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An enhancement of extraordinary Hall coefficient over two orders of magnitude larger than that of bulk Fe
is found in conductive e-FesN nanocrystalline films with similar and nearly temperature-independent conduc-
tivities, but extremely different structural defect content. A scaling exponential of n=1.59 in o, ~ 07, between
the Hall and longitudinal conductivities is obtained for the well-crystallized sample, which fits well with the
recent developed universal scaling theory characterized by n=1.6 in the dirty limit. However, no scaling
relation is valid for the sample with a large amount of amorphous parts and the fitting relation of p,, pf,
between the Hall and longitudinal resistivities at the lower resistivity range gives an unexpected high expo-
nential of n=17.6. The anomalous scaling behavior may be qualitatively explained by the mean free path
model due to the temperature-dependent scattering by spin-disordered grain boundaries and amorphous phases.
Because of the large Hall coefficient, nearly temperature-independent Hall and longitudinal resistivity, and
rather low Ohmic resistivity, the e-Fe;N nanocrystalline film might be a promising candidate for low-field Hall
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I. INTRODUCTION

It is known the Hall resistivity in a magnetic material can
be described by the empirical relation of p,,=RB+R4mM,
where p,,, Ry, and R, are the Hall resistivity, the ordinary
Hall coefficient and the extraordinary Hall coefficient, re-
spectively. B is the magnetic induction and M is the magne-
tization perpendicular to the film plane. The first term is the
ordinary Hall effect. While the second term is a characteristic
of magnetic materials which is called the extraordinary Hall
effect (EHE, or anomalous Hall effect).

During the last decades, extensive studies have been car-
ried out on the EHE in magnetic materials due to its funda-
mental importance to basic magnetism and potential applica-
tions for low-field Hall sensors. In the well-studied bulk Fe,
the room-temperature R, is about 7.2X107'> Q cm/G,
which value is over thirty times larger than that of
Ry(0.23X 1072 Q cm/G). Although R, is much larger than
R, in magnetic materials, its magnitude is still much smaller
than the Hall coefficient of semiconductors. In 1995, a giant
enhancement of EHE was found in magnetic metal-insulator
granular films.! The reported R, is nearly four orders larger
than that of the corresponding pure metal. Up to now, the
magnitude of the Hall sensitivity in some magnetic films has
been improved to the values of semiconductors such as Si
and Ge, which makes them potential candidates for the ap-
plications in magnetoelectric devices such as Hall sensor,
spin current detection, and magnetic logic device.””’

Models based both on intrinsic and extrinsic origins have
been proposed for the explanations of EHE. A powerful ex-
perimental test for these models is to measure the scaling of
the anomalous Hall resistivity (conductivity) p,,(o,,) with
the longitudinal resistivity (conductivity) p,, (o). Histori-
cally, two commonly used models of the extrinsic origin of
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EHE are skew scattering® and side jumping'® due to spin-
orbit interaction connecting the spin polarization with the
orbital motion of electrons. In the clean limit with high con-
ductivity the skew scattering dominates, resulting in the re-
lation of p,,*p, (equivalently, o,,*0,,). The side-jump
scattering becomes important in dilute ferromagnetic alloys
at high temperature, which gives the relation of p,CyOCpiC (or
0, = const).

Recently, uniform theory has been proposed for the expla-
nation of EHE in multiband ferromagnetic metals with dilute
impurities, which includes both intrinsic and extrinsic
contributions.!" The model classifies the EHE into three dif-
ferent scaling regimes. In the clean regime with a conductiv-
ity o,>10° Q7' cm™!, skew scattering is dominant and
causes 0,,% 0. In the moderately dirty regime within
10°-10° Q~'cm™', the intrinsic contribution becomes
dominant, yielding o, ,~const. In the dirty limit with
0, <10* Q' cm™!, the intrinsic contribution is strongly
damped, a scaling relation of o-xyow'if is predicted. This
universal scaling theory has been proved to be valid for sys-
tems including the itinerant ferromagnets, high-resistive me-
tallic materials, and some materials with hopping conductiv-
ity such as magnetite (Fe;0,).%1717 Very recently, the
validity of the uniform scaling theory for the single material
of bee Fe (001) epitaxial thin films has also been testified by
Sangiao et al., in which the conductivity of the films can
span all the three conductivity regimes by controlling the
thickness and roughness of the Fe layer.'3

Nevertheless, the magnetotransport properties in magnetic
inhomogeneous systems are sophisticated due to the inhomo-
geneous spin distribution. The physical mechanism of EHE
is still controversial and intriguing. More experimental evi-
dences are needed to get a further insight into the origin of
EHE in magnetic materials. We note that the resistivity is
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strongly temperature dependent in the reported magnetic sys-
tems for the research of EHE. It may be interesting to ques-
tion whether the scaling rule is still valid in system where the
resistivity is nearly temperature independent.

