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PACS 74.45.+c — Superconductivity: Proximity effects; Andreev reflection; SN and SNS junctions

PACS 72.25.Mk — Spin polarized transport: Spin transport through interfaces

PACS 85.75.-d — Magnetoelectronics; spintronics: devices exploiting spin polarized transport or
integrated magnetic fields

Abstract — Here we analyse the spectroscopic information gathered at a number of single
CrO2/Pb interfaces. We examine thin films requiring additional interfacial layers to generate
long-range spin triplet proximity effect superconductivity (CrO2/TiO2) or not (CrO2/Al20s3).
We analyse the data using two theoretical models and explore the use of a parameter-free method
to determine the agreement between the models and experimental observations, showing the nec-
essary temperature range that would be required to make a definitive statement. The use of the
excess current as a further tool to distinguish between models is also examined. The analysis of
the spectra demonstrates that the temperature dependence of the normalised zero-bias conduc-
tance is independent of the substrate onto which the films are grown. This result has important
implications for the engineering of interfaces required for the long-range spin triplet proximity

effect.

Copyright © EPLA, 2013

Introduction. — In 2006 Keizer et al., reported the
observation of a supercurrent transported over nearly a
micron through fully spin-polarised [1-3] CrO2 in an SFS
Josephson junction [4]. The conventional superconducting
proximity effect is expected to be very short in CrOg [5]
and certainly far shorter than the distances observed by
Keizer et al. [4]. The result though was explicable within
the developing theory of the long-range spin triplet prox-
imity effect (LRSTPE) [5-7]. In this theory, two compo-
nents are required to transform spin singlet Cooper pairs
from the superconductor into spin parallel, triplet pairs
that can exist in the ferromagnet: Spin mixing is required
to mix the singlet pair (| 1)) — | {1)) into a triplet pair
of the form (] 1J) + | J1)) while a further spin flip (or
spin transformation) process is needed to change that spin

(@) Present address: Quantum Materials Lab, Department of
Physics, Kyoto University - Kyoto 606-8502 Japan.

opposite triplet pair component into the long-range spin
parallel (] 11) and | Jl)) one. The theory predicted that
magnetic inhomogeneity at the interface between a ferro-
magnet and a superconductor provided the key to both
the spin mixing, defined by a spin mixing angle 6 and spin
transformation processes required for the generation of the
LRSTPE [5-7].

Subsequent experiments have confirmed that the inho-
mogeneity requirement for LRSTPE generation can be
satisfied by engineered multilayer contacts [8] or intrin-
sic magnetic inhomogeneity such as the spiral ordering
found in the rare-earth metal holmium [9,10]. Recent re-
sults on CrO5 show that the LRSTPE can be observed in
CrO5 grown on Al;Og substrates using simple supercon-
ducting contacts [11] but only through CrOs films grown
onto TiOs substrates when engineered contacts incorpo-
rating a thin Ni layer are employed [12]. Here we examine
the spectroscopic information from single S/F, Pb/CrOq
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contacts using CrOg thin films grown on AloO3 or TiOs
substrates [11,12]. We do this in the context of the Mazin
modified Blonder-Tinkham-Klapwijk (BTK) [13,14] and
the more recent LRSTPE spin mixing model (SMM) [3,15]
and find that the latter suggests that CrO has strong in-
trinsic spin mixing properties independent of the substrate
on which it is grown.

The spectroscopic method we use is point contact spec-
troscopy (PCS). The technique has been used extensively
to investigate the transport spin polarization of candidate
materials for spintronics [1,16] using the modified BTK
model. In this model, the spectra can be fitted using four
parameters: the superconducting gap, A, a measure of the
interface scattering, Z (a spin-independent delta-function
parameter), the spin polarisation of the transport carriers,
P and either a spreading resistance, 75, that captures the
series resistance of the film as is used here [3,17], or a spec-
tral broadening parameter that incorporates thermal and
non-thermal smearing, w [16]. Within the modified BTK
model, the spins are treated equally as they cross the in-
terface and no consideration is given for effects such as
spin-dependent scattering [18]. It is clear though that for
situations where there are strong spin mixing effects, the
two spins will conduct differently across the interface. The
SMM model has been proposed to account for these dif-
ferences. In such cases, the conductance spectra observed
by PCS will differ considerably from the predictions of the
modified BTK model [3,19]. In ref. [3], two independent
measures were proposed to distinguish between the two
models: Using the variation of the zero-bias conductance
Gy of a contact, and the evolution of the excess current
I., measured at large voltage (eV > A), normalised as
IR, /A, where R, is the normal state resistance, both
as a function of temperature [3].

