

To characterize the average penetration depth of the
supercurrent from the Nb layer into the Cug 5Nig 5 layer,
we introduce a leakage length, dg. By fitting the data
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in the ohmic region, we found that dg =~ 15.8 nm. The
long-range supercurrent may be due to spin-triplet pair
correlations, which have been predicted to occur at the in-
terface between a conventional spin-singlet superconduc-
tor and a ferromagnet in the presence of certain types
of magnetic inhomogeneity. There has been at least one
report of a Josephson current in S/F/S structures us-
ing half metallic CrO9 as the F' material, where the dis-
tance between the S layers was several hundred nm [36].
According to theoretical work, spin-triplet correlations
could be generated if the Cooper pairs experience re-
gions of noncollinear magnetization [37,38]. For example,
the neighboring domains have antiparallel magnetization,
the long-range triplet component is generated in the do-
main walls. Recently, the domain size of Cug 47Nig.53 has
been measured to be about 100 nm by high-resolution
Bitter decoration technique below the Curie temperature
(~60 K) [39], which is not so different from the Nb coher-
ence length. More recently, Khaire et al. observed a long-
rang supercurrent in Josephson junctions containing Co
in the range of 12—28 nm, when thin layers of either PdNi
or CuNi weak ferromagnetic alloys were inserted [40]. This
leakage length should be included in the above model. Ac-
cordingly, equations (1) and (2) are revised to be

ARt =2ARp/s5(s) + prtr — 20spF
+ N (pptr + psts + 2ARp/s(n ) (3)

for the normal state and

ARp =2ARp/s(s) + prtr — 20spF
+ N (pptr + 2ARp s(s) — 2065pF) (4)

for the superconducting state. They account for the fact
that Cug sNig 5 contributes no resistance within the leak-
age length. From the results of the two-parameter global
fit, the resistance of one-pair interfaces can be obtained by
substituting the values of the bulk resistivities of Nb and
Cug.5Nig 5 into equations (3) and (4). However, the un-
certainty about the deduced interface resistance is found
to be dominated by the large resistivity of the Cug 5Nig.5
alloy. To get more accurate results, the CPP resistivity
measurement is carried out by varying the thickness of a
single Cug.5Nig 5 film sandwiched between two Nb strips.
The top view geometry for the measurement is illustrated
in the inset of Figure 4. The effective area is confined to
the overlapped square of the strips [41,42]. As shown in
Figure 4, the unit area CPP resistance is linearly propor-
tional to the thickness of the Cug 5Nig 5 layer. The indi-
vidual linear least squares fit yields a slope associated with
the CPP resistivity pcuni = 380 + 20 nQ2m. This linear
behavior can be described by the one-band series-resistor
model given by

ARp = ZARF/S(S) + pr (tp — 2ds) . (5)

Putting in pcyni = 380 £ 20 nQ2m and independently
measured pnp, = 8048 nQ2m, we obtain 2ARcyuNi/Nb(s) =
19.8 £0.5 f0m® and 2ARcuni/nb(vary = 0.6 £ 0.1 fQm?.
Finally, we performed a three-parameter global fit to all
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Fig. 4. (Color online) Unit area resistance, ARr, versus
Cug.5Nip.5 thickness measured at 4.2 K. The dashed line is the
result of the linear least squares fit and the solid line is that
of the global fit with three parameters. Also shown is the top
view geometry of the current perpendicular to plane configu-
ration for this series sample. Single CuNi film is sandwiched
between two superconducting electrodes of Nb stripes used for
the four-point measurement.

three data sets with the same set of parameters. The
results are the best global fit solid lines in Figures 3a
and 4 with PCuNi = 390 4+ 10 n©2 m, 2ARCuNi/Nb(S) =

19.9+1.5 f0m®, and 2ARc,ni/Nb(var) = 0.7£0.2 fQm”.

It is of particular interest to know how the interface
resistance changes when the S becomes superconductive.
The opening of the superconducting gap, A, at the Fermi
energy and the decrease in population of quasiparticles
make the S a low carrier system for spin transport. How-
ever, current can flow through the sample in response to
a voltage smaller than A/e by virtue of the Andreev re-
flection in the metallic junction. For instance, a spin-up
electron injected from a normal metal is retroreflected
at the interface as a spin-down hole in order to form
a Cooper pair in the superconductor [43]. On the other
hand, exchange splitting of the conduction band in the F’
would suppress the Andreev current at the F'/S interface
and leads to the necessity of the spinless current inside
the S [32]. Furthermore, the spin accumulation and spin-
flipping scattering at the interface bring about an addi-
tional voltage drop across the interface and a reduction of
spin transport into the S [44]. These could be the main
factors responsible for the larger interface resistance of
Cug 5Nip.5/Nb in the superconducting state than in the
normal state. Since the individual effect on interface re-
sistance cannot be differentiated based on the results ob-
tained here, a quantitative analysis of the distinctive con-
tribution to interface resistance is beyond the scope of this
work.

