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Interface resistance and transparency in ferromagnet/superconductor Co/Nb, Ti,_, multilayers
(x=1, 0.6, and 0.4)
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The quantitative interface resistance between polycrystalline ferromagnetic Co and Nb, Ti,_,, with x=1, 0.6,
and 0.4, is measured and analyzed at 4.2 K. Both the superconducting and normal states of Nb,Ti;_,, respec-
tively, above and below the superconducting critical thickness, are studied with current flowing perpendicular
to the interface. A one-band series-resistance model is used to analyze our data. The interface transparencies in
terms of the ratio between interface resistance and various physical quantities are discussed.
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I. INTRODUCTION

The rich physics of interplay between ferromagnetism and
superconductivity has recently attracted much theoretical and
experimental attention (see Refs. 1 and 2 as reviews). The
interest continues due to the progress in the preparation of
both new materials and high quality heterostructures down to
nanometer size. Singlet superconductivity prefers an antipar-
allel spin orientation of electrons to form Cooper pairs, while
ferromagnetic order forces the spins to align in parallel. In
artificially fabricated layered systems, the proximity effect
between superconductor (S) and normal metal (NM) mani-
fests itself as exponentially decaying amplitude of the super-
conducting Cooper pairs wave function, which penetrates
across the interface into NM.> On the other hand, in a
ferromagnet/superconductor (F/S) junction, the supercon-
ducting Cooper pair wave function extends from supercon-
ductor into ferromagnet with damped oscillatory behavior
due to the exchange field in F. The coherence length of the
pair wave function in F, which determines the oscillation

length and the penetration depth in F, is given by &= ;Eﬁ in

the clean limit, and &= \/% in the dirty limit, where Dy is
the diffusion constant, v is the Fermi velocity, and [ is the
mean free path in F.>* The properties of superconducting
wave functions under the influence of exchange field can be
studied by changing the relative strengths of the two com-
peting orderings.

There is much evidence of the pairing amplitude oscilla-
tion. For instance, Kontos er al.> observed spatial oscillations
of the electron density of state for different thickness of fer-
romagnets from tunneling spectroscopy. Radovic et al.® pre-
dicted nonmonotonic dependence of the critical temperature
of F/S bilayers and multilayers on ferromagnet layer thick-
ness and it was observed experimentally in Ni/Nb bilayers,’
Gd/Nb,® Co/Nb, and Co/V multilayers.>!? Jiang et al. at-
tributed the oscillation to the 7 phase in Gd/Nb multilayers,
but Miihge et al.'! pointed out that the magnetic dead layers
played a dominant role in similar oscillation behavior in
Fe/Nb/Fe trilayers.

It is considered as an unambiguous proof of 7r-phase shift
when measurements of the formation of metallic Josephson
junctions with ferromagnetic barriers (S/F/S) were reported.
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Such 7 junctions have been characterized as having non-
monotonic behavior of the critical current as functions of
temperature'? and ferromagnetic thickness.'> Weak ferro-
magnetic layers of Cu,Ni,_, were essential to achieve appro-
priate exchange energy in a suitable window of experimental
phase space. These phenomena mentioned above were re-
lated to the interaction between superconductivity and mag-
netism and occurred around the boundary of the F/S struc-
tures. The coexistence of superconductivity and magnetic
order has been studied for several decades. Fulde and
Ferrell'* and Larkin and Ovchinnikov!® theoretically demon-
strated that superconductivity and ferromagnetism may coex-
ist (FFLO state) in bulk materials. It meant that nonzero total
momentum pairing could occur when an exchange field E.,
was present in the F/S layer structure. In order to study the
transport properties, it is important to understand which
boundary condition is applicable at the interfaces. It is com-
mon to find discussions in the literature that treats interfacial
transparency in terms of the ratio of interface resistance to
the product of bulk resistivity and the Cooper pair pene-
tration depth in the NM.!%2! Studies on V/V,_Fe, (x
=1-0.34) multilayers were performed with current in-plane
measurements to discuss and derive different interface trans-
parency from theoretical fitting.”?! The imperfection of the
interface in the real system plays an important role. How-
ever, there are few experiments which directly and system-
atically investigate the influence of interface resistance on
the interfacial transparency between S and F, both when S is
in the normal state and in the superconducting state. In this
paper, we report our experimental results on the resistance of
F/S multilayer systems using a strong ferromagnet Co with
current perpendicular to plane (CPP) measurement in the dif-
fusive regime. Quantitative analysis of the unit area interface
resistance between F and S, both in the superconducting state
and in the normal state by varying the S thickness, is pre-
sented. Since the interface resistance must be considered as
areas conduct in parallel, the unit area resistance we are in-
terested in is AR, total sample area multiplied by the sample
resistance. Furthermore, we compare the unit area interface
resistance of the F/S system and analyze the influence of
interface transparency with three superconductors, Nb,
Nby T4, and Nb 4Tiy¢. The paper is organized as follows.
In Sec. I we introduce the sample fabrication and measure-
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FIG. 1. Schematic drawing of sample for current-perpendicular-
to-plane resistance measurement. The middle part is the multilayer
of interest. The drawing is not to scale.

ments. In Sec. III we describe the results of our CPP data and
the fitting procedures by one-band model. In Sec. IV we
discuss and compare the interface resistances from our quan-
titative CPP analysis. Finally, in Sec. V we summarize our
work.