Experimental. — Films of 100nm thickness were
grown onto TiOq substrates by chemical vapour deposi-
tion (CVD) as described in [11,12]. Films grown onto
Al;O3 substrates were of varying thickness and are de-
scribed in refs. [2,20]. Point contact measurements were
taken using mechanically sharpened Pb tips (T, = 7.2K)
and using a differential screw mechanism to slowly bring
the tip into contact with the sample [16] in a dewar of lig-
uid helium. A contact was established at low temperature,
and spectra were taken at increasing temperatures until a
temperature just greater than the T, of Pb was reached.
The background conductance was found to be tempera-
ture dependent meaning that it was not possible to nor-
malise the low-temperature spectra using the spectrum
taken at T' > T.. In order to normalise the spectra, it was
found necessary to use a fourth-order polynomial curve to
fit the experimental curves above the region |V| > 5mV.
This was performed at each temperature and the data
was then divided by this polynomial curve. An example
of the resulting normalised curve used in the fitting rou-
tine is shown in fig. 1. Spectra were fitted with the SMM
and the Mazin modified BTK models. In each case the
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Fig. 1: (Colour on-line) Spectrum F at 4.2 K normalised by an
order 4 polynomial fit (see text) with the BTK fit (red solid
line) and the SMM fit (grey dashed line). The inset shows
the I-V characteristic at 4.2K (black line) and 7.3K (grey
line).
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Fig. 2: Point contact Andreev reflection spectra onto
CrO; with a Pb tip at (from bottom) 4.2K, 5.1K, 6.0K, 64K,
7.3K.

value for the gap energy, A, was fixed to be that of Pb
(i.e. Ag = 1.35meV). For the SMM case, the fitting pa-
rameters were the spin mixing angle, 8, a measure of the
interface scattering, Zsmm and rs. Following the method
of ref. [3], the value of P was assumed to be fixed to 100%
while the misalignment angle, «, was fixed at 7/2 as de-
scribed in refs. [3,15] and used in [3]. For fitting to the
Mazin modified BTK model, the fit parameters were the
polarisation, P, Zprk and r;.

Results and discussion. — Figure 2 shows the tem-
perature dependence of a contact made onto the CrOq thin
film. All spectra showed a suppression of the V' < A con-
ductance at T" < T, consistent with contacts onto highly
spin-polarised films. As the temperature increased, the
suppression of the zero-bias conductance reduced until the
background spectra were obtained at T' ~ 6.5 K, indicating
that the superconducting critical temperature of Pb was
suppressed at these interfaces. In common with previous
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Fig. 3: Go/G N for contacts grown onto TiO2 substrates (closed
symbols) onto Al O3 substrates (open symbols). Also shown is
the predicted behaviour for # = 7/2 (black) and 6 = 0 (grey)
for Z = 0.1 (solid line), 0.26 (dotted line), 0.5 (thick dashed
line), 1.0 (dashed line).

studies, we will denote the local critical temperature of the
contact as T, Note that a suppressed 7. can result from
at least one of two scenarios, either the tips used have been
somewhat oxidized or possibly, that there is a reasonably
strong proximity effect. The latter would have to be taken
into account in the fitting model used, as described, for ex-
ample, by Strijkers et al., [21], but in our case no evidence
for bulk and suppressed gap features (i.e. features associ-
ated with two superconducting energy gaps) are observed
in the spectra and hence the analysis by Strijkers et al.
cannot be applied [21].

An important comparison between the SMM and Mazin
modified BTK models is the behaviour of the zero-bias
conductance as a function of temperature [3]. Figure 3
shows the zero-bias conductance (normalised to the
zero-bias conductance at T > T2) as a function of tem-
perature. The attraction of this comparison is that the
zero-bias conductance value is taken straight from the raw
data and no fitting is involved. Data on two sets of films
are presented: those grown on TiOs substrates and data
from films grown on Al;Oj3 substrates used in a previ-
ous study [2]. The films grown on TiO5 have been shown
to support the LRSTPE [22], and those grown on Al;Og
were found to exhibit very high transport spin polarisa-
tion values of ~ 90% [2,23]. Both sets of data show a
close-to-linear decrease of Go/Gy down to T/TA ~ 0.6.
It is interesting to note that a near-linear dependence is
expected in the SMM if P = 100% and 6 ~ /2, whereas
the behaviour should show quasi-exponential behaviour
in the modified BTK or in the SMM case with 6 = 0
(for zero non-thermal broadening and/or zero series resis-
tance), the latter case means that the interface is no longer
spin active and the BTK results are recovered as shown by
the theoretically generated data also shown in the figure.
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Fig. 4: (Colour on-line) Go/Gy+ and the predicted behaviour
based on the low-temperature fits for the spin mixing model
for contact B (a) and F (b) and the modified BTK model for
contact B (¢) and F (d), fitting parameters are included in the
figure. The open-symbol data in (c) is the data for contact B
normalised to T" > T..

