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The spin polarization of 共100兲-oriented ␥⬘-Fe4N layers grown on MgO共001兲 substrates by molecular
beam epitaxy was deduced from point contact Andreev reflection measurements, and the value was
compared with that of ␣-Fe. The spin polarization 共P兲 for ␥⬘-Fe4N is approximately 0.59 at 7.8 K.
This value is distinctly larger than that for ␣-Fe 共P = 0.49 at 7.8 K兲 measured with an identical
setting. The mechanism of enhanced spin polarization in ␥⬘-Fe4N is discussed. © 2009 American
Institute of Physics. 关DOI: 10.1063/1.3140459兴
Highly spin-polarized ferromagnetic materials are of
great interest as sources of spin currents in various spintronics devices. Numerous types of half-metals and their heterojunctions have been studied extensively since de Groot et al.1
proposed the theoretical concept of half-metals in 1983. For
many practical applications in spintronics devices, the halfmetals must be ferromagnetic at room temperature. Because
of this requirement, Co-based Heusler alloys, which were
theoretically predicted to be ferromagnetic half-metals, have
been intensively studied.2–8 However, half-metallicity is
based on the total density of states 共DOSs兲, and half-metals
based on DOS do not necessarily yield highly spin polarized
transport in tunneling magnetoresistance 共TMR兲 and currentperpendicular-to-plane giant magnetoresistance 共CPP GMR兲.
Therefore, ferromagnetic electrodes that give high spin polarization in electron transport need to be sought. Recent
theoretical analysis by Kokado et al.9 predicted highly enhanced spin polarization of transport electrons in ferromagnetic fcc–Fe, which motivated us to investigate iron nitrides
as a potential spintronics material. Although Kokado et al.9
predicted highly spin-polarized transport in ␥⬘-Fe4N, there
have been few experimental investigations. Sunaga et al.10
and Komasaki et al.11 fabricated Fe4N / MgO/ CoFeB magnetic tunnel junctions 共MTJs兲, and reported negative but relatively low spin polarization of Fe4N deduced from TMR ratios using Julliere’s formula.12 It is well known that the spin
polarization values deduced from this formula are of tunneling electrons and largely influenced by the interfacial structure. Hence, they are different from the intrinsic spin polarization of electrode materials.13 In contrast, point-contact
Andreev reflection 共PCAR兲 directly senses the spin polarization of the transport current between a sample and a superconducting probe,14,15 which has been used to characterize
transport spin polarization of various materials.6,16–18 Since
there is no direct experimental measurement of spin polarization of ␥⬘-Fe4N, we evaluated the transport spin polarization of ␥⬘-Fe4N using PCAR measurements. To validate the
deduced value, it was compared to that of ␣-Fe estimated
with an identical experimental setting.
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␥⬘-Fe4N films for spin polarization measurements were
prepared by molecular beam epitaxy using Fe共CO兲5 as the Fe
source and a nitrogen radical beam produced by electron
cyclotron resonance plasma. Approximately 800-nm-thick
␥⬘-Fe4N films were grown.19 For comparison, approximately
200-nm-thick ␣-Fe layers were prepared on MgO共001兲 by
radio-frequency 共rf兲 magnetron sputtering in an Ar atmosphere at room temperature, followed by coating with 1 nm
Au to prevent surface oxidation of ␣-Fe. The vacuum level
was 1.0 Pa and the rf power was 200 W. The structure of the
grown layers was characterized by -2 x-ray diffraction
共XRD兲 using a Cu K␣ source. Reflection high-energy electron diffraction 共RHEED兲 patterns were observed along the
关100兴 azimuth of MgO. The spin polarization 共P兲 was measured by the PCAR method using ␥⬘-Fe4N / Nb or ␣-Fe/ Nb
contacts in liquid helium. Several contacts were mechanically made by positioning a sharp needle at various locations
on sample surfaces. Conductance-voltage curves were measured across the contacts by the ac four-probe method using
a lock-in technique. Interface barriers can be described by
introducing a dimensionless interfacial scattering parameter
Z into the modified Blonder–Tinkham–Klapwijk 共BTK兲
theory.20,21 To estimate the contact diameter of the Nb tip
with the sample and the nature of the electron transport at the
point contacts, we used the contact resistance formula from
the quasiclassical transport theory which can be applied to
both diffusive and ballistic transport as R = 共1 + Z2兲
⫻兵共4lm / 3d2兲 + ␥共lm / 2d2兲其, where lm = 15 nm is the mean
free path of the electron for typical hole conduction in superconductors,  is the resistivity 共1.136 ⍀ m兲 value measured at 4.2 K, d is the diameter of the contact, and the
prefactor ␥ is usually on the order of unity for mechanical
point contacts.22 Hence, the typical contact resistance of
20 ⍀ in this work corresponds to a diameter of approximately 28 nm, which is larger than the average mean free
path of electrons in ferromagnets, indicating a diffusive contact. However, physical contact in a point contact is much
larger than this value, even though the conductance curve
looks almost like that for ballistic transport, which indicates
that there might be multiple contacts in the interface contributing simultaneously to the conductance. From our best fitting procedure, the ⌬ values were 30% lower than the bulk
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FIG. 2. 共Color兲 Normalized conductance vs voltage curve of ␥⬘-Fe4N / Nb
contacts measured at 7.8 K. The curve is well fitted at Z = 0.0. Voltageconductance 关V − G共V兲 / GN兴 curve of the film measured by the PCAR
method and the fitted curve by the modified BTK theory using P, Z, and ⌬
共in meV兲.