II. CPP SAMPLE FABRICATION AND MEASUREMENTS
A. Sample preparation

We fabricated several series of Co/Nb, Co/Nby ¢Ti 4, and
Co/Nby 4Tij ¢ trilayer and multilayer samples by dc magne-
tron sputtering onto Si(100) substrates. The general informa-
tion has already been described elsewhere.?? In this paper,
we focused mainly on the process specific to CPP samples. A
cryopump provided high pumping speeds with no oil vapor
contamination and <2 X 1077 Torr base pressure. The sput-
tering gas was ultrahigh purity Ar (99.999%) and was further
purified by passage through a liquid N, cold trap to reduce
impurities. Deposition was made under 1 mTorr Ar gas, and
the temperature of the substrate was unregulated during fab-
rication of samples. For the deposition, 99.99% pure Co, Nb,
and Nbg ¢Tig 4, and 99.97% Nb 4Ti ¢ alloy targets were used
as sources. The deposition rates were 0.7 nm/s for Co,
1.1 nm/s for Nb and Nby ¢Tig4, and 1.0 nm/s for Nb 4Tig 6,
respectively.

To obtain comparable quality samples for different " and
S layer thicknesses, up to eight different samples could be
fabricated in the same run to minimize deviation in prepara-
tion conditions. The substrates were cleaned in acetone and a
final ultrasonic rinse was performed in fresh alcohol. Nb and
Co can form alloys at a high temperature, but they should be
immiscible around room temperature.?

The sample design is illustrated in Fig. 1. The substrates
were held in a circular stainless steel plate, which was lo-
cated about 7 cm above the 2-in. sputtering sources. The
CPP samples required three contact metal masks in different
shapes.?* A Nb strip was first deposited onto the substrate,
followed by a circular electrode, the multilayer film of inter-
est, a counterelectrode, and finally a top Nb strip, which is
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perpendicular to the first strip. Each strip was 200 nm thick
in order to superconduct at 4.2 K. They could be both used
as current and voltage leads. The masks in the sputtering
system could be changed in-situ, so that the interfaces be-
tween the superconductor and ferromagnetic layers were not
contaminated. The multilayer film of interest was sand-
wiched between circular superconducting electrodes to en-
sure equipotential surfaces at the top and bottom of the CPP
sample, thus allowing uniform current through the whole
sample regardless if the multilayer is normal or supercon-
ducting.

B. Measurement techniques

The CPP resistance measurement in metallic multilayer
thin films is known to give fundamental information of the
transport properties. For the study of giant magnetoresistance
(GMR), the CPP resistance was analyzed by two-channel
series resistance model to quantitatively separate the inter-
face and bulk contributions.?>?¢ In the F/S multilayers we
study here, the current-in-plane (CIP) standard four-point
measurement always gives zero resistance unless the samples
were driven to normal state by warming, applying magnetic
fields or currents larger than the critical values.

The small CPP resistance R~ 1078 ) of our samples was
measured by a superconducting quantum interference device
(SQUID) based picovolt meter.”” The low noise dc currents
were provided, up to 100 mA, from a battery-powered
source. A small superconducting coil could produce a mag-
netic field (up to 800 Oe) in the layer plane, perpendicular to
the current direction. At our measuring temperature of 4.2 K,
the Nb strip and circular electrode remained superconduct-
ing, and thus ensured a uniform current distribution.

In the present experiment, the influence of the supercon-
ducting proximity effect on our CPP measurement was insig-
nificant. Clearly, this effect arose from the presence of the
Nb electrodes. If the sample was a nonmagnetic normal
metal, the system may have become superconducting below
some temperatures due to the reason that the Cooper pairs
could penetrate from S into NM. For example, a 2.8 um film
of Ag beside Nb layer became superconducting at ~1.6 K.?
However, the ferromagnetic Co was able to stop the proxim-
ity effect effectively because of the pair-breaking effect in
Co. Therefore, the bottom and the top of the multilayer were
always Co films. Each sample had one bottom layer of
Co plus N bilayers of Nb/Co, indicated as Co(dc,)/
[Nb(dny)/ Coldco) -

