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We report on carrier transport across a superconductor/ferromagnetic semiconductor junction with a highly
transparent metallic contact, Nb/p-Ing9sMng o4 As. Below ~10 K, p-Ing9sMng g4 As becomes ferromagnetic, as
evidenced by the hysteretic transverse resistance caused by the anomalous Hall effect. Below the superconducting
critical temperature 7. of the Nb electrodes (8.2 K), a conductance reduction occurs within the bias voltage that is
comparable to the Nb superconducting energy gap. A rather moderate slope in the differential conductance curves
within the gap region indicates the partial suppression of the Andreev reflection caused by spin-polarized carriers
in p-Ing 9sMng o4 As. Spin polarization P in p-Ing 9sMng g4 As has been extracted by fitting the measured differential
conductance curves with a newly modified Blonder-Tinkham-Klapwijk model with both spin polarization and
the inverse proximity effect (mod2-BTK model). The extracted P value is P = 0.725 at 0.5 K, and it decreases

gradually with increasing temperature.
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I. INTRODUCTION

Superconductor/ferromagnet (S-F) junctions have attracted
considerable interest both theoretically and experimentally.'
This is because new quantum phenomena can be expected
from the interplay between the superconductivity and the spin
polarization of the ferromagnet. This interplay allows us to
determine experimentally the spin polarization of carriers P
in a ferromagnet using Andreev reflection spectroscopy.>”’ In
contrast to the superconducting tunnel junction technique,®’
which is the most widely used method for determining P,
Andreev reflection spectroscopy has the advantage of being
able to measure P without the formation of a tunnel barrier. The
underlying principle is as follows.!® An incident electron has
to be converted into a Cooper pair to enter the superconductor,
for which an opposite spin electron has to be removed from
the normal region. Therefore when there is no opposite spin
electron in the normal region, no conversion occurs. Namely,
with S-F junctions, the Andreev reflection is limited by the
minority spin population. As a result, the Andreev reflection
process is sensitive to the spin states of carriers in that
the spin polarization greatly affects the Andreev reflection
probability. This notion has been theorized by early workers>*
by decomposing the net current / into two parts (1 — P)I,
and PI,, and calculating the conductance curve on the basis
of Blonder-Tinkham-Klapwijk (BTK) theory,'! which we call
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hereafter the mod1-BTK model. Here, (1 — P)I, is the fully
unpolarized current component for which Andreev reflection is
allowed, whereas P 1, is the fully polarized current component
for which Andreev reflection probability is zero. The P
values in various ferromagnets,”™*’ including (Ga,Mn)As,>
have been estimated by fitting the conductance spectrum with
the mod1-BTK model and its relatives. An empirical approach
with density-of-states broadening has also been used to extract
the P value in (Ga,Mn)As.6 However, it is inferred that, in
an S-F junction, the pair potential A in a superconductor is
weakened as a result of the penetration of the exchange field
from a ferromagnet into a superconductor, which is called the
inverse proximity effect.'>”!* This interesting deliberation has
motivated us to study the influence of the inverse proximity
effect on spin-polarized carrier transport across the S-F
interface as well as the estimation of the P value.

In this paper, we are concerned with Andreev reflection
spectroscopy across Nb/p-InggsMng ggAs S-F junctions. As
reported earlier,™® I1I-V-based ferromagnetic semiconductors
are assumed to exhibit half-metallic-like behavior at low
temperatures. We have estimated the P values by fitting the
measured differential conductance with a newly modified
Blonder-Tinkham-Klapwijk model which incorporates both
spin polarization and the inverse proximity effect (mod2-BTK
model). The essential part of the modification is the intro-
duction of the reduced pair potential near the S-F interface.
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Consequently, we have found that the effect of the inverse
proximity effect primarily manifests itself as a softening of
the conductance slope in the superconductor gap region. We
have obtained P ~ 0.725 at 0.5 K for p-Ing g¢Mng 04 As, which
we believe is reliable and offers a benchmark for testing the
theoretical picture of carrier-mediated ferromagnetism.

