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The ferromagnetic ordering in Mn-doped ZnO thin films grown by pulsed laser
deposition (PLD) as a function of oxygen pressure and substrate temperature
has been investigated. Room-temperature ferromagnetic behaviors in the
Mn-doped ZnO films grown at 700°C and 800°C under 10! torr in oxygen
pressure were found, whereas ferromagnetic ordering in the films grown
under 102 torr dlsappeared at 300 K. The large positive magnetoresistance
(MR), ~10%, was observed at 5 K at low fields and small negative MR was
observed at hlgh fields, 1rrespect1ve of oxygen pressure. In particular, anom-
alous Hall effect (AHE) in the Mn-doped ZnO film grown at 700°C under 107!
Torr has been observed up to 210 K. In this work, the observed AHE is
believed to be further direct evidence demonstrating that the Mn-doped ZnO

thin films are ferromagnetic.
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INTRODUCTION

Diluted magnetic semiconductors (DMSs) have
attracted much interest in recent years due to their
possibility of exploiting charge and spin degrees of
freedom to bring novel functionalities to semiconduc-
tor devices.! 2! In particular, wide bandgap semicon-
ductors contlnue to be of central importance, since
Dietl et al.? predicted T, exceeding room temperature
for GaN and ZnO contalnlng 5% of Mn and a high hole
concentration (3.5 X 10%° cm®). Recently, although
Mn-doped GaN®*® and Mn- doped Zn0O®%17 have
been intensively studied, the origins of their ferro-
magnetism are still not fully understood.

II-VI DMSs such as ZnO are of particular signifi-
cance because the solubility limit of magnetic ions
is very high. However, the magnetic behaviors of
Mn-doped ZnO differ for different research groups,
for instance, wh1ch reported Mn- doped ZnO to be
ant1ferroma§net1c and paramagnetlc 1 and ferro-
magnetic.” %12 1"Even the origins of ferromagnetic
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ordering were controversially reported due to a change
of electronic band structure,” a carrier-induced
mechanism,? or an oxygen- vacancy- stabilized meta-
stable ferromagnetlc phase.'® The discrepancies
can be attributed to different sample growing condi-
tions or different sample growmﬁ methods, e.g.,
pulsed laser deposition (PLD)," #1257 Jager molecular-
beam epltaxy,9 ion implantatlon,10 magnetron
sputtering,'’ and standard solid-state reaction.®
Furthermore, the magnetic properties of Mn-doped
ZnO can be sensitive to Mn content and growth con-
ditions, e.g., substrate temperature, oxygen pres-
sure, and so on.

In the present work, we report the magnetic and
magnetotransport properties of Mn-doped ZnO thin
films grown by PLD as a function of oxygen pres-
sure and substrate temperature. The origin of room-
temperature ferromagnetism in the Mn-doped ZnO
films grown at high oxygen pressure is discussed.

EXPERIMENT

Mn-doped ZnO thin films in the thickness range
20-50 nm were grown by PLD on a single-crystal
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sapphire substrate using ZnMnO targets with 30%
of Mn concentrations. The deposition time by ablat-
ing targets with Nd:YAG laser (355 nm) and laser
pulse energy density were 8.5 min and 2J/cm?
respectively. The films were grown at various sub-
strate temperatures ranging from 20°C to 800°C
under oxygen pressure of 107! to 1072 torr. X-ray
diffraction (XRD) technique and high-resolution
transmission electron microscopy (HRTEM) were
used to investigate the crystal structure and micro-
structure of the Mn-doped ZnO thin films. TEM-
electron dispersive spectrometry was also used to
estimate Mn content in the films. The van der Pauw
Hall and magnetoresistance (MR) measurements
were performed by applying a magnetic field up to
9 T in the temperature range 4-300 K, in order to
investigate the electrical and magnetotransport
properties of the Mn-doped ZnO films. Hysteresis
loops were measured at temperatures ranging from
4 K to 300 K using a superconducting quantum
interference device.