In this paper, we report the structural, magnetic, and elec-
trical properties of e-FesN nanocrystalline films with differ-
ent grain size and structural defect content. e-Fe;N nanocrys-
talline films were selected for the research of EHE based on
the following considerations: (1) the properties of iron ni-
tride materials have been extensively studied for decades.
However, the research on the EHE is scarce. (2) It has been
reported that, when the grain size changes from 300 to 10
nm, the saturated magnetization of e-Fes;N films keeps nearly
steady within the temperature range from 10 to 300 K.!° The
variation in saturated extraordinary Hall resistivity p,y
would therefore directly resemble the changes of extraordi-
nary Hall coefficient R; according to the relation of
Prys=RoB+RAmM. (3) e-Fe;N nanocrystalline films display
a small change in conductivity (between 150 and
250 uQ cm) for different film thicknesses and
temperatures.'? The nearly temperature-independent conduc-
tivity makes e-Fe;N an ideal candidate for the verification of
different scaling rules. Our experimental results show the
extraordinary Hall coefficients of the e-Fe;N nanocrystalline
films are over two orders of magnitude larger than that of
pure iron. However, the samples follow different relations
between the Hall and longitudinal conductivities o, ~ 0.,
while their resistivities are within the similar range
(235-420 € cm from 5-300 K). A scaling exponential of
n=1.59 is obtained for the sample with fine nanocrystalliza-
tion (represented by S; below). On the contrary, the scaling
relation is invalid for the sample with a large amount of
amorphous parts (represented by S,).

II. EXPERIMENTAL

Nanocrystalline e-Fe;N films were fabricated by magne-
tron sputtering Fe (99.99%) target in Ar (99.999%) and N,
(99.999%) mixture with a ratio of 5:1 on glass substrate. The
base pressure of the chamber was better than 1X 107 Pa
before deposition and the total pressure for sputtering was
kept at 1.0 Pa. The substrate rotates at 30 rpm during the
deposition. The substrate temperatures are 300 and 25 °C for
S, and §,, respectively. The composition of e-Fe;N films was
analyzed by x-ray photoelectron spectroscopy (XPS, Muti
Technic Model S600). The film thickness of all samples are
~200 nm determined by Ambios XP-2TM surface profiler.
The microstructure of the films was characterized by trans-
mission electron microscopy (TEM, JEOL JEM-3000F). The
magnetic properties were measured by a Quantum Design
superconductor interference magnetometer (MPMS-5s). The
conventional four-probe method was used to measure the
resistance of the films, while the five-probe technique was
used for the Hall measurement.

III. RESULTS AND DISCUSSION

Figure 1 are the TEM bright field images and the selected
area electron diffraction (SAED) patterns of S; and S,. It can
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FIG. 1. (a) and (c) are the bright field TEM images of S; and S5,
respectively. (b) and (d) are the SAED patterns of S| and S,.

be seen that both §; and S, are composed of nanocrystalline
grains. The average grain diameter of S, is about 10 nm.
While for S, it is estimated to be 6.5 nm. It is worth noticing
that there are some amorphous components in S,, which are
marked by the arrows in Fig. 1(c). The main diffraction rings
of both samples shown in Figs. 1(b) and 1(d) can be indexed
into polycrystalline e-FesN, indicating that the major phase
of the samples are e-FesN. However, some diffraction rings
corresponding to y-Fe,O5; can also be observed in both
samples. The oxidization of the TEM samples is due to the
absorption of oxygen in the procedures of fixing the samples
on holders with glue at 120 °C in air for 30 min, in order for
mechanical grinding and ion milling.

XPS analysis was performed in order to further confirm
the composition of the samples. Figure 2 shows the XPS
spectrum of Fe2p state of the samples taken at
hv=1253.6 eV before and after sputter cleaning by Ar" ions.
The Fe 2p core levels split into 2p,,, and 2p;,, components
due to spin-orbit coupling. The peaks situate at ~706.7 eV
and 720.1 eV are characteristics of unoxidized Fe in e-FesN
nitride material.>® However, the peaks corresponding to the
binding energy of 710.3 and 723.4 eV in Fig. 2(a) indicates
that the Fe ions are oxidized in to Fe** state. The appearance
of Fe** in the surface layer (<5 nm) is in accordance with
the results of TEM.