In our case, the temperature window of our experiments
is restricted; nevertheless the trends in the experimental
curves suggest that the SMM with 6 ~ 7/2 fits the ma-
jority of data points for films on both types of substrate.
Note that the data can be equally well explained within
the BTK model if a polarisation significantly less than
100% and either a large non-thermal broadening (quite
usual for point contact type experiments [16]) or a large
series resistance rs is considered for all contacts.

In order to compare the parameters generated by fit-
ting to each model, the lowest-temperature spectra of data
sets B (4.3K) and F (4.2K) (both on TiOg) were each nor-
malised by dividing by the polynomial background. The
resulting fits to both models are shown in fig. 1. On ob-
taining the fit parameters P, Zprk, rs (modified BTK)
or 0, Zsmm, s (SMM), the Go/Gpn curve was generated
for each data set and model, fig. 4(a)—(d). Note that for
consistency, the data for sets B and F have been replot-
ted in fig. 4 as Go/Gpn+ where G+ is the conductance
at the zero-bias point of the polynomial fit. The differ-
ence between these two normalisation methods is mini-
mal as can be seen by comparing the data for set B to
the high-temperature normalised data in fig. 4(c). Fol-
lowing the full fitting of the lowest-temperature spectrum
and the generation of the Go/Gn/ from these parame-
ters, it can be seen that within our temperature win-
dow we are unable to differentiate between the models.
However, data taken at a lower temperature or the em-
ployment of superconductor with a higher critical temper-
ature would facilitate the comparison between models. As
it stands, the SMM model assumes that the films have
100% polarisation, which is not unreasonable given the
fact they strongly support LRSTPE [22], but this is not
definitive proof. Spin-polarised photoemission although
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restricted to the top few nanometers of the surface would
be a useful additional characterisation tool. Fitting the
data within the modified BTK model produces lower val-
ues of polarisation (coupled with a high value of r, for
contact F.)

The measurement of the excess current was suggested
in ref. [3], as a tool for checking the validity of the fits
either to the modified BTK or the SMM. In its simplest
form, the deviation of the I-V characteristic from Ohmic
behaviour gives the current deficit of the contact, I.,. The
magnitude of the deficit can then be plotted as I, R, /A,
where R, is the normal state resistance. The value of
IR, /A is predicted to vary as a function of Z and P
in the modified BTK model and Z, P and 6 in the spin
mixing model [3]. The validity of the fit can be estab-
lished by comparing the value of I., R, /A at Zy; with
the values for the other parameters extracted. For the
contacts shown in fig. 4(a)-(d), the excess current val-
ues (Iey Ry /A) predicted are, for contact B, —0.46 (SMM)
and —0.39 (BTK) while for contact F, Iz R,,/A ~ —0.43
(SMM), —0.42 (BTK). An unfortunate complication in
our data is that the I-V curves taken at T' > T, are also
non-Ohmic (see, for example, the conductance curve at
T > T, in fig. 2 and the I-V curve in the inset to fig. 1)
and it is this non-Ohmic response that dominates the ex-
cess current evaluation. In order to account for this, two
methods were applied to approximate I.,, firstly the I-V
at T < T, was subtracted from that just above T,. The
value of the I, was then averaged over |5-10| mV and the
standard deviation from this average was taken as the er-
ror. Secondly, an Ohmic response was taken away from
the data at low temperature and compared with the same
Ohmic response for data taken at T' > T., with the final
value for I., R, /A again being taken as the average over
|5-10| mV and the standard deviation as the error. Within
the considerable error, the data set matches both predic-
tions from BTK and SMM models. Therefore, although
in general this method may provide additional validation,
for the particular case of CrOs, where there is a strong
temperature-dependent background, it does not help dis-
tinguish between the models.

The main result is that there is no detectable difference
in behaviour between films grown onto Al;O3 and those
grown onto TiO9 using a model-independent method. It
has been observed previously [12] that films grown onto
TiOy supported the LRSTPE when a magnetically in-
homogeneous layer was inserted. It was suggested that
the higher degree of magnetic homogeneity achieved for
films grown on these substrates may have meant that
some components needed to generate the LRSTPE were
lacking [12]. Stimulated by the interpretation within the
SMM, we propose that spin mixing is the common ingre-
dient in generating the LRSTPE, and that the spin flip
process is furnished by the magnetic disorder (films on
Al;O3) or an extra magnetic layer (Ni for the case of films
on TiOg) [12]. It is interesting to speculate that also spin-
orbit scattering might be used for this purpose.

In summary we have revisited the spectroscopic in-
formation obtained on S/F contacts between Pb and
CrOs. Although within the limits of our experimental
temperature window we are unable to differentiate be-
tween models, we have set out the types of experiments
that would need to be carried out in order to do so. No dif-
ference is found in the conductance spectra taken on CrO,
films grown on different substrates despite their different
behaviours in terms of the generation of the long-range
spin triplet proximity effect.
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