RESULTS AND DISCUSSION

The crystal structure of the 26at.%Mn-doped ZnO
film grown at 700°C under 10! torr in oxygen pres-
sure was investigated by XRD. Figure 1 shows the
XRD pattern for the film in which all the peaks were
found to be from the wurtzite structure of ZnO,
except for peaks of (013), (223) from Zn,Mn3Og. As
reported in a previous study,’® Zn,MnsOg is
believed not to be responsible for the origin of ferro-
magnetic ordering in the Mn-doped ZnO films, since
it is nonmagnetic. A representative HRTEM image
(see the inset of Fig. 1) provides direct experimental
evidence that there are no appreciable Mn nano-
clusters or Mn oxides as a secondary phase in the
Mn-doped ZnO film, which is suspected to exhibit
ferromagnetic ordering in the film. Our results on
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Fig. 1. XRD pattern of the film grown at 700°C under 10" torr on the
Al>,O3 substrate. The inset is a cross-sectional HRTEM image of 26%
Mn-ZnO showing no indication of any embedded Mn clusters or
Mn oxides.
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the crystal structure and microstructures are cru-
cial in addressing the intrinsic origin of ferromag-
netic ordering in the Mn-doped ZnO systems.

The magnetic behaviors for the Mn-doped ZnO
films have been investigated as a function of sub-
strate temperature and oxygen pressure. Figure 2
shows M-H loops for the Mn-doped ZnO films grown
at 700°C and 800°C under an oxygen pressure of
10! and 102 torr, obtained with magnetic fields
applied parallel to the plane of the films at 4 K
and 300 K. Regardless of the oxygen pressure, the
Mn-doped ZnO thin films grown at 700°C and 800°C
exhibit ferromagnetic ordering at 4 K. On the other
hand, both the Mn-doped ZnO films grown at 700°C
and 800°C under 10! torr are still indicative of
ferromagnetic ordering at 300 K, whereas the ferro-
magnetic behavior in the films at 700°C and 800°C
grown under 10~ torr was found to almost disap-
pear at 300 K. In this study, it is of great significance
to understand the room-temperature ferromagnetic
ordering in the Mn-doped ZnO thin films under
10! torr. Although room-temperature ferromagnet-
ism in Mn-doped ZnO films'*!%16 has been previ-
ously reported, the origin of ferromagnetic ordering
remains controversial. A clear understanding of
the room-temperature ferromagnetic ordering can
provide us with new experimental approaches to
an opportunity to develop spintronic devices based
on Mn-doped ZnO films.

The variation of oxygen pressure during the
growth in the present work was found to result in
a dramatic difference in magnetic behaviors other
than the substrate temperature, as seen in Fig. 2. It
has been reported that higher oxygen pressure in
PLD suppresses the formation of oxygen vacancies,
leading to reduction in free electrons in a ZnO sys-
tem.'® From the van der Pauw Hall measurements,
we found that the electron concentration (n ~ 1.4 X
10'%/cm®) in the Mn-doped ZnO thin film grown
under 107! torr is lower than that (n ~ 4.1 X
10'%cm?®) in the sample grown under 102 torr at
4 K.

On the assumption that the origin of ferromagnet-
ism in the Mn-doped ZnO thin films is carrier medi-
ated such as (Ga,Mn)As, (In,Mn)As,? the magnetic
moment in Mn-doped ZnO thin film grown under
107! torr should be lower than that in the sample
grown under 102 torr at 4 K due to lower concen-
tration, as confirmed from Fig. 2a and c¢. However,
the assumption turned out to be incorrect at 300 K,
since the magnetic moment in Mn-doped ZnO thin
film grown under 10 ! torr is higher than that in
the sample grown under 102 torr, although elec-
tron concentration in the film grown under 10~ * torr
is lower than that in the film grown under 10~ torr
at 300 K (see Fig. 2b and d).

In order to clarify the origin of ferromagnetic
ordering and the effects of substrate temperature
and oxygen pressure on the magnetic properties in
the Mn-doped ZnO thin films, we investigated
temperature dependence of magnetization for the
Mn-doped ZnO films grown at 700°C and 800°C
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Fig. 2. (a)—(d) M-H loops for the Mn-doped ZnO films grown at 700°C and 800°C under an oxygen pressure of 10~ torr and 102 torr, measured
with magnetic fields applied parallel to the plane of the films at 4 K and 300 K.

under 10! torr and 102 torr, respectively. Figure 3
exhibits the magnetization difference (AM) between
the zero-field-cooled (ZFC) and the field-cooled (FC)
magnetizations as a function of temperature under
a magnetic field of 100 Oe. This subtraction effec-
tively eliminates the diamagnetic contribution of
the substrate, a single-crystal sapphire, from the
samples. The FC-ZFC subtraction is particularly
effective when there is a small amount of a ferro-
magnetic material in the presence of a large dia-
magnetic background.