Presented in Fig. 3 are the room-temperature magnetiza-
tion loops of S; and S, with magnetic fields perpendicular to
the film plane. The saturated magnetization (M,) is 1013
emu/cc for S;, which is similar to reported value of the Fe;N
films (about 1102 emu/cc).2! However, the M| for S, is about
791 emu/cc, which value is significantly smaller than that of
S,. Besides, the coercivity (H,) for S, is about 350 Oe which
is larger than that of S;(~230 Oe). According to the TEM
images shown in Fig. 1, there are more grain boundaries and
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FIG. 2. (Color online) Fe 2p3,, XPS spectrum of S; and S, (a)
before and (b) after sputter cleaning by Ar* ions. The film thickness
was decreased for about 5 nm after sputtering.

nonmagnetic components in S, than in S;. The decrease in
magnetization and increase in coercivity for S, are attributed
to the existence of grain boundaries, in which the surface
spin disorder plays an important role in magnetic properties.
Similar decreasing behaviors have also been reported in
Fe;0, and NiFe,0, nanoparticle systems.?>?3

The room-temperature longitudinal resistivities (p,,) are
248 and 419 w) cm for S, and S,, respectively. Both p,,
curves are nearly temperature independent (within 5% and
2%) from 5 to 300 K as shown in Fig. 4, which is similar to
the result by Naganuma et al.!” Another interesting character
is that the temperature dependence of the two samples is
different. The p,, of S| decreases with decreasing tempera-
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FIG. 4. (Color online) Normalized p,(T)/p,(300 K)-T curves
of S and S,. The solid line is fitting curve for S, using Eq. (1). The
inset shows the low temperature part of the p,,-T curve of S;. The
solid line in the inset is a guide to eyes.

ture and reaches a minimum at 50 K, presenting a typical
metallic behavior. Below 50 K, the resistivity curve satisfies
a In T relation as shown in the inset of Fig. 4. This logarith-
mic behavior has also been reported in Ni,Nb;_, metallic
glasses®* and MnsSi;C, films, which origins from the im-
perfections such as grain boundaries, dislocations, and point
defects.””> On the contrary, the p,, of S, increases with de-
creasing temperature. The negative temperature coefficient is
analogous with some amorphous materials®® and has also
been observed in other nanocrystalline Fe;N films with small
grain sizes and some amorphous matrices.!” It has been pro-
posed that the temperature dependence of the resistivity in
the amorphous materials can be described by the empirical
equation,?’

p(T)

-T
—p(300 K =A+B exp(T), (1)

where A, B, and A are the fitting parameters. It has been
suggested that B is a function of the electronic-specific heat
coefficient and states. A is an indication of the interaction
with the lattice vibration. The fitting curve for S, using Eq.
(1) is presented in Fig. 4 with parameters of A=0.999,
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FIG. 3. (Color online) M-H curves of S; and S, measured at 300
K. The upper inset shows the detailed magnetization curves at low
field. The lower inset presents the temperature dependent M
curves.
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FIG. 5. (Color online) (pg-H) curves at 5 and 300 K. The top
and bottom insets are R, and R, at different temperatures.
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FIG. 6. (Color online) The In o, ~1In oy, curves for (a) S, and
(b) S,. (c) The In p,,~In p,, curve of S,.

B=0.013, and A=126.432, respectively. The nearly
“amorphous” behavior of the resistivity here is also in accor-
dance with the TEM analysis and the magnetic results. As
there are some amorphous phases and a large amount of
grain boundaries in S,, the disordered phases in S, make the
magnetic and electrical properties different from that of S;.

Figure 5 shows the Hall resistivity curves (py-H) for S|
and S, measured at 5 and 300 K. Both the ordinary (R,) and
extraordinary (R,) Hall coefficients are negative, suggesting
an electron dominated transport mechanism. The absolute
value of R, is ~5X107'"?2 Qcm/G for S, and
~1.5X 107" Q cm/G for S, as shown in the bottom inset of
Fig. 5. The absolute saturated Hall resistivity (p,,) is ob-
tained by extrapolating the linear parts of the py-H curves
from high field to zero. And then, R, can be deduced by the
relation of R;=p,,/47M,. The obtained R, values for S; and
S, are 12 and 24%X10° Qcm/G at 300 K, which
is 167 and 333 times larger than that of bulk
Fe (7.2X 1072 Q cm/G), presenting a significant EHE. The
large and nearly temperature-independent Hall coefficient
make the nanocrystalline films to be a feasible candidate for
Hall devices applications.

