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Pronounced effects of additional resistance in Andreev reflection spectroscopy
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We present a systematic investigation of the additional resistance (Rj), which is an unavoidable consequence
of pseudo-four-probe electrical measurements, on the point-contact Andreev reflection (PCAR) spectrum by
both modeling and experiments. Instead of considering the total resistance between the two voltage leads
across a point contact as a sum of a contact resistance (R.) and a fixed sample resistance (Ry), it is essential
to treat the total resistance as a sum of the Andreev resistance R and the additional resistance Ry, which are,
respectively, the resistances affected and unaffected by the Andreev reflection process. We show a detailed
formalism of taking Ry into account in modeling and demonstrate that the PCAR spectrum can be drastically
affected by the presence of Rg. Experimentally, we have found that not only Rz cannot be readily measured or
even estimated, it is in fact different for each contact, depending on the contact resistance and whether the
contact is near the purely ballistic regime or the purely diffusive regime. A self-consistent process is necessary
to analyze the entire PCAR spectrum, properly normalize the conductance, determine R, and other parameters
including the spin polarization and the superconducting gap for each contact. We determine Ry for various
contacts on specimens with different resistivity and resolve the causes of Rg. For contacts close to the diffusive
regime, there are two sources of Rg: a dominant contribution which is linearly proportional to the total
resistance and a constant value from the sample resistance. We also address the effects of additional resistance
when PCAR is administered in the ballistic limit and in the diffusive limit. With the proper treatment of the
additional resistance, we demonstrate that PCAR can quantitatively extract essential information of spin po-

larization and superconducting gap.
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I. INTRODUCTION

The performance of many spin devices, such as giant
magnetoresistance field sensors and magnetic tunnel junc-
tions, is greatly enhanced if highly spin-polarized materials
are used. The search for materials with high spin polarization
(P), especially half metals with P=100%, has been a major
subject in spin electronics.'?

The spin polarization is defined as P=(n—n)/(n;+n)),
the imbalance of density of spin-up (n;) and spin-down (n))
electrons at the Fermi energy. Despite its importance, only a
few techniques can measure the value of P of a ferromagnet
(F), each with inherent advantages and shortcomings. The
spin-dependent tunneling method,® notably the F/insulator/
superconductor (F/I/S) and F,/I/F, tunnel junctions, mea-
sures the spin density of states of a F via either the density of
states of the S as in F/I/S junctions or that of another ferro-
magnet as in F;/I/F, tunnel junctions, across a thin I barrier.
The characteristics of such tunnel junctions, and conse-
quently the determined value of P, depend sensitively on the
quality and the characteristics of the tunnel barrier of only
about 1 nm in thickness. For instance, the P value of Fe as
deduced from the F,/I/F, tunnel junctions varies greatly ac-
cording to the tunnel resistance value, which depends sensi-
tively on the quality of the Al,O5 tunnel barrier.*> In MgO
tunnel junctions, because of the unique coherent tunneling
process in crystalline (001) MgO, the deduced value of P is
altogether different.® Even the sign of P of ferromagnetic Co
can be different between junctions using Al,O5 and SrTiO;.”
Spin-resolved photoemission is another method that can
measure the spin polarization of photoelectrons emitted from
the surface of a ferromagnet using Mott scattering.® How-
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ever, photoemission is highly susceptible to surface contami-
nation and surface states. In some cases, notably Ni, widely
different values of P from 15% to 100% have been reported
by such measurements.’!?

II. POINT-CONTACT ANDREEYV REFLECTION
SPECTROSCOPY

Point-contact Andreev reflection (PCAR) spectroscopy is
another method that utilizes the density of states of a super-
conductor to measure the value of P of a material of interest.
At the interface of an S and a normal metal (N), an incident
electron with energy within the superconducting gap (2A)
must be accompanied by another electron of the opposite
spin to enter the superconductor as a Cooper pair. This is
equivalent to reflecting a hole back to the normal metal, thus
doubling the conductance. This is the well-known Andreev
reflection (AR) process'! in which a normal current is con-
verted into a supercurrent. In a spin-polarized current from a
ferromagnet, the depletion of electrons with one spin direc-
tion suppresses the AR process, thus leading to the PCAR
spectroscopy, which is a more recent technique that can
quantitatively determine the P value of a ferromagnet as well
as the value of the superconducting gap.'?