Ferromagnetic ordering for the Mn-doped ZnO
films grown at 700°C and 800°C under 10! torr
and 10? torr is clearly seen at 4 K. The magnetic
moment in the samples grown at 800°C drastically
decreases with increasing temperature below 45 K,
but the magnetic moment in the samples only grown
at 700°C and 800°C under 10! torr persists up to
room temperature. This is in very good agreement
with the M-H loops shown in Fig. 2. Crossovers in
the M-T curves, at which magnetizations for the
samples grown under 10! torr and 102 are iden-
tical, are found to occur at 12 K and 48 K, respec-
tively, as indicated by arrows in Fig. 3. The detailed
reason for this is not clear yet, but it should be noted
that it is related to the formation of oxygen vacan-

cies due to oxygen pressure, giving rise to the var-
iation in electron concentration.

Very recently, an oxygen-vacancy-stabilized meta-
stable ferromagnetic phase™® was reported to be
responsible for high-temperature ferromagnetism,
indicating that the carrier-induced mechanism is
inappropriate as an origin of ferromagnetism in
Mn-doped ZnO. On the other hand, there is a theo-
retical work?® based on first-principles total energy
calculations and Monte Carlo simulations, indicat-
ing that hydrogen-mediated spin-spin interactions
lead to high-temperature ferromagnetism in ZnO-
based dilute magnetic semiconductors. Although
the reported origins'®?° can be adopted to explain
the room-temperature ferromagnetic ordering in
our samples, they are not available to address the
crossovers in magnetization for the samples grown
under 10! torr and 10~ torr.

Figure 4 shows the variation of MR [R(H)/R(0)]
against magnetic fields applied perpendicular to
the sample plane for the Mn-doped ZnO film grown
at 700°C under 10! torr. The positive MR is striking
at 5 K, reaching ~10%, at high fields and negative
MR at low fields. The positive MR behaviors
are believed to be due to the spin splitting by s-d
exchange coupling between the carriers and localized
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Fig. 3. (a) and (b) Temperature dependence of magnetization for the
Mn-doped ZnO films grown at 700°C and 800°C under 10~ torr and
1072 torr, respectively. Magnetization difference (AM) between the
ZFC and FC magnetizations were measured as a function of temper-
ature under a magnetic field of 100 Oe. The inset in (b) shows the
comparison between AM of the films grown under 10~ torr and 102
torr above 50 K.

spin and the rise of the Fermi level in the majority-
spin sub-band.?! The positive MR decreases with
increasing temperature and disappears at room tem-
perature. We also found small negative MR due to a
weak localization,?® as shown in Fig. 4b. Interest-
ingly, we found that the variation of MR for the
Mn-doped ZnO film grown at 700°C under 102 torr
is very similar to that for the film grown at 700°C
under 107! torr, suggesting that oxygen pressure
does not affect the variation of MR. The MR behav-
iors cannot be direct evidence for the ferromagnetic
ordering in the Mn-doped ZnO films, but reflect
doping of Mn into ZnO.

In particular, we demonstrated the ferromagnetic
ordering in the Mn-doped ZnO thin film grown at
700°C under 10! torr by way of finding the anoma-
lous Hall effect (AHE) up to 210 K, which was for the
first time observed in Mn-doped ZnO systems to the
best of our knowledge. The Hall effect is given to two
contributions that are well known as the ordinary
Hall effect (OHE) and the AHE.?* The OHE is a con-
sequence of Lorentz force acting on the current car-
riers, whereas the AHE arises from spin-orbit
interaction and other couplings. The observation of
AHE arising from asymmetric scattering due to spin-
orbit coupling is clear evidence of the exchange inter-
action between itinerant carriers and localized spins.
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Fig. 4. (a) Variation of MR [R(H)/R(0)] against magnetic fields applied
perpendicular to the sample plane for the Mn-doped ZnO film grown
at 700°C under 10" torr. (b) Negative MR at low fields and positive
MR at high fields are clearly observed.

