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Abstract

Transport measurement techniques are generally considered to be indirect methods of probing the phenomenology of materi-
als and hence are limited in scope and require careful interpretation. However, when performed with due care and precision
in addition to other characterization methods, magnetotransport measurements are an essential tool in the study of magnetic
and electronic materials particularly in proving potential devices that function on the basis of charge or spin transport. In
this work, we demonstrate the advantage of employing a method that simultaneously measures the planar Hall effect and the
anisotropic magnetoresistance which are two aspects of the resistivity anisotropy to characterize a range of semiconducting
and conducting oxide thin films. The development of novel magnetotransport characterization methods is motivated by the
need for reliable measurements of the electronic properties of a wide range of materials under varying thermal, mechanical

and magnetic conditions.

1 Introduction

Magnetic semiconductors that exhibit robust ferromagnetism
at or above room temperature can be useful materials for the
development of spintronic devices, i.e., devices that func-
tion by utilizing both the charge and spin characteristics of
conduction electrons for the transmission and storage of
information [1, 2]. The major challenges that have inhibited
development of spintronic devices include the availability
of materials with Curie temperature >300 K in addition to
the ability to distinguish between their intrinsic magnetic
properties and extrinsic (contamination induced) magnetism
[2, 3]. Magnetotransport methods are valuable techniques for
characterizing thin film materials that are magnetic semi-
conductors [4, 5]. Since magnetometry only gives results
from the bulk of the sample (including sub-layers, i.e., sub-
strates and buffer layers), it becomes increasingly difficult
to discern whether the magnetization is due to the thin film
only or whether it is due to the sub-layers or environmental
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doping. Magnetotransport techniques are important because
they provide a method of studying spin-dependent charge
transport, whether in-plane or out-of-plane of the sample
of interest.

Commonly utilized techniques such as the Hall effect
and magnetoresistance can be used to measure the charge
transport within a thin film when a magnetic field is
applied perpendicular and out of the plane of the film.
These techniques are useful, as evidenced by their exten-
sive use in the semiconductor industry, for determining
the majority carrier type, concentration, and mobility. The
simultaneous measurement of the planar Hall effect (PHE)
and anisotropic magnetoresistance (AMR) measurements
are complementary to the typical perpendicular field tech-
niques and magnetometry. The usefulness of PHE and
AMR stems from the fact that they are only dependent on
spin order-induced scattering; this means that these meas-
urements are solely due to the interaction between mag-
netization (spin ordering) and charge transport. PHE and
AMR are phenomena in which the magnetic field mainly
serves to align the magnetization within the plane of the
film. With this arrangement, it is then possible to study
the angular dependence (anisotropy) of the magnetiza-
tion, which is separate from simply determining whether a
semiconductor is ferromagnetic. This phenomenon can be
useful in the design of magnetoresistive sensors, especially
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Fig.1 (Left) Configuration for AMR and PHE measurement of thin
film bilayers of FM-AF with magnetization relative to the current
direction and (right) small changes in angular orientation of magneti-
zation relative to the direction of current

as read heads for magnetic storage media. For these sen-
sors to become useful, the giant planar Hall effect (GPHE)
must be demonstrated at room temperature.

A variation of this method by way of the simultaneous
measurement of ac-AMR and ac-PHE was used to probe
the exchange coupling between a ferromagnet and an anti-
ferromagnetic layer as shown in Fig. 1. This technique is
similar to the ac-susceptometry of Strom et al. [6, 7].

An additional advantage of the simultaneous measure-
ment of the ac-AMR and ac-PHE is that the magnetization
can be probed with enhanced sensitivity, independent of
the angle between magnetization and current direction.
When sensitivity to the response signal is diminished in
one aspect of the resistivity anisotropy at some angle of
orientation, it is enhanced in the other over a full angular
range of 360°. Figure 2 shows graphs of the AMR and
PHE data for a thin layer of Co deposited on a CoO sub-
strate by dc magnetron sputtering measured at 410 Hz,
the frequency of the excitation current for the resistance
measurement [8—10]. It can be seen that when sensitiv-
ity (AR/A®) to changes in resistance with small angular
oscillations of the magnetization due to a small ac mag-
netic field (h,.(w) in Fig. 2 [11]) is lost in the AMR, the
response can still be detected with the PHE. Likewise,
when sensitivity in the PHE is diminished, sensitivity is
enhanced with the AMR signal. In this way, magnetiza-
tion reversal, rotation and dispersion of easy axes can be
probed with high precision.