Since the first experimental demonstration,'*!# the PCAR
technique has been greatly improved, especially in the quan-
titative data analysis, to extract the P value. Initially, clean
contacts were assumed and the conductance ratio G(0)/G,
=2(1-P) between the conductance at zero-bias voltage (V
=0) within the superconducting gap and the conductance in
the normal state was used to extract P.'* It was soon realized
that real contacts were rarely ideal and the entire conduc-
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FIG. 1. (Color online) Schematics of two typical point-contact
experiments with possible causes of extra resistance indicated as
Rgy and Rg, in (a) and R, and Rgs in (b) and with current path
indicated as dashed line. (c) Schematics of the Andreev resistance
RaRr, contact resistance R, sample resistance Ry, and extra resis-
tance Ryp.

tance curve, with the inclusion of interfacial scattering factor
Z and thermal smearing due to finite temperature, should be
analyzed to determine the P value.'>"!7 Later on, AR process
in the diffusive regime has been addressed,'® three-
dimensional effect and inelastic scattering'® have also been
incorporated into the model to extract P quantitatively. The
P values of many ferromagnets'>!417-26 have since been de-
termined by the PCAR technique, including some highly
spin-polarized materials?>* and even half metals?>>?® in
which only one spin band is available at the Fermi level.

III. ADDITIONAL RESISTANCE IN PCAR
SPECTROSCOPY

In Andreev reflection spectroscopy, only the electrical re-
sistance at the point contact (R.) contains the relevant infor-
mation of the Andreev reflection, the superconducting gap
and the spin polarization. However, in actual PCAR mea-
surements, the electrical contacts were made close to, but not
at, the point contact in the pseudo-four-probe arrangements
as shown in Figs. 1(a) and 1(b). As schematically shown by
the current paths in Fig. 1, the measured resistance by the
pseudo-four-probe methods also includes extra resistance
called the spreading resistance or the sample resistance
(Rg).2"?® When bulk samples with low resistivity are used,
the contribution of Rg is so small that the measured resis-
tance is essentially just R.

On the other hand, when material with a larger resistivity
and especially when thin films are involved, not only Rg is
not negligible, it can even be larger than R.. The effects of a
significant Ry are often disguised as a larger than expected
superconducting gap?® and an effective temperature higher
than the actual temperature of the measurement in order to
satisfactorily fit the PCAR spectra.”’®?° However, such a
practice may compromise the confidence in the determined
values of the spin polarization or the superconducting gap.
One may attempt to minimize Rg by placing the voltage elec-
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trode as close to the point contact as possible or attempt to
measure Rg by systematically varying the location of the
voltage lead. One may also incorporate sample resistance Rg
as an additional fitting parameter as has indeed been previ-
ously suggested.””-? However, with Ry so included, the ex-
perimental conductance can no longer be correctly normal-
ized and thus cannot be compared directly with the
theoretical models. Therefore great care must be taken when
including Rg into the model and the cause of Rg must be
addressed. As shown by this work, these measures fall far
short of addressing the pronounced effects of the additional
resistance problem in PCAR spectroscopy, in particular, and
point-contact electrical measurements in general.

In this work, we describe a systematic investigation of the
additional resistance in the PCAR spectroscopy using both
modeling and experiments. We show that the additional re-
sistance originates not only from the sample resistance as
one suspects but also from the contact itself. The variation in
additional resistance with the location of the contact is highly
nonlinear, thus cannot be alleviated by strategically placing
the electrodes close to the main point contact. Nor can the
additional resistance be measured even if one does not alter
the measuring geometry. Previously, it has been suggested
that an additional sample resistance Ry be added to the con-
tact resistance R..>’?® Furthermore, the value of Ry is fixed
since it originates from region away from the contact. As
shown in this work, it is imperative to separate the total
measured resistance as

R=RAR+RE, (1)

which is a sum of the Andreev resistance Ry from the con-
tact region where AR process occurs and the additional re-
sistance Ry which is not affected by the AR process. The
value of Ry have contributions from both the region away
from the contact and from the contact region [Fig. 1(c)].
Consequently, the value of Ry is not fixed but varies from
contact to contact. We show that the PCAR spectra are not
only drastically affected by the presence of Rz, more impor-
tantly, the separation of R,r and Ry enables one to correctly
address the crucial normalization issue, which otherwise can-
not be correctly performed had one assumed R=R+Rg. Ex-
perimentally, we find that Ry cannot be reliably measured or
even estimated because it is different for each contact de-
pending on the contact resistance and whether the contact is
near the purely ballistic limit or the purely diffusive limit. A
self-consistent process is therefore necessary to analyze the
entire PCAR spectrum to determine Ry and other parameters
including the spin polarization and the superconducting gap
for each contact. We determine R, Rg, R, and R for vari-
ous contacts on specimens with different resistivity and re-
solve the causes of Ry. For contacts on high-resistivity
samples close to the diffusive limit, R has two sources: a
small and constant term due to the sample resistance, and a
dominant contribution, which is linearly proportional to the
total resistance. For contacts on specimens with a modest
resistivity Ry also follows a systematic trend on the total
resistance.
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IV. SOURCES OF ADDITIONAL RESISTANCE

In the point-contact geometry, the two voltage electrodes
not only measure the contact resistance R~ but also addi-
tional resistances from the tip through the sample along the
current path, for example, Ro+Ry +Rp, in Fig. 1(a) and
Rc+Rp+Rgy in Fig. 1(b). In PCAR experiments using a
superconducting tip, Ry, may be negligible but not Ry, or
Rp3. Between the two configurations in Figs. 1(a) and 1(b),
one might prefer the one in Fig. 1(b) since Ry; might be
different from, and perhaps much less than, Rg,. However, as
described below, the contribution to the additional resistance
in PCAR stems from the fact that the AR process occurs only
near the contact interface. Any resistance in the current path
not affected by the AR process contributes to the additional
resistance, which cannot be eliminated by manipulating the
electrodes.