Figure 5 shows the Hall resistivity measured at
several temperatures of 5 K, 15 K, 30 K, and 210 K
for film grown at 700°C under 10! torr as a func-
tion of applied field. In order to extract the anoma-
lous Hall resistivity, the ordinary Hall resistivity
should be subtracted from the measured Hall resis-
tivity. From the linear extrapolation of the Hall resis-
tivity in the high field regime, because the ordinary
Hall resistivity is linear to the field, the ordinary
Hall coefficients are derived to be Ry = —0.133 cm®/C
to —0.448 cm®/C, which gives the carrier concentra-
tion ranging from 1.40 X 10'%cm? to 4.70 X 10'%cm?
at temperatures between 5 and 210 K. The nega-
tive sign of Ry suggests electron conduction to the
charge carriers, whereas the anomalous Hall coeffi-
cient, Ra, has the positive sign. The opposite signs
of Rg and R, have been previouslzy observed in
(InMn)Sb,?* half-metallic SroFeMoOg,** and co-doped
TiO,.2% Even in a single material of (GaMn)As, the
different signs of Ry are shown depending only on
the growth temperature.?’ The determination of the
R, sign is probably made by asymmetric scattering
due to the different density of states for positive and
negative orbital orientation.?® The anomalous Hall
resistivity is in good accordance with the M-H curves,
as seen in the inset of Fig. 5, where both curves are
saturated at almost identical fields, 2.5 kOe.

For the films grown at 700°C under 10~ torr in
oxygen pressure, however, no AHE is observed even
though it has higher magnetization at low temper-
ature. One possible origin for the absence of AHE in
the sample grown under 1072 torr in oxygen
pressure can be a weak coupling between the charge
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Fig. 5. Hall resistivity measured at several temperatures of 5 K, 15 K,
30 K, and 210 K as a function of magnetic field for the Zn-Mn-O film
grown at 700°C under 10~ torr in oxygen pressure. The anomalous
part of Hall resistivity is plotted by subtracting the ordinary contribu-
tion from the measured Hall resistivity. The open and closed circles
in the inset represent magnetic hysteresis and anomalous Hall resis-
tivity at 5 K, respectively.

carriers of conduction electrons and the localized spins
of magnetic impurities, as previously reported.?’
The other possibility for describing the lack of
AHE in films grown under 102 torr arises from
higher oxygen vacancies that deteriorate the crys-
talline quality and disturb the homogeneous distri-
bution of Mn ions into the system. However, an
understanding of the absence of AHE in the low-
temperature regime, where the larger magnetic
moment is observed, is not yet clear. This fact might
lead to the conclusion that the AHE in our samples
is strongly dependent on the anomalous Hall coeffi-
cient (Rp) rather than the magnetization (M) in
which Hall resistivity is expressed:

Pxy = RoH + RaM

In the case of (Ga,Mn)As, skew scattering is
responsible for the AHE given by the relationship
of M ~ (1/¢)Ryan/Rxx, Where c is the constant, which
means Ry is linearly proportional to Ry.! We have
confirmed, however, that c is temperature depend-
ent in the plot of M versus Ry./Rxx. Hence, we
exclude the skew scattering mechanism for the
presence of AHE in the film grown under 10~ torr.
The other well-known mechanism for describing the
AHE behavior is the side jump mechanism based on
the constant lateral displacement Ay of the charge
carrier’s trajectory at the point of scattering and
expressed as tanfg ~ 0g ~ Ay// * p,,Ay, where 6g
is the scattering angle, Ay the lateral displacement,
and ¢/ the mean free path, finally resulting in the
form of Ry * p%u.2® Our results suggest that the
AHE in our Zn-Mn-O films grown at 700°C under
10! torr in oxygen pressure is attributed to the
side jump mechanism due to its short mean free
path.
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SUMMARY

In summary, we have investigated the effects of
oxygen pressure and substrate temperature on the
magnetic and magnetotransport properties of the
Mn-doped ZnO thin films grown by PLD. We found
that ferromagnetic ordering in the Mn-doped ZnO
films grown at 700°C and 800°C under 10! torr
persists up to 300 K, whereas that in the films
grown under 10~ torr was found to disappear at
300 K. We also found the large positive MR at high
fields and small negative MR at low fields, regard-
less of oxygen pressure. Although the observed MR
behaviors cannot be direct evidence indicating the
ferromagnetic ordering in the Mn-doped ZnO films,
it reflects doping of Mn into ZnO. On the other
hand, the observed AHE reveals intrinsic ferromag-
netic ordering in the Mn-doped ZnO thin film grown
at 700°C under 107! torr in oxygen pressure. Our
results support that charge carriers mediate the fer-
romagnetic exchange coupling between the localized
magnetic ions due to the presence of significant oxy-
gen vacancies in the Mn-doped ZnO thin film.
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