By applying a small ac magnetic field (h,.(w)~5 Oe)
perpendicular to the dc field, the “derivatives” (the ac-
AMR and ac-PHE) of the AMR and PHE are obtained
similar to a susceptibility measurement as:

_dM _aM do ar _ (@M/d 1
YT 4H T 46 " dr dH ~ @H/dr) M

The response of the magnetization is detected at the
fundamental frequency of the ac magnetic field. In an
AMR measurement, other harmonics appear because of
the frequency of the excitation current for the resistance
measurement. This combination of magnetic fields allows
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Fig.2 Angular variation of resistivity anisotropy. a AMR and b PHE
with applied magnetic field in exchange coupled Co/CoO bilayers

the magnetization in the sample to be probed over the
entire magnetization curve M versus H. Small changes
can be detected, since the ac measurement is sensitive to
the slope of the magnetization curve. Both the real and
imaginary parts of the magnetization response are meas-
ured similar to the ac susceptibility. The real (in-phase)
part corresponds to the stiffness of the exchange coupling,
while the imaginary (out-of-phase) part corresponds to
the dissipation.

General galvanomagnetic effects appear even in nonmag-
netic materials due to the presence of electric fields, mag-
netic fields and temperature gradients. However, there are
two contributions to these effects in ferromagnetic materials:
(1) the presence of the spontaneous magnetization and (2)
the applied field. In ferromagnetic conductors, the magne-
toresistance is anisotropic due to the asymmetric scattering
of conduction electrons [12]. The planar Hall effect (PHE)
is the transversal manifestation of this planar resistivity ani-
sotropy. PHE is a misnomer since its origin is different from
the normal Hall effect. The conventional Hall effect is due to
the Lorentz force on conduction electrons which generates
a transverse (Hall) voltage across a conducting material and
normal to the applied magnetic field. The origin of the PHE
is attributed to the interaction between the magnetization
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and current in the plane of the film. Consequently, the resis-
tivity in magnetic conductors is very dependent on the direc-
tion of the magnetization with respect to the current flow.
In fact, the anisotropic magnetoresistance (AMR) and the
planar Hall effect can be described as the longitudinal and
transverse components of the anisotropic resistivity [13].
They are described by their characteristic dependence on
the angle between magnetization and current (as shown in
Fig. 1), which can be described by the equations below for
the AMR and PHE resistivities.

Pamr = P+ (Ap)cos® 0 )
A

ppug = (Ap)sinfcos O = ( 2p) sin 26 (3)

Ap = Py —hL 4)

For the current parallel to the magnetization, resistivity
has a value of p, and p. for the perpendicular case.

Both PHE and AMR have their origins in the depend-
ence of the resistivity on the orientation of the magnetiza-
tion [14, 15]. Spin-dependent transport then gives rise to
different scattering when changing the angle between the
magnetization and electric current directions. Although the
exact parameters underlying anisotropic magnetoresistance
are not yet fully understood, three microscopic theories [16,
17] have contributed to further understanding the resistiv-
ity anisotropy in ferromagnetic materials: (1) Mott’s two-
current model, (2) Smit’s addition of spin—orbit coupling and
(3) Potter’s model with exchange splitting of energy bands.
These models are summarized below.

Mott considered a model in which two independent
channels of 4s electrons, spin up (majority) and spin down
(minority) in ferromagnets, were responsible for the electri-
cal conduction with negligible contribution from 3d elec-
trons due to their large effective mass [16, 17]. According
to this model, the conduction electrons undergo s—s or s—d
transitions during which their spins remain unchanged and
the spin exchange between s electrons is ignored. More
frequent s—d transitions correspond to higher scattering,
and thus, higher resistivity. This model explained the high
resistivity and negative magnetoresistance of ferromagnetic
metals such as Ni [16, 17]. Unfortunately, Mott’s assump-
tion of spherical and parabolic, i.e., isotropic, bands leads
to this model’s failure to explain anisotropic effects. The
assumption of isotropic bands leads to an expected isotropic
resistivity, which is certainly not the case. This shortcoming
was tackled by Smit’s suggestion of a spin—orbit coupling
contribution.