We checked the structure of our multilayers with low
angle and high angle #-26 x-ray scans. The high angle scans
showed that Nb had bcc (110) structure and thicker Co had
fee (111) or hep (0001), not distinguishable from 6-26 scan.
Our data confirmed that sputtered multilayers were polycrys-
talline. The total thickness of the CPP samples and the diam-
eter W of circular electrode were checked with a stylus sur-
face profiler. The deviation of thicknesses was found to be
within 5% of the intended values. The small gap between the
contact masks and the substrates resulted in rounded edge of
the films. This edge effect contributes to the largest system-
atic error in this experiment. The uncertainty in the unit area
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FIG. 2. (Color online) Data for Co/Nb multilayers. (a) Unit area
resistance, ARy, plotted against bilayer number N of two sets of
samples with Nb thickness fixed at 20 nm and 80 nm, respectively.
The dotted lines are fits for two parameters. (b) ARy versus Co
thickness with Nb thickness fixed at 20 nm and N=6. (c) AR ver-
sus Nb thickness with Co thickness fixed at 20 nm and N=6. The
dashed lines are linear least square fits to individual sets. The
dotted-dashed lines used the bulk CIP resistivities as the slope and
the two interface resistances from two- and four-parameter fits as
upper and lower limits, respectively. The solid lines in (a), (b), and
(c) are global fits for four parameters to the data simultaneously.

total resistance ARy of our multilayer samples was domi-
nated by the uncertainty in A=7(W/2)?, which is about 10%
for the S samples and 15% for the NM samples.

III. RESULTS AND THE GLOBAL-FITTING PROCEDURE

Our sputtered bulk Nb films, no less than 500 nm thick,
had a superconducting transition temperature 7,.~9.2 K. The
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resistivities of 500 nm Nb and Co films at 10 K were 8 and
7 p) cm, respectively, with an error of about 10%. From our
previous results,” the T. of the Nb/Co trilayers showed a
monotonically rapid decrease with decreasing Nb thickness
below 100 nm. Analyzing the experimental data within Ra-
dovic’s model under the single mode approximation with
high interface transparency, we derived the critical thickness
d'~30 nm, and the penetration depth &g~ 1.2 nm of the
Cooper pair into the ferromagnetic layer. Below the dy, no
superconducting transition was found down to 1.8 K. The
large critical thickness dy,, was due to the suppression of the
superconducting wave function at the S/F interface by the
pair-breaking effect from the strong exchange field E,, in Co.

Four series of CPP samples were made for each S mate-
rial. We shall use ¢ to indicate that the thickness is fixed in
the series of samples and d when the thickness is varied. For

Nb, the series are

(1) Co(20)/[Nb(20)/Co(20)]y with 1y, fixed at 20 nm
(<d§f]‘;) for normal state, ¢, fixed at 20 nm, and the numbers
of bilayers were varied;

(2) Co(20)/[Nb(80)/Co(20)]y with ry, fixed at 80 nm
(>dgy) for superconducting state, #¢, fixed at 20 nm, and the
numbers of bilayers were varied;

(3) Co(dc,)/[Nb(20)/Co(dc,)]s With 1y, fixed at 20 nm,
six bilayers, and varying Co thickness;

(4) Co(20)/[Nb(dyp)/Co(20)]¢ with 1, fixed at 20 nm,
six bilayers, and varying Nb thickness but smaller than dyj,.

There was no giant magnetoresistance effect in Co/Nb
multilayers with 20 nm or 80 nm of Nb thickness from our
previous study.?* The absence of giant magnetoresistance in-
dicated that there was no spin memory across Nb layers. For
Nb in NM state, bulk Nb was reported to have long spin-
diffusion length. Strong spin mixing was present at the
Nb/Cu interface.’® Thus, our results suggest there is strong
spin mixing at the Co/Nb interface. As the spin-up and spin-
down electron channels could not be distinguished from the
electric transport, we shall apply a one-band model to de-
scribe our CPP data. Each series of samples can be individu-
ally fitted with the model as the first way of analyzing our
data. But results for the same quantity from different series
can deviate. The second way is that we can apply the bulk
resistivities of Nb and Co at 10 K to derive the two interface
resistances as parameters from all series, as our previous
results.3! The third way is that we treat all resistivities and
the interface resistances as fitting parameters to perform
four-parameter global fit.

Figure 2(a) presents the plots of AR against bilayer num-
ber N for the first two series of samples. ARy is linearly
proportional to the number of bilayer for Nb both in normal
and superconducting states. We can write out Eq. (1) and Eq.
(2) explicitly for such linear behavior as

AR7=2ARp5(s) + prtp + N(pptp + psts
+2ARp5vy)  for normal Nb, (1)

ARy =2ARgs(s) + prtp + N(pptp
+2ARp5s)) for superconducting Nb. (2)

Here R is the measured total resistance of multilayers, #’s
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TABLE I. The derived values and parameters of different fitting procedures for the Co/Nb,Ti;_, multi-

layers with x=1, 0.6, and 0.4.

