Thin Solid Films 519 (2011) 1989-1992

journal homepage: www.elsevier.com/locate/tsf

Contents lists available at ScienceDirect

Thin Solid Films

Room temperature ferromagnetism and hopping transport in amorphous CrN

thin films

Zhongpo Zhou ?, Shijun Luo *!, Yin Wang ?, Zhiwei Ai?, Chang Liu **, Duofa Wang ®, YoungPak Lee °

2 Key Laboratory of Artificial Micro- and Nano-structures of Ministry of Education, and School of Physics and Technology, Wuhan University, Wuhan 430072, China

b g-Psi and Department of Physics, Hanyang University, Seoul 133-791, Republic of Korea

ARTICLE INFO ABSTRACT

Article history:

Received 10 January 2010

Received in revised form 9 October 2010
Accepted 29 October 2010

Available online 4 November 2010

Keywords:

Chromium nitride
Ferromagnetism

Electronic transport

Molecular beam epitaxy
Transmission electron microscopy

Mott and Davis model.

Magnetic and electronic properties of stoichiometric amorphous CrN thin films grown on MgO (001)
substrates by radio-frequency nitrogen-plasma-assisted molecular beam epitaxy have been investigated.
The magnetic property of the amorphous CrN thin films shows a ferromagnetic behavior even at
room temperature, and can be interpreted by the percolation theory of magnetic polaron where we
consider Cr>™ defects as magnetic impurities which lead to the formation of bound magnetic polarons.
The obtained results of electrical conductivity are explained by the variable-range-hopping theory of the
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1. Introduction

CrN has received considerable attention over the past decades due
to its high mechanical hardness and corrosion resistance for
applications in hard, wear, and corrosion-resistant coatings [1]. In
addition, CrN becomes more and more interesting due to its novel
magnetic, optical, and electronic properties.

It is known that CrN is paramagnetic (PM) with a NaCl crystal
structure at room temperature. At the Néel temperature, reported in a
range of 273-283 K, the material undergoes a first order phase
transition to antiferromagnetism with an orthorhombic Py, lattice
[2,3]. It was considered that the structural distortion was closely
related to the magnetic transformation [4,5]. Filippetti et al. [4]
reported that CrN was a metal in its PM state but a weak metal in the
antiferromagnetic state which agreed well with an earlier experi-
mental work [6]. On the other hand, CrN powder had a band gap of
90 meV as measured by resistivity [7]. It was also reported that the
CrN film behaved as a semiconductor (Mott-type insulator) with
an optical gap of 0.7 eV [8]. The CrN film grown on MgO (001) by
rf-plasma-assisted molecular beam epitaxy (RFMBE) revealed a
semiconductor-to-metal phase transition right at the structural
phase-transition temperature of 280 K of the bulk [9]. More recently,
the CrN/MgO film showed a paramagnetic behavior at low tempera-
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tures [10], whereas CrN/sapphire exhibited a ferromagnetic-like
response above room temperature. It is therefore still unclear or
contradictory how the structural, electrical, and magnetic phase tran-
sitions are correlated in this material [11-13]. Especially, the elec-
tronic and magnetic properties for the amorphous CrN (a-CrN) have
still received little attention to our best knowledge [14-16].

Another motivation for studying the a-CrN films originated from
the fact that in Cr-doped, nitride-based dilute magnetic semiconduc-
tors (DMSs). CrN is a magnetically relevant compound which might
be present as phase segregated clusters and could be responsible for
the magnetic properties found in different Cr-doped DMSs, such as
Cr-doped GaN [17], AIN [18], and InN [19]. The knowledge of the
magnetic property of the a-CrN may be used to confirm or rule out the
phase segregation in such DMSs. The structural disorder of the a-CrN
films belongs to topological disorder, where the disorder of Cr-doped,
nitride-based DMSs is of chemical disorder. The topological disorder
and chemical disorder both can break the symmetry of the ordered
system at a molecular scale and consequently affect the extended
states of the valence and conduction bands, forming localized states
[20]. With amorphous materials, according to the location of the
Fermi level Er and the temperature range, the energy range of interest
may correspond either to a large density of broken bonds associated
with mid-gap states or to disorder-induced localized band-tail states.
Understanding of the properties of the a-CrN may be helpful to control
the electric and magnetic properties of Cr-doped nitrides.