II. EXPERIMENTS AND DISCUSSIONS

The p-Ing 9sMng g4 As heterostructure was grown on a semi-
insulating (001) GaAs substrate by using molecular beam
epitaxy (MBE).!> A GaSb (lattice constant ay = 0.605 nm)
layer had to be deposited to accommodate the large lattice
mismatch between the GaAs substrate (ap = 0.565 nm), the
InAs epilayer (ap = 0.608 nm), and related alloy layers. In fact,
carrier-mediated ferromagnetism in an InMnAs layer could
be obtained only when appropriate buffer layers were placed
between GaAs and InMnAs.!® The drawback, which reflects
the type-II band alignment at InAs/GaSb,'” is that some of
the holes in InMnAs are transferred to GaSb, and reside in
the GaSb side of InMnAs/GaSb.'® This gives rise to parallel
conductance, and thus an overestimation of carrier mobility.

Figure 1 shows the magnetic-field dependence of the
Hall resistance Ry for p-InggsMngosAs at 0.5 K, which
was obtained using standard Hall bar geometry, as shown
in Fig. 1(b). The slope of the Ry-H curve in high fields
(10 000-90 000 G) allows us to estimate a carrier density n;, of
2.2 x 10" cm™3. Here, we should note that we disregard the
possible contribution of parallel conduction on the GaSb side
of an IngosMng o4 As/GaSb interface.'® Using both n;, and the
longitudinal resistance without a magnetic field, the mobility
wy at 0.5 K is estimated to be 71 cm?/V s.

The Nb/p-Ing 96Mng o4 As junctions were fabricated simply
by depositing an ~80-nm-thick Nb layer on p-Ing 96Mng 04 As,
followed by a standard liftoff process. The device config-
urations incorporating both Nb superconductor and Ti/Au
normal contact pads are shown in Figs. 2(a) and 3(a). No
post-deposition procedure was necessary to realize ohmic
characteristics for Nb/p-Ing9sMng g4As, as anticipated from
previous work on a Pt/Ti/p-InAs ohmic contact without
annealing.'® Ohmic contact characteristics have also been
established for the Nb/n-InAs system.?%2! The critical tem-
perature 7T, of the Nb electrodes was about 8.2 K.

Figure 2(b) shows the Ry-H curves in low fields obtained
at various temperatures from the device shown in Fig. 2(a).
The measurement setup is also shown in Fig. 2(a). The overall
Ry is expressed by?>%

Ry = RoB + RsM, (1

where RoB and RgM are ordinary and anomalous Hall
resistance terms, respectively. A small portion of the sample
resistance component (R,,), which was superimposed on
the raw Hall resistance component (R,,), has been removed
by employing the even/odd function separation method.??
Since the anomalous Hall resistance term is dominant in
low fields, the Ry curve exhibits a square hysteresis loop,
reflecting the magnetization (M-H) curve of a ferromagnetic
p-Ing9sMng g4 As layer. At 20 K, the Hall resistance curve
exhibits linear behavior, whereas it becomes nonlinear at 15 K.
Clear hysteretic behavior develops at 10 K with remnant Hall
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FIG. 1. (a) Schematic cross-sectional view of a p-InggeMng g4 As
wafer, (b) a Hall bar and measurement setup, and (c) magnetic-field
dependence of Hall resistance for p-IngoeMngosAs. The applied
magnetic fields range from +90 000 to —10000 G.

resistance. These facts indicate that the Curie temperature
is between 10 and 15 K, and the film has an out-of-plane
magnetization easy axis. Therefore the Nb/p-Ing 9sMng g4As
junction can be considered an S-F junction below the T of the
Nb electrodes (8.2 K).