4 Nonmonotonic critical temperature analysis
by proximity effect theory

To study the behavior of both T,(dg) and T..(dr) we adopt
a model developed by Fominov et al. [15] and extend it
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to be applicable to trilayer systems. In the dirty limit,
the critical temperature of a superconductor embedded
between two ferromagnetic layers was calculated from the
linearized Usadel equation. The anomalous functions Fg
and Fr in the S and F layers, integrated over energy
and averaged over the Fermi surface, are connected with
the quasiclassical propagation boundary conditions near
the interfaces. Within the single-mode approximation, the
critical temperature can be obtained by solving the follow-
ing equation:

Tes\ 1 22T 1
(5 )= (5+ TE)-0(5). ©
where 1) is the digamma function and T,g is the bulk crit-
ical temperature. {2y, given later in this section, can be
derived from the boundary conditions by matching the

pairing function at the interface between S and F', as given
by Kupriyanov and Lukichev [45]:

dF dF,
€S d i = ’75;7' d " ) = psgf ’ (7)
Ly Tl PFEE | iy
dFF ARb
320t = [Fs(0) = Fr(O)]l s w= .. | - (8
EW g p [Fs(0) — Fp(0)]| b= ppes p (8)

Here, &g is the superconductor coherence length, while {5
is a spatial scale related to the diffusive motion of the
Cooper pair in the F' layer without considering the ex-
change field and is defined as

. | hDp
& =\ yih )

where kg is the Boltzmann constant. The diffusion con-
stant Dg can be estimated in terms of the mean free path
and the Fermi velocity. Furthermore, the diffusion con-
stant is related to low temperature resistivity of F', pp,
and the coefficient of electronic specific heat, vp, follow-
ing the relationship Dp = vrl/3 = 1/(3yrpr)(mks/e)?.
The physical meaning of v in equation (7) is the strength
of the proximity effect between the F' and S metals. It is
essential to note that the Radovic’s model adopts a bound-
ary condition of high-quantum-mechanical transparency
at the F'/S interface, so the pairing function varies con-
tinuously at the interface, as indicated by Fs = Fr [25]. In
the present work, the boundary condition implies a jump
of the pairing function depending on the magnitude of v,
in equation (8). Furthermore, the boundary conditions at
the outer surfaces are dj;s ’OS = dj;F s = 0, accounting
for the absence of the pairing function current through the
outer surface of the trilayer. The Usadel equation in the F’
layer is readily solved, Fp = C(wy,) cosh(kp[z + dFp]). At
dFs(0) _
X

the boundary x = 0, it is related to Fgs from
ot B (wn)Fs(O) with the Mosubara frequency w,,. In the

single-mode approximation, T, as a function of dg and dp
for the F//S/F trilayer systems takes the following form:

A ReB
Qotan<902s>_~y S(7b42- eBr) + v
&s As |+ Br|” +7 (7 + ReBr)
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with
Bp = [kp&h tanh(kpdp] ",
1 [|wn| 4 iEer sgnw,
kF = % )
£F mkpTes
and

Ag = kgég tanh (kgdg/2), (10)

1 W
ks = .
&s \/W kpT.s
Here, E., is the exchange energy in the ferromagnet. Prac-
tically, only the real root of {2y is taken into account, and
all imaginary roots are neglected.

The manifestation of proximity effect between F' and S
is determined by the potential barrier at the interface ac-
counting for the lattice mismatches, interface imperfec-
tion, the difference in Fermi velocities, and band struc-
tures, etc. The interfacial transparency T}, denotes the
projection of the Fermi wave vector onto the direction per-
pendicular to the interface in the free electron model [17].
In this model, T}qy, is defined as a parameter for describ-
ing the resistance encountered by the electron across the
barrier between two metals and is given by

o 2ZF 1 _Ttran o ARb
3 5;' Ttﬂzn pr; '