If s—d interband scattering is the dominant feature of
transition metal electronic conductivity, then the resistivity
anisotropy in ferromagnetic conductors must be due to an
anisotropic scattering mechanism. Smit, therefore, proposed

that an isotropic scattering potential with lower-than-cubic-
symmetry-wave functions due to spin—orbit interaction could
be responsible for the resistivity anisotropy in ferromagnets
[16, 17]. Spin—orbit interaction also makes a magnetization,
i.e., spin, direction-dependent contribution to the energy of
the d states. This explains the magnetocrystalline anisotropy,
which means that the magnetization direction is more favora-
ble in certain crystallographic directions. Therefore, the d
electron spin is coupled to its orbital motion, which is then
coupled to the lattice by the crystalline field. The spin—orbit
interaction (Hpyi,_orpi = KL#S; K is the spin—orbit coupling
parameter) is treated as a small perturbation which results
in a mix of states with parallel and antiparallel spins. Unoc-
cupied parallel d states are always present, but these holes
are unequally distributed over the five possible d orbits;
there is, however, a deficiency of hole orbits when electrons
move perpendicular to the magnetization. The transition of
an s electron to a d state under the influence of a perturbing
potential is less likely if the s electrons moves perpendicular
to the plane of the orbit (i.e., parallel to the magnetization
since there are few hole orbits in this direction). Therefore,
it follows that the s electrons are more easily trapped when
moving parallel to the magnetization rather than in a perpen-
dicular direction. This leads to the expected conclusion that
in ferromagnetic conductors, the anisotropy constant Ap is
positive, i.e., p;> pL.

Another model, proposed by Potter suggested that Ap
could be either positive or negative depending on whether
the anisotropy was due to minority-spin electrons (as in
Smit’s case) or majority-spin electrons, respectively [16,
17]. The major difference with Smit’s model is that Potter’s
model assumed that the d bands were uniformly exchange
split with some energy separations. Potter’s model is very
useful because it suggests that the ratio of K, the spin—orbit
coupling parameter, to the splitting energy of the two upper-
most d bands is important to produce a large anisotropy
constant. This then would be useful in determining which
materials would likely lead to PHE/AMR signatures at room
temperature with potential applications in next generation
devices.

The planar Hall effect is a phenomenon that can be used
for characterizing magnetic semiconductors and has the
potential to provide insight into the mechanism for mag-
netic behavior in magnetic conducting oxide thin films that
are undoped. In addition, its observation would be a clear
indication that there exists a definite ferromagnetic order-
ing within the undoped magnetic conducting oxide investi-
gated herein. This phenomenon has been used in the study
of exchange coupling between magnetic multilayers, such
as NiFe/NiMn [18] and Co/Cu films [19]. Additionally, it
has been used in the study of thin films of Ga(Mn)As [20],
LSMO [13] and Permalloy [21]. PHE has also been studied
for low-field magnetic sensor applications [22]. In all cases
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where the planar Hall effect was used to characterize thin
films, it proved to be a powerful tool for studying the in-
plane magnetization reversal processes because of its high
sensitivity to the direction of magnetization.

Here we report the observation of the PHE and AMR at
various temperatures (including room temperature) in ZnO
and CuO, two oxide materials with varying electrical and
magnetic properties. We emphasize that this investigation
of the planar Hall effect and anisotropic magnetoresistance
is separate from the simple observation of ferromagnetism
in these metal oxide thin films. While one might consider
investigation of the planar Hall effect and anisotropic mag-
netoresistance in the strongly magnetic hexaferrites and
manganites (see, for example, references [23—-27] by Trukh-
anov, et al.), our focus was based on spintronic applications
of dilute magnetic semiconductors in which carrier trans-
port is dominated by electrons and holes in ZnO and CuO,
respectively. Further, demonstration of PHE and AMR in
these materials shows the sensitivity of these techniques for
elucidating the nature of spin-dependent transport even in
weakly magnetic systems.