Since PCAR on a thin film is one common situation
where the large sample resistance contributes significantly to
the additional resistance, we first discuss the current distri-
bution in the plane of a thin-film sample. Consider two cur-
rent contacts A of radius a and B of radius b (b>a) at a
distance d away on a thin film of thickness ¢ with a current 7,
flowing from A to B. For simplicity, we assume the film to be
very thin and focus on the distribution of the current in the
film plane, neglecting variation within the film thickness.
This problem becomes effectively a two-dimensional electro-
static problem and the potential ¢(x,y) in the thin-film plane
can be solved analytically using the image method with the
results of
Lp (x+c)*+y°

1 s
4art n(x— o) +y?

\/(dZ_aZ_b2)2_4a2b2
Cc= ) ,
4d

e(x,y) =

(2)

taking the midpoint between the two images as the origin,
where p is the resistivity of the thin film. The sheet resistance
between the point contact A and a voltage lead located at any
point in the film plane can be calculated from this potential.
In particular, the sheet resistance p/¢ between point A and
any point along the line on which A and B lie is shown in
Fig. 2(b), using the contact sizes @=30 nm and b
=127 pum and the distance d=2 mm, which are typical val-
ues used in our experiments. First of all, the sheet resistance
increases with distance from A in a highly nonlinear manner,
increasing especially rapidly in the immediate vicinity of
contact A. At a distance of only 700a=21 um from the con-
tact A, the sheet resistance has already reached half of the
value at d=2 mm. These results indicate that it is fruitless to
attempt to place the voltage electrode close to the point con-
tact to alleviate the additional resistance since much of the
resistance has been acquired within the proximity of the
point contact A. The results also demonstrate that thin film
far from the contact (3>>10a) still contributes significantly to
the overall resistance. The calculations also address the merit
of the two experimental situations shown in Figs. 1(a) and
1(b), which correspond to point C and D, respectively, in
Figs. 2(a) and 2(b). The resistance at D is indeed lower than
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FIG. 2. (Color online) Calculated sheet resistance on a thin film
with resistivity p and thickness ¢ between a voltage lead and the
point contact A. (a) Schematics of a point contact and a current lead
with radius of 30 nm and 127 um and a separation of 2 mm on a
thin-film plane, (b) resistance between A and a voltage lead along
the dashed line in (a), and (c) resistance between A and voltage lead
on the half circle from C to D in (a).

that at C but only slightly by about 10% due to the dominant
contribution to the total resistance in the vicinity of the point
contact. We have calculated the resistance on a semicircle
from C to D and found the resistance to decrease monotoni-
cally by about 10% as shown in Fig. 2(c). With a voltage
contact at D, the additional resistance in the scheme in Fig.
1(b) is definitely not negligible.

V. ADDITIONAL RESISTANCE IN THE DIFFUSIVE AND
BALLISTIC LIMITS

When a diffusive point contact is formed, the contact re-
sistance is [p/ waltan™!(x/a),’* where x is the distance from
the center of the contact. The Maxwell form of total resis-
tance of p/2a is reached by letting x — . However, at x=a,
the resistance is only half of the Maxwell resistance illustrat-
ing that other parts far from the contact also contributes sub-
stantially.

In the cases discussed above, the measured resistance in-
cludes the resistance at the contact region as well as those of
other parts away from the contact. In a PCAR experiment,
the contact resistance is the resistance of the contact region.
However, only a portion of the contact resistance undergoes
the AR process as denoted by R,r. The rest of the measured
resistance includes resistance away from the contact as well
as a portion of the contact resistance unaffected by the AR
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FIG. 3. (Color online) Calculated PCAR spectra in the purely
ballistic regime with various rz=0,0.5,1.0,2.0 for P=0 and 1.0 at
(a) T=0 and (b) T=4.2 K.

process. Therefore the total resistance between the point con-
tact and the voltage electrode in a PCAR experiment is, as
described in Eq. (1), R=Rsg+Rg [Fig. 1(c) bottom], a sum
of resistances affected and unaffected by the AR process.
This definition, which differs fundamentally from previous
work?”-?8 where the total resistance R=R+ Ry [Fig. 1(c) top]
is defined as the sum of the contact resistance R and a fixed
sample resistance Ry is crucial for the understanding of the
experimental situation as described below.