pr is the low temperature residual resistivity of F. R} is
the normal state resistance of the F/S boundary. Thus,
the interfacial transparency parameter 7, in equation (11)
is proportional to the interface resistance per unit area,
when the superconductor is in the normal state. It is worth
to note that the interfacial resistance alone does not dic-
tate the interfacial transparency. It is the ratio of inter-
face resistance to the resistivity of the ferromagnet that
is crucial to the interfacial transparency. The behavior of
T.(dp) can be classified into three regimes according to
the values of ,: 1) T, decays nonmonotonically at a fi-
nite interface resistance; 2) T, exhibits reentrant behavior
at moderate interface resistance; 3) T, decays monoton-
ically at low-enough interface resistance. In practice, the
value of 5 is often deduced from the fitting result be-
cause of the difficulty in directly measuring the interface
resistance. Conventional transport measurement with the
current in the plane provides direct access to the criti-
cal current and critical magnetic field in the F/S system
by driving the S to the normal state. Unfortunately, it
gives zero resistance in this configuration when the S is in
the superconducting state. The current perpendicular to
the plane measurement discussed in the previous section
has been proved to be a remarkable method that can pro-
vide information about the interface resistance which is
inaccessible to the CIP configuration. The corresponding
interfacial transparency parameter for Cug 5Nig5/Nb is

directly determined to be v, = p“;}gi ~ 0.2. The values of
F

systems alike obtained by fitting proximity theory to the
T.(dr) data agree quantitatively well with this one. They
are 7, = 0.3 for Nb (11 nm)/Cug 43Nig 57 bilayers [15],

(11)

b
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Fig. 5. (Color online) Superconducting critical temperature
versus Cug.5Nig.5 thickness for Cuo.5Nig.5/Nb/Cug.5Nig.5 tri-
layers with constant Nb thickness dxn, = 37 nm. (a) The solid
lines are the fitting results for different values of F., and fixed
5 = 0.3. (b) The solid lines are the fitting results for different
values of 7, and fixed F., = 120 K.

¥ = 0.57 for Nb (22.5 nm)/Cug 4Nig¢ bilayers [19], and
¥ = 0.6 for CuNi/Nb(23 nm)/CuNi trilayers [13]. How-
ever, it is smaller than 4, = 1.5+0.3 for the Nb/Cu;_,Ni,
bilayers with = 0.54 and 0.58 [46] obtained by fitting and
¥ = 1.7 [21] and 73, = 2.0 [47] for Co/Nb and Ni/Nb mul-
tilayer with strong ferromagnet, respectively, from CPP
measurements.

For comparison, we also deduced the 7, from the fitting
procedure to T,.(dr) curves. The results fitted by our mod-
ified trilayer model are shown in Figure 5. Except for ¢},
which was calculated by equation (9), all other relevant
quantities could be derived. The result of £} = 6 nm is
consistent with the values for the Ni composition of both
0.54 and 0.58 in the literature [46]. The exchange energy
and the interfacial transparency parameter are used as free
parameters in the fitting. Notice that we proceed with the
data of T.(dcuni) first and use the resulting parameters
to describe the behavior of T.(dg). For a single 37-nm-
thick Nb film, 7, is 6.5 K, and the resistivity is about
300 n2m at 10 K. The T, is around 3.5 K for the asymp-
tote of CuNi thickness. It is a little larger than the fitting
curve as the star symbol in Figure 6. We suggest this may
be due to the uncertainty of 7T, to the preparation con-
dition from run to run and the thickness variation about
10% checked by stylus profiler. The Nb coherence length,
which is related to the Ginzburg-Landau (GL) coherence
length, £c1,(0), can be determined by the upper critical
field measurement as will be discussed in Section 5. From
¢ar(T) = 7/2¢5(1 — T/T.)~1/?, we obtained £ = 7 nm.

As can be seen in Figures 5a and 5b, the fittings are
more sensitive to the value of 7, than to that of E.,. The
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Fig. 6. (a) Reduced parallel upper critical fields versus reduced
temperature for Cuo.5Nio.5/Nb multilayers with dx, = 140,
160, and 180 nm. Data of dxp = 160 and 180 nm are shifted to
the right by T'/T. = 0.05 and 0.1, respectively, for clarity. The
solid lines represent the results of the least squares fit using the
Ginzburg-Landau relation. The filled circles denote perpendic-
ular upper critical fields for dn, = 140 nm and the dashed
line is obtained by a linear fit to the data. (b) The parallel
upper critical fields as a function of the reduced temperature
for the Cup.5Nig.5/Nb multilayers with dxp, = 140 nm. It can
be separated into two sections corresponding to the 3D and 2D
behaviors. The latter is indicated by the solid line fitted by the
Tinkham’s expression [50].