1.1 Sample preparation

The ZnO thin films were epitaxially grown on single crystal
c-plane sapphire substrates by two techniques, pulsed laser
deposition (PLD) and metal-organic vapor phase epitaxy
(MOVPE). For the PLD deposition, a KrF excimer laser
(A=248 nm, pulse duration =25 ns) with a pulse energy
density of 2.8 J/cm? at a repetition rate of 10 Hz was used.
The target—substrate distance was maintained at 4 cm during
the film deposition. A high-purity ZnO target was prepared
using a solid-state reaction technique. Special care was taken
to avoid any transition metal contamination, e.g., nonmag-
netic plastic tweezers were used throughout the sample
growth and characterization processes. Before deposition,
the sapphire substrate went through a surface cleaning pro-
cedure which involved sonicating in acetone, methanol, and
DI water, each for 5 min. The sample was deposited at room
temperature (300 K) with an oxygen partial pressure of 107>
Torr, which resulted in a PLD film that was 500 nm thick.
The deposition chamber was evacuated to a base pressure of
less than 107 Torr before the introduction of oxygen. The
MOVPE sample was grown in a vertical reactor at a pressure
of 50 Torr in the temperature range 480-490 °C with N, as
the carrier gas. Diethylzinc (DEZ) and nitrous oxide (N,O)
are used as the precursors. In addition, 3% nitric oxide (NO)
in N, provides ions in the + 2 oxidation state for doping if
desired. By alternating between steps of low Zn partial pres-
sure and high Zn partial pressure, the formation of Zn vacan-
cies and O vacancies was induced, respectively. The energet-
ics of these reactions favors the formation of V,—N,, pairs,
which are double donors. These two steps were repeated
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until the desired thickness (600 nm) is reached. Further
details on the MOVPE growth are discussed elsewhere [28].
The crystal structure of these films was characterized by
X-ray diffraction (XRD) using a Rigaku X-ray diffractometer
with Cu Ka radiation (A=0.154 nm). The relevance of the
nominally undoped ZnO thin films grown by two different
techniques is that the growth mechanisms are quite different.
While MOVPE is considered a near-equilibrium technique,
PLD is highly non-equilibrium, which has the potential to
give rise to different defect chemistries. Hence, the observa-
tion of the PHE and AMR in these films suggests that their
presence is intrinsic to ZnO. The p-type CuO thin films were
grown on Si substrates in a magnetron sputtering chamber.

1.2 Measurement techniques

Measurements of the resistivity variation with temperature
over a range from 300 to 5 K were conducted in the Van der
Pauw geometry in a Quantum Design 9T Physical Property
Measurement System (PPMS) with base temperature ~2 K.
Hall effect measurements were also performed in the PPMS
using the same geometry. The van der Pauw configuration
was used for Hall effect measurements at room temperature
and for MR at all temperatures. Samples were approximately
square with 0.5-1 cm sides. From Hall effect (transverse
voltage) measurements, the majority carrier type, concen-
tration and mobility were determined. From longitudinal
voltage measurements, the magnetoresistance, i.e., degree
of spin ordering, could be calculated, and resistivity vs. tem-
perature can be acquired.

Magnetometry was carried out using a superconducting
quantum interference device vibrating sample magnetometer
(SQUID-VSM, Quantum Design). The 2 mm by 2 mm sam-
ples were mounted on a quartz holder using GE 7031-var-
nish and dried. The dried sample was then loaded into the
SQUID-MPMS. The magnetic moment vs. field and temper-
ature were then acquired. The magnetic moment (emu) was
normalized to magnetization (emu-cm™) using the volume
of each sample. Sample volume was determined by multiply-
ing the film thickness by the sample area.

Some PHE measurements were conducted on a custom-
built setup for AMR-PHE characterization consisting of
a cryostat attached to a GMW 3T electromagnet. Most of
AMR-PHE measurements, however, were performed in
the PPMS. In all transport measurements, including PHE,
ohmic contacts with the sample surface were made using
gold-plated pogo pins. dc magnetron sputtering was used
to deposit gold contacts on the MOVPE samples. For PHE
measurements, a constant in-plane magnetic field was
applied while the orientation of the applied current (i.e., the
sample) was rotated counterclockwise.

The same 0.5-1 cm samples were used for PHE and
AMR measurements. The sample was mounted parallel to
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the magnetic field direction. The sample surface defines
the rotation plane for the angle between magnetization
(and magnetic field) and the current. The magnetic field is
maintained at a constant value to provide sufficient mag-
netization to the sample and hence a clearer signal for the
angular dependence of PHE and AMR. During the experi-
ment, the current direction in the sample is rotated from 0°
to 360°, while the PHE and AMR signals are simultaneously
recorded. PHE and AMR are first measured at different fields
from 0, 0.5, 1, 3,5, 7, and 9 T to find the field at which the
highest signal is generated (7.5T), and then they are meas-
ured at that magnetic field at temperatures from 5 to 300 K.

2 Results and discussion
2.1 PHE/AMRin ZnO
Figure 3 shows the 6-20 scans of the XRD measurements

for ZnO thin films grown on c-plane sapphire by MOVPE
and PLD. For the MOVPE grown sample, the 6-26 scan
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reveals only (002) and (004) reflections, which is indica-
tive of highly c-axis oriented thin films with good quality.
The PLD sample showed only a very weak intensity (002)
peak, which suggests that the sample is nanocrystalline and/
or highly textured. Within the detection limits of the XRD
system, no secondary magnetic phases are present in the
X-ray diffraction patterns.