A nonlocal measurement technique consisting of a three-
terminal configuration [Fig. 3(a)] has been employed to detect
the Nb/p-Ing 9sMng 4 As interface resistance. We let a charge
current flow from the upper Nb electrode to the left Ti/Au
electrode placed at the left end of the p-InggsMng 4 As slab,
and measured the voltage of the upper Nb electrode with
respect to the right Ti/Au electrode placed at the right end of the
p-Ing.o6Mng g4 As slab. Two Ti/Au electrodes were connected
to the same ground. Electric potential of the p-Ing 9sMng g4 As
region adjacent to the upper Nb electrode is supposed to
be nearly equal to that of the right Ti/Au electrode, since
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FIG. 2. (Color online) (a) Measurement setup and (b) Hall
resistance curves obtained from the setup shown in (a) at various
temperatures.

no current flows across the right half of the slab. Therefore
the voltage obtained by the measurement is regarded as the
voltage drop across the Nb/p-InggsMng o4As interface. The
normal-state resistance measured in this fashion was 2.3 k2
at 0.5 K at the bias voltage of V. =2 mV.

The dI/dV-V characteristics of a double Nb/p-
Ing9sMngg4As junction measured between the upper and
lower Nb electrodes with four-terminal measurement looked
almost the same as those of a single Nb/p-InggsMng osAs
junction [Fig. 3(b)], except for the double bias voltage. The
normal-state resistance was around 4.8 k€2, which was twice as
large as that measured for the single junction. Knowing that the
estimated resistance of the central p-Ing9sMng o4 As channel
of 20 um (width) x 0.8 um (length) x 20 nm (thickness)
is 80 2, we are able to infer that resistance measured across
the double S-F junction primarily consists of a series of two
Nb/p-Ing 96Mng g4 As single junctions.

In the case of a planar-type junction, a current between
Nb and p-IngosMng o4 As primarily flows through the edge
part of a Nb electrode because it prefers to flow within a
superconducting Nb electrode. The effective contact area at
the edge of the Nb electrode is estimated to be 4 x 10~ cm?
[20 um long (Nb) x 20 nm thick (p-Ing.9¢Mng 04 As)], yielding
the contact resistance of around 1 x 10~ € cm?. This value
is four orders of magnitude lower than the contact resistance
of a Ga/p-Ga;_,Mn,As junction5 whose interface resistance
was 10-100 © with a contact area of 1 mm x 1 mm.
Therefore we believe that the contact resistance, and thus
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the barrier scattering parameter Z of our Nb/p-Ing 9sMng g4 As
interface, is sufficiently low to study carrier transport across
the interface.

Letusnow returntothe d/d V-V characteristics of a Nb/p-
Ing 96Mng g4 As junction, as shown in Fig. 3(b). The d1/dV-V
characteristics exhibit almost no voltage dependence above
the 7. of Nb. Below the 7, of Nb, we obtained a conduc-
tance reduction within ~41.5 mV. The magnitude of the
conductance reduction gradually increased as the temperature
decreased. Taking the typical Nb superconducting energy gap
of ~1.5 meV into account, we suppose that this conductance
reduction appears within the superconducting gap. Moreover,
there were almost no conductance peaks near ~£1.5 mV.
These features suggest that the Nb/p-Ing.9¢Mng 04 As junction
has a highly transparent metallic contact with a low barrier
scattering parameter at the S-F interface. This feature is
also noticeable in data obtained in studies of (Ga,Mn)As.>°
For junctions consisting of materials with a Fermi velocity
mismatch, the effective Z value can be expressed by?°

a —r)2]1/2

@)

7z =|27
|:’+ 4r

where Z; is the intrinsic barrier scattering parameter at the S-F
interface, and r = vp r/vF s is the ratio of the Fermi velocity.
Taking account of the values vy g = 1.37 x 108 cm/s for Nb?’
and vp p = 8.3 X 107 cm/s for p-Ing 9sMng o4 As derived from
the measured carrier density n;, = 2.2 x 10'* cm™ and hole
effective mass my, = 0.12m,%® we obtain an r value of 0.61.