value of E., is determined mostly in the regime that T,
starts to saturate with respect to doyni, whereas that of
is used to distinguish the vertical shift of T.. The opti-
mal value of E., in terms of temperature for the fitting
is between 80 K and 120 K and that of ~, between 0.2
and 0.4. If we assume E., = kpTcurie, then the value
of E., is in agreement with the measurement of Tcyrie
in the single Cug 5Nig 5 films, as seen in Figure 1. The
nonmonotonic behavior of T.(dr) exhibits a minimum 7,
around dcuni = 3.3 nm. The occurrence of a minimum of
T.(dr) can be qualitatively explained by the interference
of quasiparticle wavefunctions in the F' layer, which can be
either constructive or destructive depending on the value
of dp. According to Fominov et al. [15], €27 is related
to the minimum of T,.(dr) by dmin ~ 0.777521”9 /2, where
dmin is the thickness corresponding to the minimum of
T.(dr). Moreover, £ denotes the actual decay length
of the superconducting Cooper pairs in the F'. Notice that
£ should not be confused with &, for the latter is as-
sociated with the superconducting diffusion length in the
normal metal. Using the value of d,,;, extracted from Fig-

ure 5, we obtained 5;51‘#7’ ~ 3.0 nm < &5 as expected,
. dirty . . .
since {5 ° is inversely proportional to the square root

of the Curie temperature through the exchange energy
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whereas £} is inversely proportional to that of the super-
conducting transition temperature.

The behavior of T.(ds) can be characterized with
the same set of equations that describes the behavior
of T.(dr). Here, the dependence of critical temperature
on the thickness of a single Nb layer is considered. In Fig-
ure 2, the dotted lines are given by the model calculation
with fixed parameters T,s = 8.8 K, pnp, = 80 nQdm,
and pcuni = 300 nQm, whereas the values of ~,, &},
and E., are taken from the T.(dr) fit of Figure 5b. As
can be clearly seen, all calculated curves are able to re-
produce the experimental data and are comparable to
the Radovic’s model with the perfect transparency as-
sumption. Despite consistency between the theory and the
experimental data, we notice that the effect of a small
variation of =, is barely distinguishable in the behavior
of T.(ds). As a result, the behavior of T.(dr) should be
the key that enables a theoretically quantitative investi-
gation of the interfacial transparency regarding the F'/S
proximity effect.

According to Angrisani et al., the critical thickness
was around 10 nm for Nb/Cug 46Nig 54 bilayers as a func-
tion of dNb with dCug 4¢Nig.54 = 30 nm, which suggested
about 20 nm for trilayer system, and v, = 1.5 for bi-
layers as a function of dCuNi with dNb = 30 nm [46].
Zdravkov et al. reported that d.-; was around 7 nm
from T.(dg), which gave about 14 nm corresponding d .,
with trilayer system, and 7, was 1.6 from T.(dCuNi) in
Cug.41Nip 59 /Nb bilayers wedgelike sample [10]. The crit-
ical thickness of 35 nm obtained in our CuNi/Nb/CuNi
trilayers was observably large with dCuNi = 50 nm. Aarts
et al. were the first to discuss the importance of inter-
face transparency and to present experimental evidence
of the intrinsically reduced interface transparency in the
V/Vi_,Fe, multilayer system [17]. Their results showed
that, for a fixed 7, the critical thickness increases as
decreases. Our value d..1/§s ~ 5 with the v of order of 1
is close to the Aart’s calculation limit of about 6 with ex-
tremely high transparency. Accordingly, v, < 0.4 obtained
for the Cug 5Nig 5/Nb structure studied in this work re-
veals a small potential barrier, leading to relatively strong
pair-breaking and, thus, a larger critical thickness. This
factor of high interfacial transparency derived from the
model of microscopic proximity effect is in agreement with
the CPP measurement.

5 H,, measurement

We also investigate the influence of interfacial trans-
parency on the temperature-dependent upper critical
magnetic field Heo(T) for F/S multilayers. The study
of H.o provides information on the coherence length and
the role of the pair-breaking effect from the occurrence
of the dimensionality crossover. The samples consist of
6 bilayers with fixed dp = 20 nm and various dg from
50 to 600 nm, denoted as [Cug.5Nig5 (20 nm)/Nb(ds)]s/
Cug 5Nig 5 (20 nm). The dp-dependent critical field oscil-
lation arising from the different phases between the two
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adjacent superconductors can be neglected when dg /s >
2 [48]. The thickness of our samples is well within this
regime. Thus, we can compare the results in terms of the
barrier quality and exchange energy of the F' layer for
different samples.