Figure 4 shows the variation of resistivity with tempera-
ture, which clearly shows characteristic semiconducting
behavior expected for ZnO thin films. Although the X-ray
data of the PLD-grown sample suggested a nanocrystalline
or highly textured film, this sample exhibited an overall
lower resistivity than the MOVPE grown sample over the
entire temperature range from 5 to 300 K. Most likely, the
lower resistivity in the PLD sample is related to a higher
oxygen vacancy concentration, as discussed by Mal, et al.
and below. Furthermore, the resistivity of both samples
grown by PLD showed a well-defined exponential behavior
which is consistent with simple thermal activation of charge
carriers from an unintentional donor level within the band
gap to the conduction band.

Fig.3 X-ray diffraction 6-26 scans of a MOVPE and b PLD-grown ZnO thin films
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Fig. 4 Resistivity vs. temperature of a MOVPE, and b PLD ZnO thin films
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Fig. 5 Hall resistivity vs. applied magnetic field for a MOVPE and b PLD-grown undoped ZnO thin films

The change in Hall resistivity with applied magnetic field
is shown in Fig. 5, in which the negative slope observed for
both samples is indicative of n-type semiconducting behav-
ior. In addition, estimates of the carrier concentration from
these data at 300 K yielded 2 x 10'® cm™ for the MOVPE
ZnO and 7 x 10" cm™ for the PLD ZnO. Since these sam-
ples are nominally undoped, this high carrier concentration
is most likely an indirect indication of a high level of native
defects, which have implications for the magnetic properties,
as discussed below. The combination of temperature depend-
ence of resistivity and the magnetic field dependence of the
Hall resistivity indicate that both films are n-type semicon-
ductors. In terms of band structure and band filling, stoi-
chiometric ZnO is a wide-bandgap semiconductor or might
be considered an insulator, since the two 4s electrons in Zn
are transferred to the oxygen 2p band, making the valence
band completely full. If, however, oxygen vacancies or Zn
interstitials are introduced into the crystal lattice through
annealing in a reducing atmosphere (causing neutral oxygen
to leave the crystal), then the valence electrons of these oxy-
gen vacancies or zinc interstitials can be easily excited and
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Fig. 6 Magnetization vs. applied field for a MOVPE, and b PLD ZnO
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act as donors [29]. Furthermore, charge neutrality requires
that there be a maximum of two electrons along with the
oxygen vacancies in the place of the missing oxygen atoms.
Consequently, then, in non-stoichiometric ZnO, we have a
defect structure that has an oxygen vacancy with electrons
from the conduction band localized on adjacent zinc sites
in the form of Zn* ions [30]. Therefore, non-stoichiometric
ZnO is an n-type semiconductor [29]. Since our nominally
undoped samples are all n-type, it is likely that they are non-
stoichiometric and contain lattice defects.

The magnetic field dependence of the magnetization of
both samples showed hysteretic behavior with the satura-
tion field occurring near 1000 Oe for the MOVPE sample
(Fig. 6a), and 5000 Oe for the PLD-grown sample (Fig. 6b).
The PLD sample shows a saturation magnetization of
4.4 emu-cm™ at room temperature with a slight increase
with decreasing temperature. The MOVPE shows a satu-
ration magnetization of 0.4 emu-cm~>at room temperature
with a slight increase to~ 1 emu-cm™ at the lowest tempera-
ture. The higher saturation field in the PLD sample most
likely suggests that this sample has a higher concentration

5
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of O vacancies resulting in defect-mediated ferromagnetic
behavior. Both samples have clear coercivity widths that
expand with decreasing temperature as can be seen in the
insets of Fig. 6. Coercivity is considered the resistance of
a ferromagnetic material to becoming demagnetized. There
is an expected increase in magnetic ordering as the tem-
perature decreases since thermal fluctuation effects are
decreased. This increased ordering is most likely why the
coercivity increases at lower temperatures, meaning that
the magnetic ordering makes the sample more resistive to
demagnetization. Since these samples are both nominally
undoped, one must explore other sources for the magnetic
behavior, since X-ray diffraction did not reveal the presence
of any secondary magnetic phases. We postulate that the
origin of the magnetic behavior in these samples lies in the
intrinsic defect structure of these ZnO thin films, specifi-
cally oxygen vacancies. Mal et al. previously showed that
oxygen vacancies play a key role in the magnetic properties
of ZnO [31]. They demonstrated that one could tune the
ferromagnetic behavior in ZnO films by varying the oxygen
vacancy content through various annealing steps. Ferromag-
netic behavior was enhanced through an increase in oxygen
vacancies by thermal annealing and/or laser irradiation [32]
or suppressed, that is, becomes diamagnetic by annealing in
an oxygen environment [31, 32]. The lower saturation mag-
netization and lower carrier concentration in the MOVPE
sample are consistent with this.