The above discussion is for diffusive point contacts. For a
purely ballistic point contact, the contact resistance is the
Sharvin resistance of 4pl/ 37a?, which is due to the con-
straint of the aperture of radius a.>' Current far from the
contact is still diffusive thus there should also be some addi-
tional resistance. But in this case the additional resistance is
at most the Maxwell resistance p/2a, and in the ballistic
limit (I>a), p/2a<4pl/3ma?, thus it is negligible. How-
ever, in an actual experiment, a point contact is neither
purely ballistic nor purely diffusive, the extra resistance R is
therefore unavoidable. Our discussion indicates that a por-
tion of the contact resistance, which is not affected by the AR
process, contributes to the additional resistance Rg. This
means that Ry cannot be experimentally measured without
knowing the region where the AR process applies. Next, we
describe the formalism that includes Ry and discuss its ef-
fects on the PCAR spectra and then demonstrate the methods
for determining Rar, Rg, Rc, and Rg experimentally in
PCAR experiments.
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VI. NORMALIZATION OF DIFFERENTIAL
CONDUCTANCE

The differential conductance of a N/S point contact with a
bias voltage Vg can be calculated from the current Iyg,3?

dl “ | df(E — eV ar, T
—NS :Zeschpf |: ( ¢ AR )
dV ar

}[1 +A - BIdE,
dVar .

3)

where f is the Fermi distribution function, e the electron
charge, S. the effective contact area, N the spin density of
states, v the Fermi velocity, A the AR probability, B the
normal reflection probability, and V,i the voltage on the
region where the AR process occurs. At very large voltages
(V,r>A), the superconductor at the interface becomes nor-
mal and without the AR process thus A=0 and B=1/(Z>
+1). The differential conductance can be integrated analyti-
cally with dlyy/dVag=2Ne*Scvp/(1+Z%)=1/Ryy as the
normalization conductance for dlys/dV,g. The normaliza-
tion conductance 1/Ryy is of crucial importance allowing us
to avoid knowing the detailed values of the parameters of N,
Sc, and vy of the point contact. However, one can experi-
mentally only measure dlyg/dV but not dlyg/dV sr. Further-
more, dlys/dV cannot be normalized by 1/Ry because of
the additional resistance Ry, where V is the total voltage
including the voltage Vi and the voltage Vi from the extra
resistance. The actual measured differential conductance is

dlys  Alys Alyg
dV AV AVg+AlyRg

dVar
Ryy+ RynRE
dVar

( dINS )
_ 1 dVAR 0 (4)
szv1 ( dlys )
+ rg
dVAR 0

RNN

with (dlyg/dVar),=Ryn(dIys/dVag) as the normalized con-
ductance and rz;=Ry/Ryy as the relative additional resis-
tance. At large bias voltage (V= A), (dlyg/dVag),=1. So the
normalization resistance for dlyg/dV is Ryy(1+rg). We now
have

= (1 +rp)(dlys/dVaR) /[ 1 + rp(dlys/dVag),].
(5)

This formula is independent of Ry, which depends on de-
tailed value of S¢, vp, and N of the contact. More impor-
tantly, it should be noted that the normalization of dlyg/dV
by Ryn(1+rg) allows the correct normalization of
dlyg! dV aR.
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VII. EFFECTS OF ADDITIONAL RESISTANCE ON PCAR
SPECTRUM

Equation (5) together with V=V z+Rglys can be used to
calculate the PCAR spectrum dlyg/dV as a function of V
using Vg as a parameter. Figure 3(a) shows some of the
calculated PCAR spectra with different rz of 0.0, 0.5, 1, and
2 for spin polarization P=0 and P=1 using the ballistic
model at temperature 7=0. In the case of an unpolarized
metal of P=0, there are very substantial effects of the addi-
tional resistance which reduces and broadens the two AR
peaks. For example, the normalized conductance is 2 for rg
=0 as expected but reduces to only 1.33 for rz=1. This is
because the AR process occurs only at the contact interface
and affects only the contact resistance Ry but not R;. Con-
sequently, only Rar becomes Ryy/2 for Vyg=A while Ry
remains the same. Therefore the conductance is
2Ryn! (Ryn!2+Ryy)=1.33 for rp=1.

On the other hand, the value of rp=0 to rz=2 has no
effects on the PCAR spectra for P=1 at 7=0 as shown in
Fig. 3(a). This is because the contact resistance R,y is infi-
nite (>Ry) due to the complete suppression of the AR pro-
cess by the half metallicity, consequently a negligible depen-
dence on Ry. In Fig. 3(b) we show some calculated PCAR
spectra at 7=4.2 K with the interfacial scattering factor Z
=0.5. The additional resistance again suppresses and broad-
ens the PCAR spectra. Interestingly, contrary to that of the
half-metallic case with P=1 and at 7=0, r; has a noticeable
effect on the spectra even for P=1 at 4.2 K, as shown in Fig.
3(b). This is because at finite temperatures, R,z at |V|
<Al/e is also finite thus some voltage on the additional re-
sistance Ry, causing the observable difference.