20 um
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I R
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FIG. 3. (Color online) (a) Measurement setup and (b) normalized
dl/dV-V characteristics obtained from the device shown in (a) at
various temperatures.
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Consequently, a Z value of 0.25 is derived assuming Z; = 0
(an S-F interface without a tunneling barrier) and r = 0.61.
This sufficiently low Z value suggests that our experimental
results can be understood qualitatively by considering the
suppression of the Andreev reflection caused by the spin
polarization in p-Ing9sMng s As. We also measured the bias
voltage dependence of the differential conductance after
cooling without a magnetic field. There was little difference
between the dependence measured after cooling without a
magnetic field (magnetization in the virgin state) and that
measured at a zero magnetic field after the sample had been
magnetized. We conjecture that the microscopic magnetization
in each magnetic domain contributes to the inverse proximity
effect because the magnetic domain size is greater than the
superconducting coherence length.

Having observed the suppressed Andreev reflection in
an S-F junction, we now discuss the estimation of the
spin polarization P in p-InpgsMnggsAs. To estimate the P
value in p-Ing9sMng g4As accurately with Andreev reflection
spectroscopy, we must consider both the spin polarization
and the inverse proximity effect. We do this with a fit to
the differential conductance obtained with a newly modified
BTK model incorporating both spin polarization and the
inverse proximity effect.'”>”'* Let us assume a Cooper pair
near the S-F interface where one electron of the pair is in
the superconductor, while the other is in the ferromagnet.
In this case, it is preferable for the spin of the electron in
the ferromagnet to be parallel to the majority of the spins
in the ferromagnet. At the same time, the spin of the other
electron in the superconductor must be opposite to the first
one owing to spin-singlet pairing. This induces an effective
magnetic field in the superconductor region whose direction is
antiparallel to the field in the ferromagnet. Consequently, the
pair potential A in the superconductor near the S-F interface
is weakened. To extend the mod1-BTK model by including
the inverse proximity effect, we must consider the effect of
the gradual variation in A in the superconductor near an S-F
interface. Here, the thickness of the Nb electrodes (~80 nm)
is sufficiently less than the lateral Nb geometry (20 um in
width x ~100 pm in length). Therefore we are able to neglect
the out-of-plane pair potential distribution and simply consider
the in-plane one. In accordance with van Son’s method, which
extends the BTK theory to study the effect of a gradual
variation in A near the S-N interface,?’ we have extended
the mod1-BTK model including the inverse proximity effect
with the gradual variation in A near the S-F interface. A is
zero in the ferromagnet and, at the S-F interface, increases in
a steplike fashion, keeps increasing exponentially toward the
bulk Nb within the penetration length of the exchange field
X p, and saturates with the intrinsic value of Nb in the Nb
bulk, as shown schematically in the inset of Fig. 4. Here,
Ag is the pair potential of bulk Nb, and Agg is the pair
potential at the S-F interface. In addition, we take into account
the statistical distribution of A at the S-F interface since the
interfacial roughness weakens specularity and thus degrades
the uniformity of the inverse proximity effect: namely, Ay
(Aso lt) ).

assumes the Gaussian distribution [ ﬁexp(

The values of mean u and variance o2 used in the model

calculation are shown in the Fig. 4 caption. As shown in the
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FIG. 4. Calculated probability distribution for the pair poten-
tial at the S-F interface Agy assuming a Gaussian distribution

[ mexp( M)] with a mean u of 1.05 meV and a vari-
ance o2 of 0.2401. The inset shows a schematic model of the

system where the pair potential in the S region decreases exponen-
tially near the S-F interface [A(0 < x < Xp) = (A5 — (AS A“))) +
((A A5"))exp( = X L >)] whereas the pair potential Vamshes in the
F region.

Appendix, we found that a reasonable value for X p is around
0.6 um, suggesting that the spins in Nb survive over a much
longer distance than the superconducting coherence length of
~40 nm.** Note that, very recently, Yang et al. reported that
the lifetime of spins in the superconducting state is about a
million times longer than that in the normal conducting state.’!
Therefore we believe that it is reasonable for the characteristic
length scale to be the spin-decay length of about 0.6 um.