This phenomenon of magnetic behavior in materials
that contain no magnetic ions has been called d° ferromag-
netism [8], since the atoms contain no unpaired d-electron
spins. This contrasts with the localized magnetism theory
which attributes ferromagnetism to unpaired electron spins
in d-orbitals. Such d° ferromagnetism has been observed
in irradiated graphite and hexaborides such as CaB4 and
HfO, [33]. Likewise, we suggest that the lattice defects in
our ZnO thin films are the source of ferromagnetism. The
defect structure (oxygen vacancies and Zn* ions) mentioned
above in our discussion of electronic properties provides
a source of electrons to the conduction band. Moreover,
electrons can be trapped at the effective positive charge on
the vacancy itself [34], forming what are called F and F*
color centers. The difference between the two is that the
F-center is comprised of a neutral oxygen vacancy with
two trapped electrons, whereas the F* is a singly charged
oxygen vacancy with only one trapped electron [35]. F and
F* centers are known to form in MgO [27]. One should
also note that defects have also been invoked to explain the
observation of room temperature ferromagnetism in MgO
[36]. Mackrodt [30] states that the association energy of a
localized electron to a doubly charged oxygen vacancy is
small (0.2 eV) leading the defect structure of reduced ZnO
to contain singly and doubly charged oxygen vacancies along
with F* centers, a complex (F*—Zn,, ) and conduction band

electrons. Zn,, represents a Zn>" ion on a normal cation
site. Here we suggest that oxygen vacancies can serve as
both a source of conduction electrons as well as a localized
F/F* center for electrons. The F' center, which consists of
a single electron trapped at the oxygen vacancy, exhibits
paramagnetic behavior, which can be studied by electron
paramagnetic resonance (EPR) [37, 38]. In reduced ZnO,
then there is an interaction between localized (F* center)
spin-polarized electrons and conduction electrons which
may lead to carrier-mediated ferromagnetism. Mal et al.
[32] attributed the ferromagnetic behavior in their undoped
ZnO thin films as being due to polarization of trapped elec-
trons by positively charged oxygen vacancy sites. Similarly,
Gao et al. [39] used an “F-center exchange” mechanism to
explain the origin of room temperature ferromagnetism in
Zn0O, nanoparticles. They explained that electrons trapped
in singly charged oxygen vacancies (F") are strongly local-
ized, and once the F* center density reaches a critical value
for magnetic percolation, these centers overlap resulting in
long-range ferromagnetic ordering even in the absence of
itinerant carriers.

Recently, Choudhury proposed an F-center-mediated
bound magnetic polaron to explain ferromagnetic behavior
in Mn-doped TiO, nanoparticles [40]. In their model, they
suggest that the ferromagnetic ordering is due to the interac-
tion of neighboring Mn?* ions via an oxygen vacancy (F*
center). Since our samples are magnetically undoped, we
propose instead that the oxygen vacancy itself is the source
of the magnetic moment with the conduction electrons act-
ing as the mediators of the interaction between neighboring
oxygen vacancies. This is like the carrier-mediated ferro-
magnetism known as the bound magnetic polaron, in which
oxygen vacancies act as both electron donors and electron
traps. The trapped electrons couple the local moments in the
host lattice within their orbit ferromagnetically leading to a
large net magnetic moment [12]. Since the ZnO thin films
investigated here exhibit both magnetic and semiconducting
properties, it was anticipated that the planar Hall effect phe-
nomenon would be observed. Measurements were performed
to investigate this interaction between magnetization and the
current flow direction in our samples. The angular depend-
ence of the PHE is given in Eq. (2) and predicts extrema
at angles of 45°, 135°, 225° and 315°. As shown in Fig. 7,
these are exactly the angles at which we observe extrema in
our nominally undoped films. The acquired data were fitted
to a sin26 curve displayed by the red line in Fig. 7. The PHE
and AMR signals between samples can be compared using
the resistivity constant dp=p,, — p1. This constant is the
difference between the resistivity parallel (0°) and perpen-
dicular (90°) to the magnetization. The resistivity constant
for the MOVPE sample as measured from the PHE experi-
mental fits (red line in Fig. 7) is — 0.24 ohms, whereas it is
— 0.30 ohms from our AMR fit (blue lines in Fig. 8). For
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Fig.8 AMR vs. angle at 4.2 K and 1T, for a MOVPE, and b PLD ZnO thin films

the PLD sample, the values are — 0.41 and — 0.30 ohms
from PHE and AMR fits, respectively. For each sample, the
same value was expected from the experimental fits to the
PHE and AMR equations. However, the values are in the
same order of magnitude with some deviation. Equations (1)
and (2) assume a uniform current, while these films could
be inhomogeneous, and the role of crystal anisotropy is yet
to be studied. Nevertheless, one can see that the values are
comparable.