A very important consequence of the finite additional re-
sistance Ry is that the apparent superconducting gap in-
creases significantly as mentioned earlier. The two AR peaks
are often used to mark the superconducting gap. As shown in
Fig. 3(b), the two AR peaks correctly appear at =A/e when
rg=0. However, when r is significant, the two apparent AR
peaks shifts to values larger than =A/e. At r;=0.5, 1.0, and
2.0, the apparent gap becomes 2A/e, 3A/e, and 5A/e, re-
spectively. In fact, the apparent superconducting gap varies
as (1+2rg)A, a very noticeable effect at a significant rpg,
leading one to conclude erroneously a larger superconduct-
ing gap.

Some PCAR spectra have been calculated using the
purely diffusive model using the same parameters as those in
Fig. 3. As shown in Fig. 4, the additional resistance affects
the PCAR spectra in the purely diffusive regime in a manner
similar to that in the purely ballistic regime. Indeed, since the
additional resistance originates from the pseudo-four-probe
method of the point-contact experiment, our analysis should
be independent of theoretical models and applicable for all
PCAR analysis.

VIII. SELF-CONSISTENT METHOD FOR EXTRACTING
dl g/ dV sg from the Measured dlyg/dV

In the calculated PCAR spectra in Figs. 3 and 4, the volt-
age Vg is used as a known parameter to calculate the total
differential conductance dlys/dV and the total voltage V.

PHYSICAL REVIEW B 81, 214444 (2010)

(a) r,=0
r r,=05
L6 p=0 r=10
r,=2.0
121
| rE—()
N 08 r,=20
I P=10
S 04f
- =0
]
=
:
S
Z

3 0 3 6 9 12 15
V' (mV)

-15 -12 -9 -6

FIG. 4. (Color online) Calculated PCAR spectra in the purely
diffusive regime with various r5=0,0.5,1.0,2.0 for P=0 and 1.0 at
(a) T=0 and (b) T=4.2 K.

However, in an actual experiment one measures dlyg/dV as a
function of V without knowing Vs a priori. To carry out the
data analysis, Vg must be determined first so that the ex-
perimental data can be compared with theoretical models to
extract the parameters such as P, Z, and A. At first glance, it
appears that V,p can be easily obtained from V through
Var=VRar/(Rar+Rg). However, because R,r depends on
Var due to the AR process, the contact voltage Vg cannot
be determined analytically. We use a self-consistent method
to numerically determine V,i from V. Initially, we first set
Var=V, then calculate Iyg from V,r and obtain R,y
=Var/Iys and a new contact voltage Vyr=VRr/(Rar+RE).
We repeat the iterative procedure self-consistently until Vg
is indistinguishable from V,g, we then calculate dlyg/dV
from the determined V,g.

Next we verify our self-consistent method by comparing
the calculated data (dIyg/dV vs V) with the accurately gen-
erated data using V,i as a known parameter. As shown in
Fig. 5(a), the solid line is the best fit using the self-consistent
method while the open circles are the data generated using
the parameters listed in the up left-hand corner of Fig. 5(a).
The best-fit parameters (upper right-hand corner) obtained by
the method are precisely those of the original parameters
used for calculating the data. Even when substantial random
noises have been manually added to the generated data as
shown in Fig. 5(b) (open circles), the best-fit parameters ob-
tained using our method are still very close to the original
parameters, as listed in the upper right-hand corner of Fig.
5(b). This further validates our self-consistent method.
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FIG. 5. (Color online) Generated dI/dV as a function of V (open
circles) using Vag (see text) as a known variable and other param-
eter list on the left corner, and the best fit (solid line) to the gener-
ated data using the self-consistent method and resultant parameters
listed on the right corner: (a) without and (b) with a randomly
generated noise added.

IX. ANALYSES OF PCAR SPECTRA ON THIN FILMS
WITH HIGH RESISTIVITY

We have discussed the effect of the unavoidable addi-
tional resistance due to the pseudo-four-probe method of the
point-contact geometry and demonstrated that it can radically
alter the PCAR spectra. We have also demonstrated a self-
consistent method to calculate the true differential conduc-
tance. Next, we apply our method to investigate some actual
experimental PCAR spectra. As discussed above, because the
effect of the additional resistance is more observable in dif-
fusive contacts, we use Nb tip in contact with an amorphous
ferromagnetic CoFeB thin film with a high resistivity of
167 w) cm. We also investigate the effect of the sample
resistivity on the additional resistance by annealing the same
sample to acquire a smaller resistivity of 19 u() cm.