Co/Nb multilayer

Pco (€2 cm) pp (1O cm) 2ARg (fQ m?) 2ARyy (fQ m?)
Two parameter 7* 6.3+0.9 3.5+0.7
Four parameter 4.9+0.6 17+2 6.7£0.3 1.9+0.5
Co/Nb 4Tij ¢ multilayer
Pco (n€) cm) PNbo.4Ti0 6 (€2 cm) 2AR; (fQ m?) 2ARyy (fQ m?)
Two parameter 7* 40° 9.9+0.7 23+19
Four parameter 7.2+£04 50+6 9.9+0.2 1.4+0.5
Co/Nby ¢Tiy 4 multilayer
Pco (1) cm) PNbo.6Ti0.4 (€2 cm) 2AR; (fQ m?) 2ARyy (fQ m?)
Two parameter 7t 80* 22.6%1.7 5.6%1.5
Four parameter 6.5+0.6 102+7 22.9+0.2 2.1+£0.7

4Bulk values measured in 500 nm thick films.

are the thicknesses, p’s are the resistivities, and
ARps(vuy (s)’s are the interface resistances between normal
state Nb and Co layers; and superconducting state Nb and Co
layers, respectively. In our previously presented analysis of
Nb/Co data, there is a mutual deviation using the individual
fits. Thus, the two-parameter fitting procedure was executed
because the two sets of data share the same parameter.?*
Using the bulk resistivities at 10 K for Co and normal Nb
layers, we could extract 2ARcqnpva=3-5£0.7 £} m? and
2ARco/Nb(5)=6.3£0.9 fQ) m? from the slopes and intercep-
tions of the y axis for data in Fig. 2(a). In the present analy-
sis, we add two series of samples and then try whether we
can perform global fitting procedure without using bulk re-
sistivities (will be defined below). The resistivities will be
determined by measuring the CPP resistance with varying
layer thickness of Nb or Co.

Figures 2(b) and 2(c) show the AR; behavior of the
Co/Nb multilayers as functions of Co and Nb thickness, re-
spectively, with dy, smaller than dy, and N=6. The dashed
lines show the individual fit results. The CPP resistance is
linearly proportional to the thickness for both varied Co and
Nb thickness ranges. With the one-band model, the linear
behavior of ARy versus thickness can be explicitly written as

ART: 2ARF/S(S) + IZARF/S(NM) + 6psts + 7deF, (3)

for varying Co thickness (dr) with Nb thickness fixed at
20 nm and

AR7=2ARp5(s) + 12AR sy + 6psds + Tpptp,  (4)

for varying Nb thickness (dy,) with Co thickness fixed at
20 nm. The individual linear least square fits of AR versus
dc, and dyy, samples yield a slope pc, of 5.4+£0.4 uQ) cm and
the other slope py, of 17+2 u) cm, respectively. If we cal-
culate interface resistance by setting the best fit values of
resistivities from the slopes into Eq. (1) and Eq. (2), we find

ARcomp=38+13fQm?>  and  ARconpan=3-4+1.2
£Q m? differing from the previously calculated values using
bulk resistivities of Nb and Co. Therefore, we perform a
four-parameter global fit to all the data simultaneously. The
four parameters are 2ARco/np(s)» 2ARco/Nb(NM)» PNbs @Dd P
We can rewrite Eq. (1) as AR;=g;+Ngr+(N+1)ic.g3
+Ninpgsr BEq. (2) as ARp=(N+1)g,+(N+1)tc0g3, Eq. (3) as
ARr=g+6g,+7dcg3+6t\p8s, and Eq. (4) as ARy=g,+6g>
+71cog3+06dNpgs- Here gy is 2ARcoNb(s): &2 18 2ARcoNb(NM)»
g3 18 pco, and g4 is pnp. The solid lines in Figs. 2(a)-2(c) are
global fits for four parameters to all the data simultaneously.
We listed the best fit values in Table I. The interface resis-
tance 2ARco/nb(5)=6.7£0.9 fQ m? for pure Nb in the super-
conducting state is within the mutual experimental error of
that reported by the Michigan State University group.*
The linear behavior of CPP resistance is reproduced when
we use either Nbg4Tipe or Nby¢Tip4 as a superconducting
metal with #c,=20 nm. The bulk resistivities at 10 K mea-
sured on sputtered single film of Nb,,Tiy¢ and NbjeTig 4
were 40 p€) cm and 80 w{) cm, respectively, with errors of
about 10%. The residual resistance ratios (RRR) were larger
than 2 for Nb, ~1.25 for Nby4Tiy¢ and less than 1.06 for
Nb Tij 4 films, indicating the quality of our Nb ¢Ti 4 films
is not as good as the others. The electron mean free paths
estimated from these resistivities were 4.7 nm for pure Nb,
0.9 nm for Nbg4Tip4, and 0.5 nm for Nby ¢Tig4 by assuming
that the product (ply)=3.75X10° uQ cm? remained
unchanged.*=* Moreover, the bulk Nb,Ti,_, have 7.=8.8
and 7.0 K for x=0.4 and 0.6, respectively. When Nb,Ti,_,
films were sandwiched between Co, we also deduced
Xy, i) ~20 nm and dy, g =27 nm from fitting the
T.versus S thickness data to Radovic’s model.?>*> Detailed
analysis will be presented elsewhere.® If S thickness was
thinner than the critical value, we have NM/F multilayers,
otherwise we have S/F multilayers. The S thickness in its
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normal state for the first series of samples was kept at 8 nm
for the smaller critical thicknesses. The linear AR} versus the
number of bilayers can be described by the two-parameter fit
with Eq. (1) and Eq. (2). When bulk resistivities for Co and
normal Nby4Tij¢ were inserted, we obtained both the inter-
face resistances as Nb 4Tij ¢ is in the superconducting and
normal state. The dotted lines in Fig. 3(a) represent these
results. We also varied the Co and Nb, 4Ti ¢ thickness while
the numbers of bilayers were fixed at six to treat CPP resis-
tivities as fitting parameters to all data. These parameters, as
shown in Table I, yielding the solid lines in Figs. 3(a)-3(c)
provide a satisfactory prediction in comparison with data.