The planar Hall effect should only be observed in mag-
netic conductors, since it depends on the orientation of
magnetization in relation to the current flow direction. Our
samples are magnetically undoped, yet they exhibit mag-
netic properties which we attribute to magnetic moments
of electrons trapped within F-centers. Although there have
been numerous reports of ferromagnetism in undoped ZnO
[31, 32, 41-45], we must emphasize that this investigation
is the first to report the planar Hall effect in ZnO. We have
also measured the anisotropic magnetoresistance on the

@ Springer

same samples as discussed below. The PHE is a sensitive
technique for the characterization of intrinsic magnetism in
magnetic semiconductors, since it depends only on the inter-
action between carriers and magnetization. It also provides
us with insight into the mechanism for the magnetic behavior
in ZnO thin films and clearly indicates the existence of defi-
nite magnetic ordering present within our samples. Both of
our ZnO samples grown by quite different techniques exhib-
ited the characteristic angular dependence of the PHE and
AMR at 4.2 K with a constant applied field of 1 Tesla, as
shown in Figs. 7 and 8, respectively. Both sets of data are
consistent with the expected sin26 behavior for the PHE in
Eq. (2) although the PLD sample may exhibit some devia-
tion which could be associated with the nanocrystalline or
the textured nature of this sample as suggested above by
the XRD data and scattering mechanisms within the crystal.
These results, however, strongly suggest that the magnetic
order which we observe via the PHE is intrinsic to ZnO and
its defect structure.
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Figure 9 reveals that there is no visible sin26 behavior
at very low fields in the MOVPE sample; this suggests that
there is randomization of the magnetic moments (that is, a
lack of magnetic order) below the saturation field leading to
an overall constant resistance even as the direction of current
is rotated. An applied field of 1 Tesla, however, is sufficient
to produce a saturation magnetization which results in the
expected angular behavior of the planar Hall effect. This
can be correlated to the M vs H behavior shown in Fig. 6,
which showed that the magnetization of the MOVPE sample
is saturated at~ 1000 Oe (0.1 T). We expect that the PHE
angular behavior should be visible at an applied field greater
than or equal to this value.

2.2 PHE/AMR in CuO

Copper oxide (CuO) thin films on silicon substrates grown
by magnetron sputtering were also investigated. The
importance of these samples (50 nm thickness) is that
they were p-type with high carrier concentration, 1 X 10%!
cm™>, at room temperature, whereas the ZnO samples were
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Fig. 10 a Hall effect and b resistivity vs. temperature for 50 nm CuO

n-type. The Hall effect (Fig. 10a) was used to determine
the majority carrier type. This high carrier concentration is
usually characteristic of degenerate semiconductors. That
is, a semiconductor with such a high carrier concentration
that it begins to behave like a metal. The resistivity vs.
temperature (Fig. 10b) confirmed this metallic conduc-
tion, but with the addition of a resistivity minimum around
100 K and a steady state at 34 K and below. There are two
common explanations for the appearance of this resistivity
minimum: electron—electron interactions and the Kondo
effect. The Kondo effect is due to the strong coupling
between conduction electrons and magnetic impurities at
low temperatures. Kondo explained this behavior as being
due to spin-flip scattering between the conduction elec-
trons and the localized spin [46, 47]. The theory states
that at low temperatures, each local spin becomes locked
into a collective state (singlet) with the conduction band
spins. At high temperatures, spin-flip occurs due to ther-
mal energy, but as temperature decreases, the spin-flips
become frozen and the Kondo effect saturates. Both the
resistivity minimum and saturation are characteristic of
the Kondo effect [46, 48].

As mentioned in the introduction, the electronic and
magnetic properties have been correlated with the pres-
ence of small amounts of copper Cu** which increase the
paramagnetic signal and give rise to conduction by holes
in non-stoichiometric samples. XPS of CuO (Fig. 11)
showed a main peak, Cu 2p;,, with a binding energy of
933.4+0.2 eV and a satellite peak ~9 eV greater than
the main peak [49]. This satellite peak is reported to be
characteristic of materials having a d° configuration in the
ground state. The presence of copper in Cu®* and Cu’*
states can lead to ferromagnetic interactions, as shown in
Ref. [50].