In this paper, we present experimental evidence on ferromagne-
tism of the a-CrN thin films grown on MgO (001) substrates by RFMBE
whose magnetic moment per Cr atom is closed to that in the bulk CrN
at room temperature. The films have atomically smooth surfaces.
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The resistivity measurements exhibit two semiconducting regions,
and both can be described by the Mott localization law.

2. Experimental details

The a-CrN thin films were grown on thermally precleaned MgO
(001) substrates by RFMBE (SVTA 35V-2) at a substrate temperature
of 400 °C with a nitrogen flow rate of 2.65 SCCM. The active nitrogen
was produced by a plasma source with an excited radiation frequency
of 13.56 MHz and an output power of 345 W. The chromium grains
with a purity of 6 N were evaporated by a conventional Knudsen cell
and the evaporation temperatures were about 1320 °C measured by
a thermocouple. The growth rate was measured out to be roughly
20 nm/h by using the Form Talysurf Profiler (TAYLOR HOBSON,
S4C-3D). X-ray photoelectron spectroscopy (XPS, KRATOS XSAM-
800) analysis was carried out to qualify the chemical compositions,
and identify binding states and the stoichiometry of the a-CrN thin
films. A Mg Ko radiation (hv=1253.6 eV) working at 200 W (12 kV x
16.7 mA) was employed as the X-ray source. The analyzer with a pass-
energy of 20eV for high-resolution spectra was used in a fixed
retarding ration mode by applying a retarding ratio of 25. The energy
resolution was defined as the full width at half maximum of the Ag
3ds,, peak to be about 0.9 eV. All the binding energies of samples
have been calibrated by taking the carbon 1s peak at 285.0 eV. The
morphology of the a-CrN films was measured by using an atomic force
microscopy (AFM, SHIMADZU, SPM-9500J3). The microstructures of
the films were characterized by using a high-resolution transmission
electron microscopy (HRTEM, JEOL JEM 2010 FET) operated at an
accelerating voltage of 200 kV. The cross-sectional specimens for the
HRTEM observation were prepared by a conventional sandwich
technique using mechanical grinding and polishing, and Ar™ ion
milling at a low incident angle of 2-4° with an accelerating voltage of
40 kV in the final stage. The magnetic properties were studied with a
commercial superconducting quantum interference device magne-
tometer (Quantum Design, MPMS XL-7). The magnetization loops
were recorded at various temperatures with a magnetic field applied
parallel to the sample surface. Before measuring the temperature
dependence of the magnetization, the sample was first cooled from
300 to 5K either under a saturation field of 4 kAm~' (50 Oe) field
cooled (FC) or at zero field [zero field cooled (ZFC)]. The volume of the
a-CrN samples was calculated from the measured surface areas and
thicknesses. The uncertainty of this procedure is about 5% and causes a
leading error in determining the magnetization. The electrical
resistivity measurements were carried out by the standard four-
probe method, using high purity Ag as ohmic contacts on the a-CrN
thin films.

3. Results and discussion

Fig. 1(a) and (b) shows the high-resolution narrow-scan core-level
XPS spectra of Cr 2p, and N 1s of the a-CrN specimen. In Fig. 1(a), the
two peaks in the spectrum are attributed to the Cr 2p5,,-2p;/, spin-
orbit doublet. Both peaks have a symmetric shape, implying that only
one chemical state exists in the film. The Cr 2ps,; and 2p,,, binding
energies are obtained at 575.7 and 586.4 eV, respectively, which are
close to those reported Cr>™ ions in CrN [21]. The core-level XPS
spectrum of N 1s shown in Fig. 1(b) also exhibits a symmetric shape.
The N 1s peak at 396.6 eV is characteristic for N>~ species. The
stoichiometry can be estimated from the data of core photoemission
intensity. The element composition can be quantified by use of X-ray
photoelectron intensity values (I,) and appropriate sensitivity factors
(Sn): pn=1In/Sn. Scr and Sy values of 1.7 and 0.38 were estimated by
the procedures similar to ref. [22]. In this way, we got pc:pn=1:1.3
for the sample after integrating the XPS signals for each element
independently.
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Fig. 1. (a) Cr 2p and (b) N 1s XPS spectra of the a-CrN.