To further investigate the conduction mechanism of EHE
in the iron nitride films, we plot the In o, versus In o,

y
curves based on the relations of o-x),:p;;‘?t and ‘Txx:p;i;ﬁt'
The relation o,,% 0%, is followed for "Sl ‘with the scélirig
exponent n=1.59+0.05 [Fig. 6(a)] and a correlation coeffi-
cient of 0.99257. With respect to the scaling exponent n and
the longitudinal conductivity of 4 X 10> Q~! cm™, the result
of §; is in good agreement with the universal scaling theory

within the dirty regime,!' which indicates the mechanism of

PHYSICAL REVIEW B 80, 174412 (2009)

EHE in S, is dominated by extrinsic contributions. Similar
exponential effect has also been found in some homogeneous
materials whose longitudinal resistivities are also in the dirty
regions.®!” Our result further reveals the universal scaling
relation is also applicable for some inhomogeneous nano-
crystalline systems. On the contrary, although the o, value
of $5(2.4X 10> Q7! cm™) is in the same dirty limit as that of
Sy, it is interesting to find that the universal scaling relation
of o, d%, is invalid for S, as shown in Fig. 6(b).

According to the traditional side-jumping model,'? a scal-
ing relation of px),upix is predicted. We change the plot to
the In p,,~In p,, relation in Fig. 6(c). However, the expo-
nent n at the lower resistivity range is about 17.6, which is
much larger than 2. The large exponent is similar to some
other inhomogeneous systems, such as Fe/Cr multilayers,?
Co-Ag granular films,?® and Ga,_Mn,As films,*® in which
the Hall resistivity increases with increased longitude resis-
tivity and the exponent n is about 2-3.7.

The early theoretical study on EHE in magnetic
multilayer systems by Zhang has proposed that the relation
between the Hall conductivity o, and the longitudinal con-
ductivity o,, is relevant to the electron mean-free path
(MFP).3! For the local limit where the MFP is much less than
the layer thickness, the o, is independent of the scattering
potentials. Thus, the conductivity is the ordinary two-point
conductivity and the scaling law pxyotpix (or o, ~=const) is
valid. In the long limit where the MFP is much larger than
the layer thickness, electrons cross through many layers be-
fore they are scattered. Therefore the Hall conductivity re-
lates both the thickness of the magnetic layers and the non-
magnetic layers. At this time, the Hall conductivity is so
complex that it is determined both by the thicknesses of the
magnetic and nonmagnetic layers and the electron relaxation
time in the magnetic and nonmagnetic layers. As a result, the
plot of the In p,, ~In p,, may not be linear. Furthermore, the
exponent may larger than two when the MFP in nonmagnetic
layers depends on temperature. As there are large amounts of
spin disorder grain boundaries and amorphous components
in S, the result of EHE may be qualitatively explained based
on Zhang’s mean-free-path model by extending nonmagnetic
layers to spin-disordered phases in S,. The anomalous scal-
ing relation in S, may be due to the temperature-dependent
scattering by spin-disordered grain boundaries and amor-
phous phases. Nevertheless, the magnetotransport properties
in magnetic inhomogeneous systems are sophisticated due to
the inhomogeneous spin distribution. More detailed theoret-
ical studies are needed before the scaling relations can be
applied for the magnetic inhomogeneous systems with nearly
temperature-independent resistivities.

IV. CONCLUSIONS

In summary, a large enhancement of EHE is found in
nanocrystalline e-FesN films. The validity of the scaling re-
lations between the Hall and longitudinal resistivity (conduc-
tivity) which depend on different underlying transport
mechanisms are investigated. Results show that the universal
scaling relation of o, ~ o’ with n=1.6 in the dirty limit is
also applicable for some inhomogeneous nanocrystalline sys-
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tems, in which the conductivity is determined by the well-
crystallized magnetic grains. However, no scaling relation is
valid for the e-Fe;N sample with a large amount of amor-
phous part and a nearly temperature-independent resistivity.
In such system, the Hall conductivity is so complex that it is
determined by the scattering time of both magnetic and non-
magnetic parts and their temperature dependences. As the
two samples have the similar resistivity values which are
nearly temperature independent, the results are interesting for
further investigations of EHE because the widely used scal-
ing relations for them are anomalous. Also, the large Hall

PHYSICAL REVIEW B 80, 174412 (2009)

coefficient, nearly temperature-independent Hall and longitu-
dinal resistivity, and high conductivity might make the nano-
crystalline e-Fe;N film to be a promising candidate for low-
field Hall sensors.
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