For the Co/Nb ¢Tij 4 multilayers case, we obtain the in-
terface resistances of Co/Nby ¢Ti 4 in the normal state and in
the superconducting state, as well as the CPP resistivities of
Co and of Nb4Tiy4 again from the two-parameter fit and
four-parameter global fit. The best results of the calculations
are shown as dotted lines for the two-parameter fit in Fig.
4(a), as dashed lines for individual fits for Figs. 4(b) and
4(c), and as solid lines for the four-parameter global fits.
These parameters are summarized in Table I and the analysis
of data will be discussed in Sec. IV. The interface resistance
2ARp5(5)=12.4+0.7 fQ m? for Co/NbysTiys in the super-
conducting state was reported by the Michigan State Univer-
sity group with resistivity ~57 u{ cm.?? Our results scale
with their numbers well.

IV. DATA ANALYSIS

In order to compare the interface and the bulk properties
in the multilayers, we examine in the following two quanti-
ties, which are found in the literature as useful indicators.
The relative contributions to CPP resistance can be found in
the ratio between the interface resistance Rpyy,, and the bulk
resistance in F within a spin-flip length lff or mean free path
. For 3d metals, the mean free path [/ is about 10 times
shorter than the spin-flip length lff at low temperature.’’-8 To
estimate the contribution of bulk resistance of the ferromag-

net within its spin-active part, we choose lff instead of /.

Repy AREisovm)
Thus, the quantity we are interested in is R, = el as

described in the theoretical work of Ref. 39. "The 1nterface
resistance AR ps(yyy) from our four-parameter fits are used in
the following analysis. The spin-diffusion length was re-
ported in Ref. 38 for electrodeposited Co, fo=59i 18 nm at
77 K. The spin-diffusion length is an extrinsic quantity. It
depends on the elastic mean free path and the spin-flip
length. The spin-diffusion length should be larger in our case
because our Co film has smaller resistivity and the measuring
temperature was 4.2 K. Thus, we can calculate the upper
limits RF,NM/RYf 0.2 for Nb/Co, RF/NM/va~0 2 for
Nb ¢Tiy4/Co, and RF,NM/R ~0.1 for Nby4Tiye/Co, re-
spectively. These ratios mean that the interface resistances
are smaller than the relevant bulk resistances. The dominant
contribution to the resistance comes from the bulk of Co, and
with fair approximation to neglect the interface resistance
with § in the normal state according to the theoretical work

of Morten et al.’®
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FIG. 3. (Color online) Data for Co/Nby 4Tiye multilayers. (a)
Unit area resistance, AR, plotted against bilayer number N of two
sets of samples with Nb 4Ti( ¢ thickness fixed at 8 nm and 80 nm,
respectively. The dotted lines are fits for two parameters. (b) ARy
versus Co thickness with Nby4Ti ¢ thickness fixed at 8§ nm and N
=6. (c) AR versus Nbg 4Ti( ¢ thickness with Co thickness fixed at
20 nm and N=6. The dashed lines are linear least square fits to
individual sets. The dotted-dashed lines used the bulk CIP resistiv-
ities as the slope and the two interface resistances from two- and
four-parameter fits as upper and lower limits, respectively. The solid
lines in (a), (b), and (c) are global fits for four parameters to the data
simultaneously.

However, the ARy interface resistance is found to be
larger than ARp gy and would give RF/S/R§f> 0.8. When
spin imbalance is taken into account near the interface, the
increase in the CPP total resistance can be more dramatic if
the NM region is taken to be a superconductor.*’ As shown
in Figs. 1-3, the interface resistance ARy with the super-
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FIG. 4. (Color online) Data for Co/Nby ¢Tij 4 multilayers. (a)
Unit area resistance, ARy, plotted against bilayer number N of two
sets of samples with Nby ¢Ti 4 thickness fixed at 15 nm and 80 nm,
respectively. The dotted lines are fits for two parameters. (b) ARy
versus Co thickness with Nb ¢Ti(4 thickness fixed at 15 nm and
N=6. (c) ARy versus Nby ¢Tig 4 thickness with Co thickness fixed at
20 nm and N=6. The dashed lines are linear least square fits to
individual sets. The dotted-dashed lines used the bulk CIP resistiv-
ities as the slope and the two interface resistances from two- and
four-parameters fits as upper and lower limits, respectively. The
solid lines in (a), (b), and (c) are global fits for four parameters to
the data, simultaneously.