The samples studied here showed soft ferromagnetic
characteristics at room temperature, with a 1.5 emu-cm™>
saturation magnetization for sample 1. At 5 K, this satu-
ration magnetization increased to 2 emu-cm™ (Fig. 12a).
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with his permission

Room temperature saturation magnetization for sample 2
was 6.65 emu-cm™> which did not change down to 5 K
(Fig. 12b).
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The theory of dilute magnetic semiconductors by Dietl
predicted room temperature ferromagnetism in several
material systems with Mn doping and hole concentra-
tions > 102 cm™3 [51]. This requirement in Dietl’s model
essentially demands a degenerate semiconductor, which
is what we observed in the measured CuO samples, albeit
without any magnetic doping. Measuring the planar Hall
effect and anisotropic magnetoresistance at different
temperatures showed the expected characteristic angular
dependence for both samples (Figs. 13, 14). The PHE sig-
nature has never been previously reported in CuO at any
temperature. It was observed that the maximum value for
the PHE constant (which occurs at 100 K) is similar for
the two samples (dp ~2 Ohms). There is visible asymme-
try in the AMR angular scans which is likely due to the
monoclinic crystal structure of CuO. The role of crystal
anisotropy on the PHE and AMR behavior is yet to be
determined. Further work is needed to fully understand
the PHE and AMR in CuO, but at this point it is conclu-
sive that PHE/AMR are observed and are reproducible
over the temperature range investigated in these p-type

Fig. 12 Temperature dependence of magnetization vs. magnetic field for a sample 1 and b sample 2
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degenerate semiconductors with soft FM and nanocrystal-
line structure.

3 Conclusions

The planar Hall effect was studied and displayed in thin
films of defect-engineered magnetic conducting oxides ZnO
and CuO. PHE and AMR were used as complimentary to
magnetometry (bulk measurement) to ascertain the exist-
ence of charge and spin-dependent transport. Metal oxides,
especially transition metal oxides, were chosen as the ideal
system for the study of PHE because of the interesting
changes in their magnetic and conducting properties due
to their defect structures. Thin films of these samples are
usually non-stoichiometric and the resulting lattice defects
result in charge conducting behavior and different magnetic
behaviors. ZnO has been shown to be n-type semiconductor
and exhibit room temperature ferromagnetism when it is in
small dimensions, for example, thin films, nanoparticles. On
the other hand, CuO is a degenerate p-type conductor and is
an antiferromagnet with differing behavior as temperature
decreases.

The PHE was observed in undoped ZnO at the onset of
100 K, and the signal increased with decreased temperature.
The sign of the PHE constant dp was negative. The tem-
perature dependence was also exhibited by magnetoresist-
ance measurements which showed increased ordering at the
onset of 100 K and below. Although these samples showed
ferromagnetic properties at room temperature, it seemed the
magnetic ordering was not strong enough to display the PHE
sinusoid at 7> 100 K. This lack of strong ordering at higher
temperatures is most likely due to the disruption by thermal
agitations.

In CuO, PHE was observed with a positive dp from
room temperature to 5 K. This was discussed as being due
to the p-type conductivity within this semiconductor. The

maximum in dp was observed at 100 K, which coincided
with a visible resistivity minimum. The R vs. T in CuO
showed characteristics of the Kondo effect with a resistivity
minimum at 100 K and saturation in resistivity at the low-
est temperatures (< 34 K). It was interesting to note that dp
diminished to a minimum at those low temperatures and
became constant. The observation of a negative PHE in
ZnO and a positive PHE in CuO led to the conclusion that
the sign of PHE may be a way to tell what role the majority
carriers in a material play in the magnetotransport proper-
ties at different temperatures. It was discussed that dp was
negative in semiconducting Ga(Mn)As [20] in contrast to
ferromagnetic metals, where dp is usually positive. This
may be due to the way that electrons and holes contribute
differently to spin—orbit coupling in ferromagnetic materi-
als. Future studies could look at how the sign of dp varies
between different materials; this could in turn help to eluci-
date how electrons or holes contribute to the magnetization
and magnetotransport properties of magnetic conductors.

From these results, it was clearly seen that undoped defect
engineering metal/transition metal oxides are a rich material
system for studying spin-dependent charge transport. Dop-
ing with additional impurities could add complexity to the
properties of these materials. Further studies in both n- and
p-type semiconductors can eventually lead to the observation
of PHE at room temperature within a material that has strong
magnetic properties at room temperature. This could then
pave the way towards the development of sensor devices that
utilize the PHE as their operating mechanism.
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