The cross-sectional HRTEM image in Fig. 2(a) shows a typical
microstructure with no long-range order, characterizing an amor-
phous nature. The fast Fourier transformation (FFT) shown in the
inset exhibits the primary halo ring of the amorphous layer. In
addition to the amorphous CrN, Fig. 2(a) also appears to show a thin,
amorphous layer at the top interface. That layer was about 1 nm thick
and could not be an oxide since the XPS survey spectrum did not
show any signals of the oxygen. Therefore, the surface oxide can be
excluded. Instead, this amorphous layer could be caused by the Ar™*
bombardment during the preparation of the TEM specimen. AFM
measurements reveal an atomically smooth surface with a root mean
square roughness of about 0.3 nm, as shown in Fig. 2(b).

Fig. 3(a) shows magnetization loops obtained from a 60 nm thick
a-CrN film at temperatures of 300 and 10 K in magnetic fields applied
parallel to the sample surface up to 800 kAm~—! (10 kOe). The signals
of the bare MgO substrate have been subtracted so as to show only the
contribution of the a-CrN film. The saturation magnetization was
found to decrease at 300 K compared with that at 10 K for the a-CrN
film. Nitrogen was assumed without magnetic moment (N can have a
tiny magnetic moment but it is negligibly small). The moments are
expected to be almost all aligned to the magnetic field direction at
10 K and at a magnetic field of 800 kAm~! (10 kOe), confirmed by the
fact that the magnetization is almost saturated at that field. Thus the
magnetic moment from the magnetization data could be calculated.
The measured saturation magnetization (Ms)~14 kAm~' (14 emu/
cm?) corresponds to a moment of 2 g per Cr atom which is smaller
than 2.36 ug per atom in the antiferromagnetic bulk CrN [2]. It has to
be noted that the experimental uncertainty for determining this
effective moment depends on the volume of the film, and is expected
to be about 5% [10]. The thin film displays a soft nature with a coercive
field (Hc) of ~8 kKAm™~! (100 Oe), and the remnant magnetization
(Mr) is lower than 15% of the Ms. Both are comparable to some DMSs,
e.g. Ing975Crp 25N system [19]. Thus the a-CrN thin films grown on
MgO are ferromagnetic even at room temperature.

The FC and ZFC curves measured for the a-CrN film are shown in
Fig. 3(b) in which the contribution from the MgO substrate has been
excluded. A clear separation between the FC and the ZFC curve is
visible up to the highest measurement temperature [10], demon-
strating the presence of a ferromagnetic ordering. It is worth noting
that such a ferromagnetic-like behavior (i.e., magnetic hysteresis and
separated FC/ZFC curves) is qualitatively similar to that found in many
DMSs, e.g., Cr-doped GaN [17], AIN [18], or InN [19].

The percolation theory of magnetic polaron [23,24] with only one
fitting parameter agn,, where ag is the decay length of the magnetic
polaron and ny, is the carrier density, can be used to explain the
observed magnetic behavior of this disordered system. In this model,
the charge carriers are localized and the carriers are electrons. It is
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Fig. 2. (a) Cross-sectional HRTEM image of the a-CrN. The inset shows the corresponding FFT derived from a part of the film. (b) AFM morphology of the a-CrN.

remarkable that the FC magnetization curve agrees well with the
theoretical prediction as shown in the inset of Fig. 3(b). To understand
the physics of the magnetic interaction, two neighboring polarons are
considered as shown in Fig. 4, where a bound magnetic polaron
consists of one localized carrier, and a number of Cr>* defects as
magnetic impurities around the carrier localization center. Although
the direct exchange interaction of the localized electrons is antifer-
romagnetic, the interaction between bound magnetic polarons may
be ferromagnetic at large enough concentrations of magnetic
impurities [25]. As the temperature is being lowered, the localized
carriers of these polarons act on the impurities surrounding them and
thus produce an effective magnetic field. The spins of neighboring
polarons become aligned to this effective field; and clusters of po-
larons with the same spin form when the energy minimum is reached.
The lower the temperature, the more clusters with even larger sizes
are developed. At low enough temperatures, a cluster having the
dimensions of the specimen, the so-called “infinite cluster” appears,
and the magnetization of the sample acquires some finite value when
the spins of the localized carriers are parallel.