According to the Ginzburg-Landau (GL) theory, the
temperature dependence of the perpendicular critical
field, H.o, (T), always exhibits a linear relationship [49]
irrespective of the superconducting thickness, as the one
plotted in Figure 6a. The GL coherence length at zero tem-
perature is about 11 nm in our sample, which is obtained
from the relationship £51,(0) = \/¢0/27TZTC, where ¢ is
the flux quantum and the slope z = —dH.o/dT is de-
duced from the H.o) (T') curves by a linear least squares
fit, as the dashed line shown in Figure 6a. On the other
hand, the behavior of the temperature dependent paral-
lel critical field, H.y(T"), would change from 3D to 2D
when the thickness of the S film is continuously reduced.
In the 2D regime, &, (T') is limited by the layer thickness,
and Hg)(T) shows a square-root-like behavior given by
the Tinkham’s expression [50]. The temperature depen-
dent Hy)(T') for Cug 5Nig.5/Nb multilayers with various
thicknesses of dny, = 140, 160, and 180 nm are shown in
Figure 6. The data for dnp, = 160 and 180 nm are shifted
to the right by 0.05 and 0.1, respectively, for clarity.

To study the 2D-3D crossover behavior, H.y|(T') data
were fitted by Heg(T) = a\/1 — T/T. + b(1 — T/T.), as
solid lines in Figure 6a. A gradual transition from 2D to
3D was clearly seen evolving from square root behavior to
a linear one, when dg increased from 140 nm to 180 nm. In
comparison with the strong ferromagnetic cases reported
earlier, the thickness of the 2D to 3D crossover takes place
at 145—180 nm in the Nb/Co, and 100—140 nm in the
Nb/Fe layered structures [28]. We attribute the compa-
rable dimensional crossover thickness for this relatively
weak ferromagnet to the high interfacial transparency be-
tween Nb and Cug 5Nig 5. The influence of transparency
on H. behavior was similar to earlier reports in which
the dimensional crossover temperature was shifted toward
a lower value in the system exhibiting high interfacial
transparency [46,51]. When the magnetic field was ap-
plied parallel to the interface, the Cooper pairs moved
across the interface and experienced the influence of the
interface transparency much more strongly. Since the co-
herence length &qr(T) has (1 — T/T,.)~/? dependence,
Hy(T) behaves like a 3D system at low temperatures
due to &, (T) < dnb. However, £, (T') tends to diverge
when the temperature is sufficiently close to T, causing
&1.(T) > dnw, and 2D behavior is observed [46]. In Fig-
ure 6b, Hey(T) for dnp = 140 nm at higher tempera-
tures is well described by a GL square-root fit down to
T/T. = 0.92, whereas at lower temperatures H|(T) ex-
hibits linear behavior. This result can be regarded as sin-
gle superconducting films had smaller effective thickness
de = 96 nm estimated by deg =~ £, (T'), where the super-
conductivity of Nb is weakened through the pair-breaking
effect at the F'/S interface. Consequently, with the intro-
duction of the pair-breaking ratio x = (ds — der)/des,
the values of x in different systems are calculated to be
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XCo = 0.31, xre = 0.28, and ycuni = 0.34 for comparison.
Comparable values of y regardless of the thickness in the
2D regime confirm that the higher the transparency of
the barrier, the stronger its pair-breaking effect would be.
This is also consistent with the results of the T and CPP
measurement discussed in the previous sections.

6 Summary

In summary, we have demonstrated the direct determina-
tion of the interfacial transparency of the Cug 5Nig 5/Nb
layered structures and investigated the influence of inter-
facial transparency on the critical temperature and the
upper critical magnetic field. The employment of CPP
measurement on the study of interface resistance along
with the study of thickness dependent superconducting
critical temperature have led to the realization of direct
determination of the interfacial transparency between a
superconductor and a ferromagnet. The interface resis-
tance is deduced from the best global fit of the one-band
model to the unit area resistance which increases linearly
with the increasing of the number of the bilayers in both
the normal and the superconducting states. Cug 5Nig.5/Nb
layered structures studied in this work are found to have a
rather high interfacial transparency (7, = 0.2). This high
interfacial transparency results in a strong pair-breaking
effect, leading to a relatively large superconducting critical
thickness (dcrx = 35 nm) from the viewpoint of Cug 5Nig 5
being a weak ferromagnet. Moreover, the results of the
temperature dependent upper critical magnetic field re-
veal that the high interfacial transparency also has a
strong influence on the thickness range in which the 2D to
3D crossover takes place. Our results on interfacial trans-
parency can provide important and useful information for
the understanding of proximity effect and might even be
relevant for the spintronic and/or electronic devices con-
taining F'/S heterostructures.

We would like to thank C. Attanasio for his insightful discus-
sions. The financial supports of the National Science Council
and the Academia Sinica of Taiwan, Republic of China are
acknowledged.
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