The Andreev reflection probabilities A(E) and the normal
reflection probabilities B(E) are calculated by integrating the
Bogoliubov—de Gennes equation based on van Son’s method.
A(E) and B(E) are represented by A(E) =|a,|* and B(E) =
| be|?, respectively. Here, the coefficients a, and b, are the
amplitudes of the Andreev reflected wave and the ordinary
reflected wave, respectively, for an incident electron wave with
amplitude 1. These coefficients are given by

u(0)v(0)
(1 + Z2)u(0)? —

ae = 2 2°

Z2v(0) 3)
iZ(1 — i Z)W(0)* — u(0)?)
(1 + Z2)u(0)2 — Z2v(0)2

where #(0) and v(0) are the complex values at x = 0, which
corresponds to the S-F interface. The values of u(0) and
v(0) are governed by the following Bogoliubov—de Gennes
equation where higher-order terms are neglected:

e —

du(x) . 1 .
o = i(wEsAg)™ [(E +iDu(x) — A(x)v(x)],
X
“
dv(x) . ~1 .
o = —i(mésAs)” [(E +iT)v(x) — A(x)u(x)].

Here, E is the energy from the Fermi level, and T is the
additional energy term resulting from the finite quasiparticle
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lifetime effect.’> Very recently, Kiss et al. determined a I’
value of 0.1-0.2 meV in Nb by using laser-excited ultrahigh-
resolution photoemission spectroscopy.®®> Therefore we use
I' = 0.15 meV. &g is the BCS coherence length of Nb, and
A(x) is the spatially varying pair potential. The total current
I through the S-F junction as a function of the bias voltage is
given by

1 0(/ [f(E—-V.T)— f(E.D][1+ A(E) — B(E)]dE,
&)

where f(FE) is the Fermi-Dirac distribution function. Accord-
ing to the mod1-BTK model, I consists of two parts:

I =(—P),+ P, ©6)

where (1 — P)I, is the fully unpolarized part of the current
where Andreev reflection is allowed, and P, is the fully
polarized part of the current where A(E) is zero. I, and I,,
respectively, are calculated by solving Eq. (5) with the above
calculated A(FE) and B(E) values based on van Son’s method.
The d1/dV-V curve can then be calculated by differentiating
Eq. (6) as a function of the applied bias voltage V. The P value,
which is a fitting parameter, must be determined to obtain
the best fit between the calculated and measured differential
conductance.

In Fig. 5, we compare measured and calculated d1/dV-V
curves, and point out the importance of incorporating the
inverse proximity effect. All the curves shown in the figure
are normalized at a bias voltage of ~2 mV. The values of
the physical quantities used for successful calculations are
given in the Fig. 5 caption. The values of Z, Ag, and &5 were

Calculated (Z=0.25)
° mod2-BTK (P = 0.725)
Measured 4 modI-BTK (P =0.745)

1'1""?"'!" ! N

Normalized differential conductance

Voltage (mV)