The Nb tip we used has been made from a 0.030” wire
with a resistivity ratio of p(300 K)/p(10 K)=49.4 and su-
perconducting transition temperature of 9.27 K as measured
by a four-probe method. The superconducting gap of the Nb
tip is 0.97 X 1.83kzT=1.42 meV at 4.2 K, where the coef-
ficient 1.83, slightly larger than the BCS value of 1.764,%
has been used by previous work** and 0.97 is a factor due to
the finite temperature effect. The CogyFe 0B,y (CFB) thin
film has been made by magnetron sputtering from a compos-
ite target. The resistivity of as-deposited sample is
167 uQ cm at 5 K and it is reduced to 19 uf) cm after
crystallization by annealing at high temperatures.”!
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FIG. 6. (Color online) Analyses of one representative PCAR
spectrum (open circles) from a Nb-CoFeB point contact. Best fit
using the ballistic model [(a) and (b)] without and [(c) and (d)] with
the inclusion of rz. (a) Solid line (varying P, A, and Z) and dashed
line (varying P and Z). (b) Solid line (varying 7, P, A, and Z
varied). (c) Solid line (varying P, A, rg, and Z with T=4.2 K) and
(d) Solid line (varying P, rg, and Z with T=4.2 K and A
=1.42 meV).

One representative PCAR spectrum of Nb-CFB contact
taken at 4.2 K has been analyzed with different procedures
using the ballistic model as shown in Fig. 6. When T has
been fixed at the experimental temperature of 4.2 K and
varying parameters P, A, and Z, but without taking the ad-
ditional resistance Ry into account, the best-fit curve deviates
significantly from the data especially near the two peaks, as
shown in Fig. 6(a) (solid line). Also disturbingly, the result-
ant gap value A is 1.91 meV, much larger than the expected
value of 1.42 meV. However, if both A and T have been fixed
to the experimental values 1.42 meV and 4.2 K, the fit is
clearly unsatisfactory; falling far off the data as shown by the
dashed line in Fig. 6(a). If we allowed temperature T as well
as P, A, and Z as fitting parameters, the best-fit curve follows
the data quite well as shown in Fig. 6(b). But the resultant
T=7.75 K is much higher than the experimental temperature
of 4.2 K and the gap is 1.77 meV, also much larger than the
gap value of 1.42 meV for Nb. These are the high effective
temperature and gap anomalies encountered by others as
well.?

In the new formalism, when Ry has been properly taken
into account, the data can be described by the best-fit param-
eters very well when T and A are fixed as experimental val-
ues as shown in Fig. 6(d). The determined P value is 0.476,
smaller than the values from 0.487 to 0.548 as in Figs. 6(a)
and 6(b). Even when only 7=4.2 K is fixed and allowing
other parameters to vary as shown in Fig. 6(c), the best-fit
parameters are still very close to those in Fig. 6(d) where T
and A have been fixed to the experimental values.

We have made over 100 contacts on the as-deposited
amorphous CFB films and over 50 contacts on the annealed
crystallized CFB films using the Nb tips. For different con-
tacts, the additional resistance is different because of the
variation in position and geometry of the contact. It is of
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10
11
12

Normalized dId/dV

FIG. 7. (Color online) A series of PCAR spectra (open circles)
of Nb-CoFeB contacts with various contact resistances (listed on
the right) achieved by gradually pressing the tip, with solid lines the
best fit to the experimental data and parameters listed in Fig. 8. The
two vertical lines indicate =A/e= * 1.42 mV, the gap value for Nb
at 4.2 K.

interest to study one series of contacts where the geometrical
factors remain the same and only the contact resistance var-
ies. Figure 7 shows one of such series of contacts with resis-
tance varying from 143 to 10 (), achieved by gradually
pressing the tip after each measurement. The open circles are
the experimental data and the solid lines are the best-fit re-
sults using the ballistic model with the additional resistance
taken into account. First of all, all the data can be well de-
scribed by our model. During the analysis, the experimental
values 7=4.2 K and A=1.42 meV have been used. One
notes the locations of the two AR peaks remain essentially
the same for total resistance R>15 () spectra but visibly
different (broader and shifting to higher voltage) for those at
R<15 (), indicating the effect of Ry for those larger con-
tacts.

The best-fit parameters of the spectra shown in Fig. 7 for
Nb on the as-deposited amorphous CFB films are shown as
squares in Fig. 8. As the R increases from 9 to 15 (), the
relative extra resistance rp decreases rapidly from 1.1 to
about 0.5 and remains at about 0.5 for R values from 15 to
143 Q as shown in Fig. 8(a). From the definition of rg
=Rg/Ryy=Rg/(R—Rp), if the additional resistance Ry is the
sample resistance Rg between the point contact and the volt-
age lead, then in these series of measurements with fixed
electrodes, Ry and Ry should not vary and be independent of
R. In this case, the value of ry should diverge at R=Ry and
approach zero at large R. In our experiment, as shown in Fig.
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FIG. 8. (Color online) Parameters of the best fits shown in Fig.
7: (a) the relative additional resistance rg, (b) the additional resis-
tance Ry, (c) the Z factor, and (d) the spin polarization P (solid
squares) using the left scale, as a function of the total resistance R.
Also shown in (d) are the values of the superconducting gap A
(open squares) using the right scale obtained with varying P, rg, A,
and Z with T fixed at 4.2 K. The horizontal dashed line shows the
value of 1.42 meV of Nb.

