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Defect-induced magnetic order in pure ZnO films
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We have investigated the magnetic properties of pure ZnO thin films grown under N, pressure on a-, c-, and
r-plane Al,O5 substrates by pulsed-laser deposition. The substrate temperature and the N, pressure were varied
from room temperature to 570 °C and from 0.007 to 1.0 mbar, respectively. The magnetic properties of bare
substrates and ZnO films were investigated by SQUID magnetometry. ZnO films grown on c- and a-plane
Al,O5 substrates did not show significant ferromagnetism. However, ZnO films grown on r-plane Al,O3
showed reproducible ferromagnetism at 300 K when grown at 300—-400 °C and 0.1-1.0 mbar N, pressure.
Positron annihilation spectroscopy measurements as well as density-functional theory calculations suggest that
the ferromagnetism in ZnO films is related to Zn vacancies.
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I. INTRODUCTION

After the theoretical prediction of room temperature fer-
romagnetism in Mn-doped ZnO,! ZnO doped with magnetic
transition metal ions was intensively studied due to its po-
tential electronic applications. Among these metal ions Co-
doped ZnO was thought to lead to an intrinsic, homogeneous
semiconducting ferromagnet. However, x-ray magnetic cir-
cular dichroism measurements on the magnetic Co-ZnO
films revealed that none of the elements behave ferromag-
netically and consequently the observed ferromagnetism was
attributed to O or Zn vacancies.”? Room temperature ferro-
magnetism has also been observed in undoped wide-band
gap semiconducting thin films and nanoparticles such as,
e.g., TiO,, HfO,, In,05, and Ce0,.*® The observation of
ferromagnetism in these undoped systems opened a wide de-
bate on its origin. As in graphite—the paradigma for defect-
induced magnetism—vacancies as well as nonmagnetic ada-
toms such as H may play a role in the observed magnetic
order.” Recently, ferromagnetism was found in a single ZnO
film grown on a-plane Al,O3 under N, pressure but without
demonstrating its reproducibility.® To our knowledge, there is
no report on a systematic study of the magnetic properties of
pure ZnO films grown under N, pressure. The aim of this
communication is to show that reproducible room tempera-
ture ferromagnetism can be induced in pulsed laser deposited
(PLD) pure ZnO films under N, pressure at certain growth
conditions.

II. EXPERIMENTAL DETAILS

ZnO films were grown from a ZnO polycrystalline target
on 6 X6 mm? a-, c-, and r-plane Al,O5 substrates by PLD
under N, pressure using a KrF excimer laser. The purity of
the ZnO powder used for the preparation of the PLD target
was 5N. In order to reduce the iron contamination of the
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ZnO films as much as possible in the given PLD chamber, a
specially designed molybdenium substrate holder was used
for film growth. Three sets of ZnO films (films on a-, b- and
c-plane sapphire substrates) were grown at different substrate
temperatures and N, pressures. The film thickness was be-
tween 60-400 nm. The film thickness was controlled by the
number of laser pulses with a fluence of 2 J cm™2. We per-
formed Rutherford backscattering spectroscopy (RBS) and
particle induced x-ray emission (PIXE) measurements to es-
timate and analyze the thickness and the composition of
films, respectively. The crystal structure was characterized by
x-ray diffraction (XRD) 6-26 scans using a CuK, source.
The magnetic properties were determined by SQUID (super-
conducting quantum interface device) magnetometry. For
each ZnO film, a hysteresis loop was measured at 5 and 300
K as well as temperature dependent measurements of the
magnetic moment (MM) and its remanence were investi-
gated. We have used nonmagnetic tweezers and the sample
was directly mounted in a straw to avoid magnetic back-
ground signals. Positron annihilation spectroscopy (PAS)
was used to investigate the variation of the vacancy concen-
tration with N, pressure given by the Doppler broadening
parameter S.>!1°