FIG. 5. (Color online) Comparison of the measured and calcu-
lated d1/dV -V characteristics at 0.5 K. The thick solid line (black)
represents experimental data. The open circles (red) are calculated
using the mod2-BTK model. The values used in the calculation are
Z =0.25 P =0.725 Ag=14meV, I =0.15 meV, & = 40 nm,
Xp =0.6 um, u = 1.05 meV, and 0> = 0.2401. The open triangles
(blue) use the mod1-BTK model with Z = 0.25 and P = 0.745.
dI/dV is normalized by the value near V =2 mV.
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used for both the mod1-BTK and mod2-BTK calculations. Of
these three quantities, well-accepted values were used for Ag
and &g, whereas the Z value was determined explicitly using
Eq. (2) with the measured carrier concentration in a InMnAs
layer [Fig. 1(c)]. The conventional calculation reproduces the
magnitude of the relative change in junction conductance
between zero-bias and saturation-bias (2 mV) voltages with
spin polarization P = 0.745. However, it is clear that the
mod1-BTK model cannot reproduce the feature of gradually
increasing conductance within the superconductor gap region;
see the Appendix for details. As regards the calculated
curve with the mod2-BTK model, the conductance-voltage
characteristics within the gap region have been reproduced
by properly adjusting the three parameters X p, u, and o2.
Consequently, P = 0.725 was extracted as the optimal value
for fitting. From the model calculation, we are able to state
that the influence of the above three fitting parameters on the
process for determining P is much smaller than we anticipated
at the initial stage of the present work. It also becomes clear that
the entired1/d V-V curve, in particular, the softening observed
in the conductance valley, can be well explained by taking
account of the inverse proximity effect. Additional parameters
introduced in the new model are the penetration length of
the exchange field Xp, the I" value, which is the quantity
associated with inelastic scattering caused by imperfections
within a Nb film, and two parameters p and o2, which
represent the inhomogeneity of the pair potential at the S-F
interface in the form of Gaussian statistics. The results of
calculations with different parameter values can be found in
the Appendix. From these calculations, we can conclude that
the Z value is the primary influence on the estimation of the
P value. In contrast, the additional parameters of the inverse
proximity effect, Xp, 1, and o2, suppress the abrupt feature
of the Andreev reflection spectrum. We also note that results
obtained earlier for Ga/GaMnAs (Ref. 5) and Sn/GaMnAs
(Ref. 6) should be revisited with our model.

1.0 § , r———————— 20
[ >

0.8
Q. i 3
g I 2
= 0.6 9
S &
EN z
g 04f o
=}
£ 5
2 02 |- e

0.0 L

0 2 4 6 8 10
Temperature (K)

FIG. 6. (Color online) Temperature dependence of spin polar-
ization P and anomalous Hall resistance terms in p-InggsMng g4 As.
The solid circles (red) and left axis represent P. The open circles
(black) and right axis represent anomalous Hall resistance terms.
The P values are determined by comparing the measured d1/dV-V
characteristics at several temperatures with those obtained from the
mod2-BTK model. The anomalous Hall resistance terms are obtained
from the y intercept of the Ry-H curves shown in Fig. 2(b).
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FIG. 7. (Color online) Calculated d//dV-V characteristics at
0.5 K obtained using the mod2-BTK model with three different Z
values. Open triangles (blue), open circles (red), open diamonds
(green) indicate results obtained with Z = 0, 0.25, and 0.5,
respectively. The thick solid line (black) represents experimental data
obtained at 0.5 K. The d1/dV values are normalized with the value
obtained at a bias voltage of V =2 mV. Other physical quantities used
for the calculations are P = 0.725, Ag = 1.4 meV, I' = 0.15 meV,
& =40 nm, Xp = 0.6 um, & = 1.05 meV, and o2 = 0.2401, as
shown in the inset.
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FIG. 8. (Color online) Calculated dI/dV-V characteristics at
0.5 K obtained using the mod2-BTK model with three different P
values. Open triangles (blue), open circles (red), open diamonds
(green) indicate results obtained with P = 0.7, 0.725, and 0.75,
respectively. The thick solid line (black) represents experimental data
obtained at 0.5 K. The d1/dV values are normalized with the value
obtained at a bias voltage of V =2 mV. Other physical quantities used
for the calculations are Z = 0.25, Ag = 1.4 meV, I' = 0.15 meV,
£ =40 nm, Xp = 0.6 um, = 1.05 meV, and o2 = 0.2401, as
shown in the inset.
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FIG. 9. (Color online) Calculated d//dV-V characteristics at
0.5 K obtained using the mod2-BTK model using four different
combinations of I' and P values. Open diamonds (green) indicate
results obtained with I' = 0 meV and P = 0.75. Open triangles
(blue), open circles (red), crosses (purple) indicate results obtained
with I' = 0, 0.15, 0.3 meV, and P = 0.725, respectively. The thick
solid line (black) represents experimental data obtained at 0.5 K. The
d1/dV values are normalized with the value obtained at a bias voltage
of V =2 mV. Other physical quantities used for the calculations are
Z =0.25As =14meV, & =40nm, Xp =0.6 um, u = 1.05 meV,
and o2 = 0.2401, as shown in the inset.