The temperature dependence of the electrical resistivity of the
a-CrN is shown in Fig. 5. The curve can be classified into three tem-
perature regions. In the first region, the resistivity decreases with
increasing temperature up to ~180 K, showing a semiconducting type.

15 1.3
(a) (b) —=—zFCin4 kAm"
FC in 4 kAm"
10 |
A El2
g st 3
s S
g 0 g 1.1
I ©
| = c
g5t g
=
1 0 = Theoretical
-0 et cumy
—a=CrN, 10K 0.2 04 0.6 0.8
——CrN, 300K T,
I, 1 I vy S D_QI.I.I.I.I.I

-640 -320 0 320 640
Applied Field (kA/m)

0 50 100 150 200 250 300
Temperature (K)

Fig. 3. (a) Magnetization vs applied field at 300 and 10K of the a-CrN. (b) Magne-
tization vs temperature at an applied field of 4 kAm ™" (50 Oe) of the a-CrN. Both FC and
ZFC traces are shown. The inset shows FC (red line) and the theoretical prediction
(green line) from magnetic polaron percolation with agn, = 0.004.

In the second region, however, it increases up to ~230 K, indicating a
metallic type. In the third region, it decreases to ~0.5 Q-cm up to
300 K, showing again a semiconducting type. This behavior is similar
to that of some DMSs like epitaxial Ga;_xMnyAs layers (x=0.03)
doped by Be with different concentrations [26].

To understand the transport mechanism of the a-CrN thin films,
attempts have been made to fit the semiconducting regions either
using an activation law p(T) = pg-exp(E,/kT) or using a localization
law p(T) = poTP-exp(To/T)P, where p = 1/4, corresponds to the Mott
localization law for variable-range hopping of electrons in a band of
localized states. The mean localization energy and the mean hopping
range are both proportional to T4, which is the significant parameter.
As the exponent (b) in the prefactor is simple and model-dependent
and it varies much more slowly than the exp(To/T)P, the T’ factor is
generally omitted in the analysis. The hopping process of charge
transfer by the phonon-assisted tunneling from occupied to unoccu-
pied electronic states takes place in a localized energy band. By fitting
the data, TY* in the first and the third regions is 7.7 and 11.2, respec-
tively. The localization energy is weaker in the lower temperature
range meaning that the magnetic disorder plays a large role in the
localization, and the low-temperature semiconducting region is not
directly caused by the magnetic induction in the sample. Instead, the
atomic disorder should account for the semiconducting behavior.

Fig. 5 shows a maximum (hump) around 230 K. This critical
behavior of resistivity is commonly observed in magnetic metals and
magnetic semiconductors and may be ascribed to the carriers scat-
tering by magnetic spin fluctuation via exchange interaction [27]. The
hump height depends on several factors including the concentra-
tion of free carriers. Randomly distributed Cr** defects as magnetic
impurities create not only a fluctuating electrostatic potential, but
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Fig. 4. Interaction of two bound magnetic polarons (after ref. [23]). The polarons are
shown with gray circles; small and large arrows show impurity and carrier spins,
respectively.
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Fig. 5. Temperature dependence of resistivity of the a-CrN thin film. The inset shows the
plot of Inp vs 1/T"/4,

also static fluctuations of the magnetization, which additionally con-
tribute to the scattering of the charge carriers.

4. Conclusions

In summary, we have deposited the a-CrN thin films with atomi-
cally smooth surfaces on MgO (001) substrates by RFMBE which
exhibit strong ferromagnetism up to room temperature, comparable
to that of the bulk antiferromagnetic CrN. The percolation theory of
magnetic polaron taking into account both disorder and strong
magnetic interaction originated from the localized carriers can be
used to explain the observed magnetic behavior. The resistivity mea-
surement shows two semiconducting regions, and both can be
described by the Mott localization law. The magnetic disorder plays
an important role in the localization in the high-temperature range.
However, in the low-temperature semiconducting region, the atomic
disorder dominates. The hump of the resistivity around 230 K may be
ascribed to the scattering of carriers by magnetic spin fluctuation via
exchange interaction.
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