conductor in the superconducting state has a greater contri-
bution to the total resistance. Therefore, the interface resis-
tance of the F/S system is larger than that of the F/NM
system with the materials we chose. The spin accumulation
is a candidate for causing an additional voltage drop across
the interface due to reduced spin transport into S. When spin-
polarized current are injected onto the F/S interface from F,
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spin accumulation is established in the range of the spin-
diffusion length in F. In S, the spin-polarized quasiparticle
wave function decays because there are no available states.
There are reports on conductance by subgap residual density
of states and by crossed Andreev reflection.*!~** However,
the longest length scale for these phenomena can happen is
the superconducting coherence length, &. Our S state
samples have much larger thickness than &g at the measuring
temperature. In F, the spin accumulation decays because of
spin-orbital scatterings. This causes an additional voltage
drop associated with the interface. In the giant magnetoresis-
tance effect in /N multilayers, similar spin accumulation at
the interface is responsible for the extra voltage drop.** It
could be detected by a second F layer, which is parallel or
antiparallel to the first one, placed within the spin-diffusion
length of N. In our F/S multilayers, the S layers were much
larger than the penetration length and we did not observe the
spin-accumulation effect.

Our quantitative results clearly show that Ry is larger
than Rgyy, in Co/Nb,Ti_, systems, where the S materials
are in the dirty limit (I<§&, see below). Electrons’ wave
functions decay exponentially when penetrating from a metal
into a superconductor if their excitation energy with respect
to the Fermi level is below the superconducting gap. In our
CPP setup, the drop in voltage across the sample is at most
10 nanovolt for a maximum constant current of 100 mA,
much smaller than the Nb energy gap A=1.76kzT.
~ 1.4 meV. Current flows through the sample in response to
a small applied voltage V less than A by means of the An-
dreev reflection. A spin-up electron from a normal metal is
retroreflected at the interface as a spin-down hole in order to
form a Cooper pair in the superconductor. This property
makes a distinction between superconducting and normal
states. The classical work of Blonder, Tinkham, and Klap-
wijk (BTK) (Ref. 45) described the Andreev reflection and
the elastic scattering process at the N/S interface of a nano-
contact. It interpolated between a perfect transparent inter-
face and an insulating barrier at the interface with a barrier
strength z varying from zero to infinity. The Andreev current
at F'/S interface is partially suppressed by the exchange split-
ting of the conduction band in the ferromagnet, which was
demonstrated theoretically by de Jong and Beenakker.*® To
study the transport through N/S (Ref. 47) or F/S (Ref. 19)
bilayers, the Usadel’s equation was solved in the dirty limit.
By considering the coherence length &5 in F metal, which is
determined by exchange energy E.,, the N/S bilayer can be
easily adapted to the F/S case. In the general situation, the
exchange energy is much larger than the superconducting
gap, which makes & virtually independent of temperature.
From the current continuity requirement, the boundary con-
ditions for the anomalous Green’s functions at interface were
derived by Kuprianov and Lukichev.* The interface trans-
parency parameter yg=(AR g5/ prép) is proportional to
the interface resistance when superconductor is in the normal
state. The boundary conditions are justified only when the
exchange field in the F is much smaller than the Fermi en-
ergy. For strong F like Co in our case, appropriate boundary
conditions for the Usadel’s equations needs to be worked
out.> Recently, the quasiclassical formalism, or the Eilen-
berger’s equations, was employed for the Andreev conduc-
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tance of N/S (Ref. 49) and F/S (Ref. 50) interfaces. Vodopy-
anov and Tagirov derived boundary conditions for the strong
F case.’® The quantum mechanical transmission and reflec-
tion coefficients for the two spin channels were discussed in
the normal and superconducting states. However, the inter-
face transparency was not taken into account.

Perfect transmission coefficient 7=1 of the boundary con-
ditions to the Usadel’s equations was assumed in the work of
Radovic et al.® Many experimental works on the F/S junc-
tions in the CIP geometry applied the theory of Radoic er al.
to explain the data. However, more and more reports pointed
out that the inconsistency between data and calculation could
be traced back to the assumption of continuity of the wave
functions at the F/S interface. Analyses and procedures for
fitting experimental results must take the finite transparency
into account. For example, Aarts et al. were the first to ob-
serve the importance and presented experimental evidence of
the intrinsically reduced interface transparency in the
V/V,_,Fe, multilayers.>! They explained the nonmonotonic
behavior in T, as the competing effects of increasing attenu-
ation depth &5 of the order parameter in the F material and
the increasing transparency of the F/S interface for the pen-
etration of Cooper pairs. Lazar et al. fitted their results on
Fe/Pb/Fe trilayers by introducing interface transparency and
noted its relation to the angular average of the transmission
coefficient.’! Kim et al.!” reported the F layer thickness de-
pendence of the T, behaviors in bilayer F/S structures, de-
termined by CIP resistance measurements. Quantitative
analyses were made, the interface resistance at the Ni/Nb
and Cug4Nije/Nb boundary estimated from the best fit yp
values were 2AR ~ 2.4 £Q) m? for both Ni and Cuy 4Nij ¢. The
estimated values are comparable to our CPP measurements
with S in the normal state. Experimentally, yp is usually
treated as an adjustable parameter to describe and modify the
behavior of critical temperature dependence on the thickness
for S or F.