III. RESULTS AND DISCUSSIONS

To elucidate experimental results, first-principle calcula-
tions were performed based on density-functional theory in
the generalized gradient approximation (GGA).!'"!3 Elec-
tronic correlations were accounted within a GGA+U ap-
proximation. The calculations were carried out with the Vi-
enna ab initio simulation package'*!> using the projector
augmented-wave method.'® Defects in ZnO were simulated
with a 2(3) X 2 X 2 supercells containing 64 (96) atoms built
from a conventional orthorhombic unit cell of 8 atoms. The
expansion of the electronic wave functions in plane waves
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FIG. 1. (Color online) (a) XRD pattern of ZnO films grown on r-plane sapphire substrates at five different nitrogen pressures. The inset
shows the variation of the lattice parameter a of ZnO films with N, partial pressure (film thickness: 500, 400, 430, 65, and 60 nm grown on
0.01 mbar, 0.1 mbar, 0.3 mbar, 0.5, and 1.0 mbar N, pressure, respectively). (b) First-principles results showing a left shift in the minima of
energy-lattice curves indicating a decrease in the lattice constants with respect to the increase in Zn vacancy V., concentration (see inset).
Here, one V, in a 64 atoms supercell corresponds to a concentration of 3.125%. Due to the differences in the total energy E between the
four calculated supercells E has been shifted by 7n eV, n being the number of vacancies per supercell, in order to allow direct comparison

in one graph.

was done using the cut-off energy of 400 eV with a
Monkhorst Pack k-points mesh of 3(2) X2 X2. The calcu-
lated lattice constants of a=3.245 A and the c¢/a ratio of
1.603 were comparable to the experimental values (3.249 A
and 1.602, respectively!”) when we applied the on-site Cou-
lomb correlation energy correction U=5.7 eV. The band gap
obtained with this parameter is of order of the 1.3 eV.
Figure 1(a) shows the XRD patterns of ZnO films grown
on r-plane sapphire substrates at 400 °C substrate tempera-
ture and at 0.01-1.0 mbar N, pressure. The peak near 26
=56.6° is attributed to the ZnO (110) reflection. The XRD
patterns indicate that there is an epitaxial relationship of

Zn0(0002)IA1,05(1120), ZnO(0002) |l Al,05(0001), and

ZnO(1120)11A1,05(0112) for films grown on a-, c-, and
r-plane Al,O5 substrates, respectively. The lattice constant a
and its change with N, pressure was calculated from the

location of the (1120) reflection peak, see inset to Fig. 1(a).
A decrease of the lattice constant a is observed with increas-
ing N, pressure at the growth temperature of 400 °C.

This experimental finding was confirmed by our first-
principles investigations. Theoretical calculations, presented
in Fig. 1(b), show that an increase in the concentration of Zn
vacancies (V) leads to an effective reduction of the equi-
librium lattice constant a. The reduction of lattice constant a
obtained for O vacancies (V) for the same concentration as
V. 1s only about one third of the one observed for Zn va-
cancies. No significant volume change occurs if a Zn or O
atom is replaced by N. This strongly suggests the formation
of Zn vacancies, which induce a high magnetic moment
MM =2 up distributed over the neighboring O atoms. Also,
our calculations indicate that in case O or Zn are replaced by
N the formed localized MM’s are smaller. Interestingly, our
results show that H atoms neither improve the formation of
MM’s at defects nor form isolated magnetic defects by
themselves. '8

The inset to Fig. 1(a) shows a gradual increase of lattice
constant a at higher N, pressure (0.5-1.0 mbar). This in-

crease in lattice constant a at higher N, pressure might be
due to the strain. However, we leave this question open for
future work.

The saturation magnetization of ZnO films grown on a-,
c¢- and r-plane sapphire substrates is shown in Fig. 2(a). ZnO
films grown on a- and c-plane sapphire substrates at several
temperatures and nitrogen pressures ranging from room tem-
perature to 570 °C and from 0.007 to 1.0 mbar did not show
significant ferromagnetic contributions in contrast to the re-
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FIG. 2. (Color online) (a) The saturation magnetization of ZnO
films grown on a-, c-, and r-plane sapphire substrates measured at 5
and 300 K. (b) Hysteresis loops of a ZnO film (after the subtraction
of background signals, 0.3 mbar N, pressure, 430 nm thick film)
grown on a r-plane sapphire substrate measured at 5 and 300 K by
using SQUID magnetometry with a field of 1 T parallel to the film
planes. The inset shows the remanence of the same sample.
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FIG. 3. (Color online) The saturation magnetization of ZnO
films grown at 400 °C on r-plane sapphire vs N, partial pressure at
5 and 300 K. The points marked with (%) are from four indepen-
dently prepared samples. Two samples were grown at 0.3 mbar N,
pressure while other two samples were grown at 0.5 mbar N, pres-
sure keeping the substrate temperature constant, i.e., 400 °C. Each
data point correspond to the magnetization of a single ZnO film.
The thickness of ZnO films was between 60-500 nm. The error bars
in the figure are <15%.