8(a), the value of rg appears to diverge at R=9 () and ap-
proaches a constant value of about 0.5 instead of zero for
R>15 Q. The resistance between the point contact and the
voltage lead on the film is only 1.5 (), which has been mea-
sured experimentally and it is consistent with the calculation
from the resistivity and the dimensions of the sample. The
value of Rg=9 () is much larger than the value of 1.5 ).
The apparent discrepancy between R;=9 () and the mea-
sured sample resistance of 1.5 () is due to the incorrect no-
tion that the additional resistance is mostly from the sample
resistance and independent of the contact resistance. Fortu-
nately, the absolute value of the extra resistance Ry can be
calculated for each contact from R and rp using Rg
=rgR/(1+rg), which is plotted in Fig. 8(b) (solid square). As
vividly displayed, Ry is not a constant at all. The value of R
increases quasilinearly with R from less than 5 () at R
=9 ) to as large as 50 ) at R=143 (). This linear depen-
dence is due to the fact that from R=15 to R=143 Q, rg
~(.5 as shown in Fig. 8(a). Therefore in this range of R,
Rp=rgR/(1+rg)=0.32R. More accurate analyses show that
Rp=1.51 Q+0.32R, where the constant value of 1.51 () is
the resistance between the contact and the fixed voltage lead.
In these experiments, it is clearly revealed that even with
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fixed leads Ry increases with R. It is erroneous to assume
that the additional resistance would be the same because the
measuring geometry and the voltage lead remain unchanged.
We recall that R=R-+Rs=Rar+Ry and that Rg=1.51 Q.
One can find the contact resistance and the Andreev resis-
tance for each of these Nb-CFB contacts as R-=R—R¢=R
—1.51 Q and Ry\g=R-R;=0.68R-1.51 (). The determined
P value as a function of R is shown in Fig. 8(d) (solid
squares) with the left scale. Similar to other PCAR studies,
the P value depends on the Z factor and varying from about
0.6 at Z=0.1-04 at Z=0.8, consistent with previous
reports.>! The intrinsic P value can be obtained by extrapo-
lating Z to zero, although with caution for materials with
very large mismatch in Fermi velocity.!>!6

In the above discussion, both the superconducting gap A
and the temperature 7 have been fixed at the experimental
values. In addition to the determination of spin polarization,
PCAR is also a powerful tool to measure the superconduct-
ing gap of a superconductor, which is not known a priori.
We repeated the analysis with only T fixed at the experimen-
tal temperature, and allowing P, rp, Z, and A to vary, as
demonstrated in Fig. 6(c). The best-fit results of all the pa-
rameters are within 10% of those with A fixed at 1.42 meV.
Equally important, the determined gap value, using the right
scale in Fig. 8(d), is very close to the dashed line, the value
of A=1.42 meV expected from Nb. It should be noted that
the values of A= *1.42 meV are shown as the vertical lines
in Fig. 7. Because of the pronounced effects of the additional
resistance, all the PCAR spectra in Fig. 7 show apparent gap
much larger than A=1.42 meV, indeed more than 2A, and
yet our analyses correctly show that the superconducting gap
remains essentially unchanged at A=1.42 meV. These
analyses demonstrate clearly that with the additional resis-
tance appropriately taken into account in our method, we can
reliably extract the correct P value, as well as the A value.

Essential to our analyses is R=R g+ R, the separation of
the Andreev resistance R i and the additional resistance Rp.
We comment on the important physical meaning of the An-
dreev resistance Rg. Ideally, the AR process occurs only at
the point-contact interface. In reality, electrons in the vicinity
of the interface are compelled by the bias voltage to partici-
pate in the AR process. This AR region should be related to
size of the mean-free path or the spin-diffusion length of the
material in contact thus is an intrinsic property of the mate-
rial. The ratio R r/R indicates the portion of the contact
resistance involved in the AR process. For these Nb-CFB
contacts, Rag/R-=(0.68R—1.51)/(R-1.51)=0.68 is a con-
stant since R>1.51 (), showing only 68% of the contact
resistance is involved in the AR process for all of these con-
tacts. The large resistivity of 167 w{) cm in the as-deposited
film indicates all these contacts are close to the purely diffu-
sive limit. An estimation using the Maxwell resistance for-
mula shows that the AR process occurs effectively only in a
region of 1.82a, less than the contact diameter 2a for all of
these contacts.