We can estimate the interface transparency parameter yg

without spin-flip scatterings directly from our results. The
h .. ial le i . b w hDp h
characteristic spatial scale is given by &,= TmkyTe Where

Dr=vplp/3 is the diffusion constant in F layer with the
Fermi velocity vy and the mean-free path /. Here, §; is
different from & which corresponds to the actual penetra-
tion depth of the Cooper pairs in the F. While &, is the
Cooper-pairs penetration depth in normal metal without con-
sidering the exchange field. Both diffusion constant and &
of Co were derived to be Dz=5 cm?/s and £'=1.2 nm from
our previous evaluation.”” These quantities allow us to obtain
the following parameters in our F/S CPP multilayers: char-
acteristic spatial length 5228.1 nm and interface transpar-
ency parameter yg=1.7 for Co/Nb, §;~8.3 nm, yp=1.2
for Co/Nby,Tipe, and &.=9.3nm, 7yz=~1.6 for
Co/Nby¢Tip4 when S is in the normal state. These finite
transparency parameters justify the boundary conditions we
used to describe the 7. dependence on S thicknesses with
current parallel to the plane by using Radovic’s model >3
Numerical studies also showed insignificant discrepancy of
the T.(dg) behavior when using the boundary condition of
high-quantum-mechanical transparency and of finite trans-
parency introduced by Lazar et al.>' and Tagirov.* For com-
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parison, y5=0.7 for Ni/Nb bilayers,!” and y;=0.5 and 1.15
in CoFe/Au and Au/Nb interface, respectively,18 for
CoFe/Au/Nb trilayers, were derived by fitting 7..(dy) curves.
The given values for vy depend on the way by which 5; is
calculated from the 7. Experimentally, 7. in multilayers
may be somewhat different from 7. in single films. We know
that the transmission coefficient for the quasiparticles to
form Cooper pairs in the F'/S proximity effect theory is close
to the smaller one between the transparency coefficients 7'
for spin-down and T} for spin-up electrons.’!5? This is not
the only mechanism since from our study the transparency
can be varied by adjusting x as a result of changing compo-
sitional disorder or the changing lattice parameter between
the Co and Nb,Ti,_, interface. The spin-flip scattering is an-
other mechanism which can lead to a large interface resis-
tance. The interface spin-flips physically come from the fol-
lowing mechanisms: (1) inelastic electron scattering in the
intermixed level between the magnetic and nonmagnetic lay-
ers; (2) the direction of magnetization changed locally near
the interface; and (3) spin-orbit scattering at the interface
induced by the polarization in magnetic layer. The spin-
triplet symmetry can also be induced in a superconductor
surrounded by ferromagnets with noncollinear magnetiza-
tions and spin-flip processes.!®3 Thus, the value of interface
resistance between the ferromagnet and the superconductor
both in normal and superconducting states can provide a lot
of physical information in F/S heterostructures.

Table I shows that the Nby ¢Tij 4 had the largest resistivity
in the normal state, and the largest interface resistance in
both superconducting and normal states. According to Pip-
pard’s model>* of partial quenching of Andreev reflection by
impurities in the superconductor, the residual NM/S bound-
ary resistance can be written as

la pSla
AR = 2lSleN = <2Psls) (pniN),
where [,=hvy/2A=m&g/2 is the amplitude decay length in S
for the electron evanescent mode from N, vy is the Fermi
velocity, A is the superconducting energy gap, & is the in-
trinsic coherence length, py/, is the product of bulk resistivity
po and the mean free path [, and pglg is the product of pg and
ls, when S is in the normal state just above T,.. Since pl
=muv/ne’ is a constant for each material, the equation shows
that ARy, should be proportional to psés.3? For the case of
F/S interface, we can write the unit area conductance for two

. 1 2l 1
independent channels as 77 —=-"-——._The sum of the two
1 e Pl

spin channel shows that the same relation holds and the Pip-
pard model can be extended to ferromagnetic materials. The
Ginsburg-Landau (GL) coherence length at zero temperature
can be written as &g (0)=\¢y/27sT,, where s=—dH ,/dT
close to T.. We have deduced the &y,~ 12 nm, be0_4Ti0_6
~4 nm, and beo_éTi0_4”4~5 nm from the temperature-
dependent upper-critical-field measurements in previous
works.3! We find that the ARy derived from the two-
parameter fit is indeed proportional to pg&s, which con-
formed very well to Pippard’s model. The star symbol in Fig.
5 shows this linear relation between ARyg and pgés. Good
agreement between our results and the theory suggests that
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FIG. 5. (Color online) Unit area resistance, ARjygs), plotted
against pgés for alloy Nb,Ti;_, superconductor with x=1, 0.6, and
0.4. The solid line is linear least squares fit to the results of two-
parameter fits.

the scattering centers and the penetration depths of the elec-
tron evanescent wave into the superconductors give rise to
the interface resistance.