sults of Ref. 8. We note that it is difficult to control the
electrical and the magnetic properties of ZnO films grown on
a-plane sapphire due to the polarity of their O- or Zn-
terminated surfaces. On the other hand ZnO films grown on
r-plane sapphire substrates are nonpolar and are composed of
both Zn and O atoms. It appears easier for defects such as O
vacancies, Zn interstitials and vacancies to form during the
film growth.!” This might be one of the reasons why repro-
ducible ferromagnetism arises only for ZnO films grown on
r-plane sapphire substrates as we describe below.

Figure 2(b) shows the magnetization of a ZnO film mea-
sured at 5 and 300 K. A clear ferromagnetic hysteresis loop
is observed at 300 K. The difference between saturation
magnetization M, at 5 and 300 K suggests a Curie tempera-
ture clearly above 300 K. The inset in Fig. 2(b) shows the
irreversible behavior of the remnant MM for the same ZnO
film. Its irreversible behavior vs. temperature is the typical
one for ferromagnets. Figure 3 shows the saturation magne-
tization of ZnO films grown under different N, pressures at a
constant substrate temperature of 400 °C. The magnetization
of ZnO films increases with N, pressure tending to a maxi-
mum at 0.5 mbar. This saturation effect can be understood by
looking once more at our theoretical calculations. They show
that defects that carry a magnetic moment when isolated can
become nonmagnetic when coming close to other defects or
forming pairs. For example, if V,, (MM=2u;) and V,
(MM=0) are brought close together, i.e., are present in one
supercell of 96 atoms, the MM around V,, vanishes. An
increase in concentration has the effect of reducing the mean
distance between defects. Therefore, growing more defects
into an already ferromagnetic sample increases the probabil-
ity of creating magnetically annihilating defects near already
existing magnetic and ferromagnetically coupled defects.
Since a growing N, pressure is assumed to increase the de-
fect concentration, it follows that there is a pressure beyond
which the magnetization of the sample does not grow any
further or may even be reduced. The maximum value of
saturation magnetization of ZnO films at 300 K was 0.05
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FIG. 4. (Color online) (a) The magnetization of ZnO films with
different thicknesses vs. the applied magnetic field measured at 5 K
(The slight lack of symmetry in the Hysteresis loop is due to
SQUID resolution, i.e., extraction of ferromagnetic contribution
from large diamagnetic signals). (b) The saturation magnetization of
ZnO films vs iron concentration of ZnO films. This figure demon-
strates clearly that there is no correlation between the iron concen-
tration and the magnetization of the ZnO films.

emu/g, about two orders of magnitude higher than those re-
ported in the literature.*-6820

We note that the calculated magnetization values are a
lower limit; the (certainly smaller) ferromagnetic mass in the
samples remains unknown. It is rather evident that the in-
duced magnetic state cannot be homogeneous but should
consist of patches with the appropriate defect density. In
agreement with this interpretation our calculations indicate
that the magnetization is much larger for a defect concentra-
tion that allows for percolation of the magnetic interaction,
e.g., for 5% V,, M=7 emu/g.

ZnO films grown under N, pressure can suffer highly ten-
sile strain due to the lattice mismatch and the difference of
the coefficients of thermal expansion of ZnO and Al,Oj;.
Therefore, it is appropriate to investigate whether the ob-
served ferromagnetism arises from the interface between
substrate and film as reported in Refs. 21 and 22. We have
grown few ZnO films varying the film thickness at similar
growth conditions. Reducing the film thickness to one half
the MM also decreases by a similar factor (the magnetization
scales to the mass of ZnO films) see Fig. 4(a) indicating that
the observed ferromagnetism in ZnO films is not due to an
interface effect.