FIG. 1. -2 XRD patterns of 共a兲 ␥⬘-Fe4N and 共b兲 ␣-Fe films grown on
MgO共001兲. The inset shows the RHEED pattern of the ␥⬘-Fe4N film observed along the 关100兴 azimuth of MgO.

superconducting bandgap of Nb, 1.5 meV. This is thought to
result from the multiple contacts that can give rise to suppression of the bandgap as reported by Clowes et al.23 for
Nb/Cu; they reported that the gap values were reduced to as
low as 0.5 meV as the contact resistance decreased. Woods et
al.24 mentioned that the superconductor has a pair-breaking
effect due to the interface at the metal/superconductor or the
ferromagnet/superconductor, which can be resolved by
adopting a temperature higher than the measured value in the
fitting procedure. However, the shapes of the conductance
curves in both cases are similar. Hence, we have chosen the
fitting temperature of 7.8 K, even though it is higher than the
measurement temperature. The intrinsic P value was deduced by extrapolating P values for various interfacial scattering parameter Z values to the limit Z = 0.
Figures 1共a兲 and 1共b兲 show typical examples of -2
XRD patterns of ␥⬘-Fe4N and ␣-Fe films, respectively,
grown on MgO共001兲 substrates. No peaks other than those
from 共100兲-oriented ␥⬘-Fe4N, that is, the 共100兲, 共200兲, and
共400兲 planes, were observed as shown in Fig. 1共a兲. The
RHEED pattern was not streaky but showed rings, indicating
the growth of strongly 共100兲 textured ␥⬘-Fe4N films with
various rotations in the surface normal direction. The formation of 共100兲 textured Fe layers was also confirmed on the
MgO共001兲 substrate as shown in Fig. 1共b兲. In our previous
paper,19 we reported that the epitaxy of ␥⬘-Fe4N layers on
MgO共001兲 was enhanced by the deposition of ␣-Fe layers;
however, ␣-Fe predeposited layers were not employed in this
study.
Figure 2 shows the normalized conductance, G共V兲 / GN,
versus voltage, V, curve for the ␥⬘-Fe4N film measured at 7.8
K using PCAR. The curve can be fitted by the modified BTK
model using three parameters,21 namely spin polarization

共P兲, the interfacial scattering parameter 共Z兲, and the superconducting bandgap 共⌬兲, as shown in the figure. According
to this model, the P value depends on the Z parameter, and
contacts with higher Z result in a lower spin polarization
value. Only the P value with a transparent interface 共Z = 0兲
corresponds to the intrinsic spin polarization. This scatteringfree state was observed for the ␥⬘-Fe4N film. As shown in
Fig. 2, the curve was fitted well at Z = 0.0, and thus the P
value was directly derived to be 0.59. This value is as large
as those of Co2MnSi and Co2FeAl,25,26 which are predicted
to be half metals.
To confirm that the nitrogenation of iron enhanced the
spin polarization, we measured PCAR spectra from ␣-Fe using the identical setting. Figure 3共a兲 shows one example of
the conductance-voltage curve with Z = 0.11. In contrast to
the curve for ␥⬘-Fe4N, the conductance-voltage curves of the

FIG. 3. 共Color兲 共a兲 Example of normalized conductance vs voltage curve
of the ␣-Fe/ Nb contacts measured at 7.8 K. The curve is well fitted at Z
= 0.11. 共b兲 Extrapolation to Z = 0 results in the intrinsic P value.
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␣-Fe films could not be fitted well using Z = 0.0. Thus, P
values derived for various Z values were measured from several contacts, as shown in Fig. 3共b兲, and the intrinsic P value
was deduced from extrapolating P to Z = 0. As shown in Fig.
3, the intrinsic P value was estimated to be approximately
0.49, which shows reasonable agreement with the previously
reported value of 0.44 estimated by superconducting tunneling spectroscopy 共STS兲.27 These results have convincingly
shown that the spin polarization of ␥⬘-Fe4N is distinctly
higher than that of ␣-Fe. There has been some discussion on
the validity of P values derived using modified BTK fitting
of PCAR.28 However, the P values of ␥⬘-Fe4N and ␣-Fe
films were obtained by the same PCAR technique with an
identical setting, and the conductance versus voltage curves
were well fitted with the modified BTK mode in this work.
In addition, the obtained P value for ␣-Fe is close to that
reported previously using STS. Thus, it can at least be stated
that the spin polarization of ␥⬘-Fe4N is significantly larger
than that of ␣-Fe. According to Ref. 9, the large spin polarization in ␥⬘-Fe4N can be attributed to the enhanced transport of 3d bands by introducing an N atom at the body center
position of ␥-Fe 共fcc structure兲. However, we do not have
sufficient data to discuss the underlying mechanism. Therefore, further experimental studies on the DOSs in ␥⬘-Fe4N
together with TMR ratios in MTJs and MR ratios in CPP
GMR would be useful for understanding the mechanism of
large spin polarization of ␥⬘-Fe4N.
In summary, we have estimated the spin polarization of
␥⬘-Fe4N and ␣-Fe films by the PCAR method to investigate
the possibility of enhancement of spin polarization by nitrogenation of Fe. The conductance versus voltage curves were
well fitted with the modified BTK model to deduce spin
polarization values of ␥⬘-Fe4N and ␣-Fe films to be 0.59 and
0.49, respectively, at 7.8 K. The spin polarization value of
0.59 for ␥⬘-Fe4N is distinctly larger than that of Fe and is
comparable to that of Co75Fe25.22
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