Although our two- and four-parameter fit resulted in dif-
ferent values of S resistivity, the ARpg) values of our
samples do not change much. The extracted interface resis-
tances Co/Nb,Ti,_, of our multilayers when the S materials
are in their normal states are much larger than normal metal
interface resistances such as Co/Cu and Co/Ag interfaces
that had values ~0.5 fQQ m? or smaller.”> Nb/Cu was re-
ported to have large interface resistance of ~1 f( m?.3
Whether these large values are due to alloys at the interfaces
or the crystalline mismatch (bcc for S to fec or hep for F)3
remains to be investigated. However, the dependence of
ARps(s) on pgés is inconsistent with a linear behavior using
the values of ARy/g and pg from the four-parameter global fit,
as shown in Fig. 5. The CPP resistivity of Nb derived from
the four-parameter global fit is more than 2 times larger than
the CIP bulk value.

The CPP resistance in normal metal multilayers can be
described by the theoretical work of Zhang and Levy.>® For
the CPP geometry, the current is constant throughout, while
internal electric field varies from one layer to the next. In the
CIP case, the voltage drop across the sample is the same but
the current density in each layer is different. Zhang and Levy
have shown that the CIP resistivity is an average of the con-
ductivities py=L/[;0y(z)dz while the CPP resistivity is the
average of the resistivities p, =f;p (z)dz/L, where L is the
total thickness of the multilayers.57 In other words, the total
CPP resistance can be thought of as a series of different
resistances of length d. The average of CPP resistivity re-
moves the length scale by self-averaging. When the mean
free path (/) is much larger than the thickness (d), the p;, and
the p, are the same because the local conductivity is inde-
pendent of position z. For large d/[ they are quite different.
Notice that when the scattering from the interface is much
weaker than that from the bulk, p, is always greater than p,
because for the in-plane geometry the resistivity is domi-
nated by the high conductivities layers. In our case, the
thicknesses of normal Nb, Nby ¢Tij 4, and Nby4Tij 4 are be-
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tween these two limit situations. The p, derived from the
CPP measurements is larger than the p, with parallel current.

The apparently large CPP resistivities for Nb and NbTi
alloys derived in the four-parameter global fits could be ex-
plained by the fact that the interface resistance AR gy 18
not constant when the superconductor is in the normal state.
When layer thicknesses are systematically changed in the
narrow window thinner than dgy,, thickness fluctuation might
increase interface roughness in the thicker samples. By as-
suming a series resistance model, we attribute part of the
extra interface resistance to the CPP resistivity. To verify this
assumption, we plotted the dotted-dashed lines in Figs. 2, 3,
and 4(c) with the bulk CIP resistivities as the slope and the
two interface resistances from the two- and four-parameter
fits as upper and lower limits, respectively. The thicknesses
larger than [ can be fitted by large ARp 5y (Nb>4 nm,
Nby 4Tij ¢ and Nb ¢Tiy4>2 nm), while thinner samples can
be fitted by small ARp gy Thus, thickness fluctuation
could be a possible explanation for the resistivities discrep-
ancy, while the other NbTi alloys have less deviation. We
can modify the global fit by assuming the AR gy is lin-
early proportional to Nb (NbTi) thickness in the normal state
and write ARpgvyy=a+bds. The global fit becomes a five-
parameter fit. But b and pg become strongly dependent and
cannot be determined independently. The small thickness
range for Nb and NbTi being normal metals prevent us from
more detailed studies of the thickness fluctuation. An appro-
priate model or more experimental data are needed. Another
possible reason for the smaller AR values for thinner Nb
(NDbTi) samples is the presence of pin holes. The lack of
interfaces through the pin holes makes the total resistance
smaller. Even with the complication for pg and AR gy, the
influence on the extracted values of ARpg) is small, as
shown in Table I.

V. SUMMARY

We have presented the linear behavior of the CPP resis-
tance in both normal and superconducting states of three
different S materials in /S multilayers. The best fits by the
one-band model to normal and superconducting states data
gave quantitative values of interface resistance. The normal
state interface resistances are large. These direct measure-
ments of the metallic interface resistance demonstrate that
the interface transparency can be extracted and discussed
quantitatively. We have also discussed the superconducting
state interface resistance with the Pippard model. These
analyses are important in understanding the transport prop-
erties between strong ferromagnets and superconductors in
the diffusive regime.
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