Figure 4(b) shows the magnetization at saturation vs Fe
concentration observed for all our samples. We note that 50
ppm Fe, if ferromagnetic, would give a magnetic moment of
1X 1077 emu in a 100 nm thick film, representing a magne-
tization of V,, emu/g, i.e., the value one order of magnitude
smaller than observed one. From the data of Fig. 4(b), we
conclude that the Fe did not influence the ferromagnetic
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properties of ZnO films in agreement with other reports.2!>3

The influence of other impurities as Ti(30 ppm) and Cr(10
ppm) can also be ruled out.

Positron annihilation spectroscopy (PAS) can be used to
analyze vacancy-type defects in ZnO films. The measure-
ments were carried out with the monoenergetic positron
beam “SPONSOR” at Rossendorf?* at which a variation of
the positron energy E from 30 eV to 36 keV is possible. The
energy resolution of the Ge detector at 511 keV is
(1.09£0.01) keV, resulting in a high sensitivity to changes
in material properties from surface to depth. About 5 X 10°
events per spectrum were accumulated. The motion of
electron-positron pair prior to annihilation causes Doppler
broadening of the 511 keV annihilation line and can be char-
acterized by the line-shape parameter S. In brief, the value of
S is defined by the ratio of counts in the central region of the
annihilation gamma peak to the total number of counts in the
peak. It is common to define the central region for a certain
sample to obtain Sy~ 0.5 for the ZnO reference sample.
Then a S parameter higher than 0.5 refers to vacancy-type
defects in the sample due to the more likely annihilation of
positrons with low momentum electrons in this region. For a
more general discussion of the parameter we refer to the
literature.?

The Doppler broadening parameter S of ZnO films grown
on r-plane sapphire at 400 °C under different N, pressure as
a function of incident positron energy is shown in Fig. 5.
Mainly three different annihilation regions are visible: Posi-
trons with an energy below 2 keV annihilate at and near the
surface of the sample. Between 2 and 6 keV the S(E) curve
mainly represents the annihilation within the grown ZnO lay-
ers. Finally, at energies higher than 6 keV the influence of the
sapphire substrate becomes visible. The insert to Fig. 5 illus-
trates the dependence of the S parameter of the ZnO films on
different N, partial pressure at a fixed positron energy. A
strong increase of the S parameter at 0.5 mbar N, pressure
was detected, which clearly indicates the presence of
vacancy-type defects larger than in the ZnO layers grown
with N, pressures below 0.5 mbar. The increase of the §
parameter at 0.5 mbar correlates with the drastic increase of
the saturation magnetization of ZnO films as shown in Fig. 3.
Therefore, it is concluded that the creation of larger vacancy-
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FIG. 5. (Color online) Doppler broadening parameter S (propor-
tional to the vacancy concentration) vs incident positron energy E
of ZnO films grown under different N, pressures at 400 °C sub-
strate temperature. Inset shows the value of S parameter vs N,
pressure at fixed positron energies.

type defects is related with the observed ferromagnetism in
pure ZnO films in agreement with our theoretical results.
However, the real size of these vacancy-type defects and
their structure remain to be determined and a challenge for
future work.

IV. CONCLUSION

In conclusion, we have investigated the magnetic proper-
ties of ZnO films grown on a-, c-, and r-plane sapphire sub-
strates under N, partial pressure. ZnO films grown only on
r-plane sapphire substrates at 400 °C substrate temperature
and 0.1-1.0 mbar N, pressure showed reproducible room
temperature ferromagnetism. There is a correlation between
the magnetization of ZnO films, the N, pressure and the
vacancy concentration, which together with our theoretical
calculations suggest that Zn vacancies are probably the rea-
son for the defect induced magnetic order.

This work is supported by the Sonderforschungsbereich
under Grant No. SFB 762, “Functionality of Oxide Inter-
faces.” The calculations were performed at the John von
Neumann Institute in Jiilich and Rechenzentrum Garching of
the Max Planck Society (Germany).
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