X. ANALYSES OF PCAR SPECTRA ON THIN FILMS
WITH MEDIUM RESISTIVITY

We have also experimentally investigated the effects of
the additional resistance in point contacts on materials with a
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FIG. 9. (Color online) (a) Best fit using the ballistic model to the
data generated by the diffusive model and (b) best fit to one experi-
mental PCAR spectrum data with R=25 () using both ballistic and
diffusive models with the inclusion of the additional resistance,
with the respective parameters listed in the panel.

lesser resistivity. While the resistivity of the as-prepared
amorphous CFB film is about 167 u{) cm, the resistivity of
the crystallized CFB film is only about 19 w() cm after an-
nealing at 450° for 12 h in vacuum. The PCAR spectra (not
shown) of Nb in contact with annealed CFB can again be
well described by the ballistic model with the inclusion of
the additional resistance. The extracted parameters are shown
in Fig. 8 as open squares with the experimental conditions of
T=4.25 K and A=1.42 meV. As shown in Fig. 8, rz, R,
and Z factor are much smaller than those in contacts on the
as-deposited samples with higher resistivity, reveling the pro-
nounced effects of high resistivity. This is because the point
contacts on materials with a smaller resistivity, hence a larger
mean-free path, are closer to the purely ballistic region. As
discussed above, the value of Ry in ballistic contacts is much
smaller than that in diffusive contacts. At about R=5 Q, rg
rapidly increases to about 0.6. The absolute value of the extra
resistance Ry for each contact, calculated from R and rg, is
shown in Fig. 8(b). The value Ry (open squares) behaves
differently from those of contacts with the as-deposited
sample (solid squares). At large R, Ry is small and increasing
slightly as R decrease. It decreases when R is less than about
30 Q and at very small R (<10 () it nearly follows a linear
dependence as that in contacts with the as-deposited samples
but with an obviously smaller slope. This is because at very
small R in which the contact size are very large, the contacts
are close to the diffusive region, thus obeying the linear de-
pendence as in the case of contacts on the as-deposited
sample with large resistivity.
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XI. BALLISTIC VS DIFFUSIVE CONTACTS

Theoretically, a point contact can be treated in two ex-
treme regimes: purely ballistic and purely diffusive. Experi-
mentally, however, an actual point contact is neither purely
ballistic nor purely diffusive but rather between the two ex-
treme cases. Fortunately, it has been shown that the purely
ballistic model can be used to analyze the results in the
purely diffusive regime, arriving with essentially the same
parameters except the Z factor.?” Therefore, the ballistic
model can be used to analyze the PCAR spectra of any point
contacts, including those of diffusive nature. All the param-
eters extracted from the PCAR spectra remain valid except
that of the Z factor.

With the inclusion of the additional resistance R, as dis-
cussed above, Ry affects the PCAR spectra similarly for both
the ballistic and the diffusive models. It is also important to
ascertain whether the ballistic model can still describe the
results in the diffusive regime. We first use the ballistic
model'® to analyze the PCAR spectrum calculated from the
diffusive model with parameters P=0.0, rz=0.5, and Z=0.0.
As shown in Fig. 9(a), the data from the diffusive model can
be well described by the ballistic model with similar P and
rg values, except the Z factor of 0.57. This demonstrates that
with our analysis, regardless of diffusive or ballistic contacts,
similar P value and rg values can still be reliably obtained
except the Z factor. We then subject the actual PCAR spec-
trum from Fig. 7 with R=25 () to both models including rg,
as shown in Fig. 9(b). The spectrum can again be well de-
scribed by both models and the best-fit parameters P and ry
are very similar to each other except the Z factor. This dem-
onstrates that when the additional resistance has been cor-
rectly taken into account, the purely ballistic model can be
reliably used to analyze the PCAR spectra to obtain the spin
polarization, the superconducting gap, and the values of R,
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Rg, Rg, and R for both ballistic and diffusive contacts, ex-
cept the Z factor, which describes the imperfection of the
contact and not of physical significance.

XII. SUMMARY

In summary, we have shown that in PCAR experiments
the additional resistance due to the pseudo-four-probe elec-
trical measurements of point contacts, either diffusive or bal-
listic, can greatly affect the PCAR spectra, particularly in
contacts with materials with large resistivity. There are two
contributions to the additional resistance: the Andreev resis-
tance R,g, which is involved in the Andreev reflection pro-
cess, and the additional resistance Ry, which is not. We show
a detailed theoretical analysis with the additional resistance
taken into account. Equally important, it is essential to per-
form a self-consistent analysis of the experimental conduc-
tance dlys/dV to extract the intrinsic Andreev conductance
dlys/dV ar, which is the conductance that can be correctly
normalized. Experimentally, using contacts on materials with
very different resistivity, we have demonstrated the applica-
bility of our analytical process and determined the additional
resistance. We also show this new method can be applied to
all contacts, ballistic as well as diffusive. The information of
all the physically important quantities, the superconducting
gap of the superconductor, spin polarization of the metal, and
the temperature of the measurement, can be reliably ob-
tained. We have addressed the critical issue of the additional
resistance, and significantly advanced the point-contact An-
dreev reflection spectroscopy, a key technique for quantita-
tively measuring spin polarization and superconducting gap.
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