Let us consider the effect of parallel conduction on the
estimation of the P value. Recall that this problem is due to
the GaSb channel at the p-IngosMng o4 As/GaSb interface,'®
and should be taken care of, since parallel conduction gives
rise to an underestimation of the carrier concentration in a
p-Ing.96Mng g4 As layer. Within the limitof nj, < 10% cm~3, the
rand Z values in Eq. (2) become closer to 1 and 0, respectively,
as long as the relation vp r < vp s is fulfilled. The condition
vr.F = vp.g gives the upper bound value of n;, = 10 cm™3,
with which we obtain P = 0.77. These facts indicate that
the parallel conduction at the IngsMng 04 As/GaSb interface
would not have a severe impact on the reliability of the
P value.

Figure 6 shows the temperature dependence of P and the
anomalous Hall resistance terms in p-InggsMngg4As. The
Curie temperature is 10 K or slightly higher as exemplified in
the Hall data shown in Fig. 2(b). The temperature dependence
of the anomalous Hall resistance terms corresponds to that of
magnetization as long as the sheet resistance Ry is assumed
to be nearly constant below the Curie temperature of ~10 K.
We found that the P value decreases with increasing temper-
ature, which is qualitatively consistent with the temperature
dependence of magnetization. The temperature dependence
of the P value can be understood in terms of hole-mediated
ferromagnetism.** The low Curie temperature manifests itself
in a small exchange splitting at the top of the valence band
around which the Fermi level resides. When the sample
temperature is increased, the exchange splitting presumably
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closes up rapidly at elevated temperatures, especially near
the Curie temperature. In other words, the imbalance in the
hole population between the spin-up and spin-down states is
reduced to a great extent when a sample is close to the Curie
temperature. Other samples with higher Curie temperatures
should be tested in future work. The P value of 0.725
in p-IngosMnggsAs at 0.5 K is lower than that of ~0.85
in p-Ga;_,Mn,As (x = 0.05 or 0.08).>° Nevertheless, it is
interesting to note that both systems have relatively high P
values, which is probably one of the intrinsic characteristics
of III-V ferromagnetic semiconductors.

III. CONCLUSION

We have studied spin-polarized carrier transport across
Nb/p-Ing 9sMng g4As junctions. We have observed that sub-
gap conductance is suppressed, and that conductance peaks
near the bias voltage of V = +A /e are strongly smeared
out. These experimental results indicate highly transparent
metallic contact between Nb and p-InggsMngosAs with a
high P value. The moderate slope of a dI/dV-V curve
in the subgap region can be understood by considering the
suppression of the Andreev reflection caused by the spin
polarization in p-InggsMngosAs. We have evaluated the P
values in p-Ing9sMng g4As experimentally by comparing the
measured differential conductance with that calculated by a
newly modified BTK model including both spin polarization
and the inverse proximity effect. Consequently, the P value

A X;) =40 nm
© Xp =0.6 um
Measured °© X = 1.2 um

1.1

0.9

0.8

Normalized differential conductance

I H H H H Z:OZS
0.7 frenen e P e e oo P} 25
. j j j P A= L4mev
0.6 Lve o R L L
r : : : : I'=0.15meV
R oo PR g =105 me Y
T T~0.5K ‘ P g=0.2401
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-3 -2 -1 0 1 2 3
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FIG. 10. (Color online) Calculated d1/dV-V characteristics at
0.5 K obtained using the mod2-BTK model with three different X p
values. Open triangles (blue), open circles (red), open diamonds
(green) indicate results obtained with Xp = 40 nm, 0.6 um, and
1.2 um, respectively. The thick solid line (black) represents exper-
imental data obtained at 0.5 K. The dI/dV values are normalized
with the value obtained at a bias voltage of V = 2 mV. Other physical
quantities used for the calculations are Z = 0.25, P = 0.725, Ag =
1.4 meV, T = 0.15 meV, & = 40 nm, u = 1.05 meV, and o2 =
0.2401, as shown in the inset.
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& u=0.7meV
° u=1.05meV
— Measured ¢

U=1.4meV
Ll e

0.
P

Normalized differential conductance

o =0.2401

3 2 -1 0 1 2 3
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FIG. 11. (Color online) Calculated d1/dV-V characteristics at
0.5 K obtained using the mod2-BTK model with three different p
values. Open triangles (blue), open circles (red), open diamonds
(green) indicate results obtained with u = 0.7, 1.05, and 1.4 meV,
respectively. The thick solid line (black) represents experimental data
obtained at 0.5 K. The d1/dV values are normalized with the value
obtained at a bias voltage of V =2 mV. Other physical quantities used
for the calculations are Z = 0.25, P = 0.725, Ag = 1.4 meV, "' =
0.15meV, & =40 nm, Xp = 0.6 um, and 0> = 0.2401, as shown in
the inset.

extracted experimentally for p-InggsMnggsAs at 0.5 K has
been P = 0.725 with Z = 0.25.
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APPENDIX: RESULTS OF CALCULATIONS WITH
DIFFERENT PARAMETER VALUES

The purpose of this Appendix is to clarify the cause and
effect in relation to the calculated d 1 /d V -V characteristics and
physical quantities Z, P, I', X p, i, and o2. Tt has become clear
from these calculations that X p, i, and o2 have little influence
on the process of determining the P value, and rather appear
in the overall shape of d1/dV-V curves, in particular, in the
softening of the conductance valley and the peaks appearing
at the valley edges.
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FIG. 12. (Color online) Calculated d1/dV-V characteristics at
0.5 K obtained using the mod2-BTK model with three different o2
values. Open triangles (blue), open circles (red), open diamonds
(green) indicate results obtained with o> = 0.0882, 0.2401, and 0.49,
respectively. The thick solid line (black) represents experimental data
obtained at 0.5 K. The d1/dV values are normalized with the value
obtained at a bias voltage of V =2 mV. Other physical quantities used
for the calculations are Z = 0.25, P = 0.725, Ag = 1.4 meV, I' =
0.15 meV, & =40 nm, Xp = 0.6 um, and pu = 1.05 meV, as shown
in the inset.
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In Figs. 7 and 8 we show the dependence of Z and P on
the d1/dV -V characteristics, respectively. The other physical
quantities are fixed at their optimal values to yield the best fit
between the calculated and measured differential conductance.
The difference between the d 1 /dV values for the zero-bias and
normal conductance states is the primary quantity that affects
both Z and P.2*3

In Fig. 9 we show the calculated d1/d V-V characteristics
with various combinations of I" and P values. Fixing the
P value at P = 0.725, we find that the best fit is obtained
with ' = 0.15 meV. When I" is set at ' = 0, P = 0.75
is found to be the optimum value. However, conductance
peaks appear near ~=+1.4 mV, reflecting the effect of Ag.
Consequently, we find that the overall dI/dV-V character-
istics cannot be reproduced without setting a finite value
for I

In Fig. 10, we show the calculated d1/d V-V characteristics
with three different X p values, including X p = 40 nm, which
is equal to the superconducting coherent length (£5) in Nb. The
experimental d1/dV-V curve can be reproduced with Xp =
40 nm for the valley region (| V |<1.4 mV), whereas there is
a severe discrepancy at the peak regions near ~+1.4 mV with
Xp =40 nm.

Figures 11 and 12 show the calculated dI/dV-V char-
acteristics with various p and o? values, respectively.
It is clearly seen that p and o“ primarily influence
the overall shape of the dI/dV-V characteristics. In all
cases, P = (.725 was extracted as the optimum value after
fitting.
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