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Defect-induced magnetism in chemically synthesized nanoscale sheets of MgO
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Highly defective MgO nanosheets were prepared by a colloidal synthesis and exhibited low-temperature
ferromagnetism which was significantly larger that the magnetization potentially obtainable from the low
transition-metal impurity concentration. Electron paramagnetic resonance experiments confirmed that the
magnetization did not significantly involve impurities and that the nanosheets consisted of strongly interacting
spin clusters which disappeared upon high-temperature annealing. These spins were concentrated along extended
defects, possibly as unpaired electrons trapped at oxygen vacancies.
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Defect-induced magnetism (DIM), which originally con-
centrated on carbon-based materials,! began receiving sub-
stantial attention in the last decade when the interest shifted
towards diamagnetic oxides. This was due to theoretical
predictions of vacancy-induced ferromagnetism (FM) in sim-
ple oxides>™* and the large interest in oxide-based dilute
magnetic semiconductors with Curie temperatures above room
temperature, where there was much ambiguity regarding the
source of the observed ferromagnetism. It received another
boost from a finding of ferromagnetism in thin HfO, films by
Coey and coworkers.” Since then, experimental results from
many groups claimed the appearance of DIM in several oxides,
primarily ZnO,°® HfO,,” Ca0,® and MgO.%13

DIM should be highly sensitive to the various defect or
impurity characteristics, posing experimental and theoretical
difficulties that demand prudence. Experimentally, Abraham
et al."* and Garcia et al."> showed the ease with which a ferro-
magnetic signal is obtained in such oxides due to impurities.
The problem of paramagnetic transition-metal ion impurities
as a source of magnetism was recently comprehensively
studied by Khalid et al.'® Much of the previous experimental
work claiming to have detected DIM in MgO°~"® as well as
other materials ignored the need to precisely determine the
paramagnetic metal impurity concentration in the analysis of
results. Preparation of samples by deposition in a stainless-
steel apparatus,'? using characterization techniques such as
x-ray diffraction (XRD) and x-ray photoelectron spectroscopy
(XPS) with insufficient sensitivity to low concentrations of
impurities,”' or using less-than ultrapure precursors or not
addressing precursor purity'®!'! may lead to confusion about
the source of the observed ferromagnetism. The theory of DIM
is also problematic: In the early 70s large magnetic moments
were predicted on neighboring oxygen atoms due to Mg
vacancies.'” Elfimov et al.? predicted cation vacancy-induced
ferromagnetism using density functional theory (DFT) calcu-
lations. Also, further theoretical work attributed the formation
of magnetic moments and the resulting FM to spin-polarized
holes residing on cation p orbitals either at vacancy or
impurity sites.>!'® Most DIM studies, both experimental'®-!3
and theoretical,'>!°2! suggested that the origin of the ob-
served FM in these oxides is related to cation vacancies or
even nitrogen doping in MgO.?>* Recent theoretical work
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discussed interdefect coupling mechanisms,”>~?’ such as high

carrier mobility near interfaces. Very recently, Zunger and
coworkers?®? and Droghetti et al.> drew attention to the
Achilles’ heel of all DFT calculations performed with local
approximations of the exchange correlation potentials, such
as the local spin density approximation and the generalized
gradient approximation. These methods overestimate spin
density delocalization, leading to a half-metallic ground state
with a relatively strong interdefect ferromagnetic interaction.

In this paper we present results obtained on highly de-
fective MgO nanosheets (MgO-NSs) prepared by a colloidal
synthesis from the ultrapure precursors using several charac-
terization tools. The combination of impurity-concentration
measurements, high-resolution transmission electron mi-
croscopy (TEM), magnetometry, electron paramagnetic res-
onance (EPR), and diclectric measurements indicates the
appearance of low-temperature FM in the MgO-NSs which
is significantly stronger than the largest FM potentially con-
tributed by transition-metal impurity ions and, thus, primarily
defect-related.

The MgO-NSs were prepared from high-purity dendritic
pieces of distilled Mg, 99.998% (Sigma-Aldrich), by a
colloidal synthesis as described in detail in Ref. 30. In short,
the magnesium was transformed into magnesium ethoxide
by heating the metal in excess ethanol in a glove box and
then the magnesium ethoxide was quickly decomposed at
>570 K in a high-boiling-point liquid such as oleylamine or
hexadecane under a nitrogen or argon atmosphere. Magnetic
measurements were conducted using a Quantum Design
MPMS XL5 SQUID magnetometer for NS powders made
by ~20 different syntheses. EPR spectra were collected by a
Bruker ELEXYS 500 (X band at 9.5 GHz) spectrometer.

Extreme caution was taken in the preparation of the
MgO-NSs to minimize contamination. No metal tools were
in contact with the samples at any point along the preparation
and the glassware used in the experiments was thoroughly
cleaned and only used for these preparations. The impurity
contents in the MgO-NSs was analyzed using inductively
coupled plasma atomic emission spectroscopy and flame
atomic absorption, and it was found that the total amount of
manganese (0.04 ppm), nickel (<0.01 ppm), iron (<0.01 ppm),
and cobalt (<0.01 ppm) was less than 0.1 ppm (by mass).’!
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FIG. 1. (Color online) (a) Schematic assembly of an MgO-NS and
formation of the dislocations or interfaces. (b) Aberration-corrected
high-resolution TEM image of a magnified part of a stack of
~2 MgO-NSs showing the high density of extended defects.

Figure 1 displays a TEM image of an NS with a magnified
high-resolution part of an NS where the high density of ex-
tended defects is visible. It was previously estimated that these
NSs are about 2 to 3 nm thick and have a separation between
extended defects of the order of 2 nm. This corresponds to an
extended defect density of the order of 10"3cm~ (see Fig. I,
and Refs. 30 and 31), which is among the highest obtainable
in crystalline materials.

Figure 2(a) displays low-temperature magnetization curves
of the precursor Mg-ethoxide, of the as-prepared (AP) MgO-
NSs, and of the same sample annealed in air at 423, 1023, and
1373 K measured by a SQUID magnetometer. The results
of ~20 repeated syntheses were similar qualitatively with
some variation (£30%) in magnetization values. The standard
magnetization curves displayed in Fig. 2(b) show that the
precursor powder had a pure diamagnetic response at 4 K
(up to a field of 5 T), whereas in Fig. 2(a) it can be seen
that the AP NSs exhibit a combination of paramagnetic and
ferromagnetic behavior. The inset in the figure shows that
the low-temperature hysteresis disappeared around 50 K.
Figure 2(c) displays the remnant magnetization M, (H) curves
of several samples. The curve is plotted by setting a field value
H and nulling the field prior to the magnetization measurement
for each field value. Thus, these data distinctively correspond
to the ferromagnetic component in the material. The annealed
samples, even after air annealing at as-low-as 423 K, lost most
of their remnant magnetization. The ferromagnetic component
of the AP NS sample had a saturation magnetization of about
3.0 x 1073 emu/g. It is important to note that MgO-NSs
prepared under argon instead of nitrogen exhibited the same
FM properties, indicating that the observed DIM is not due
to nitrogen doping. If each Fe, Co, and Mn impurity would
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FIG. 2. (Color online) (a) Magnetization curves of the AP sample
measured at several temperatures. Inset shows a zoom on the
low-field part of the curves. A temperature-independent constant
diamagnetic slope was subtracted from all curves. (b) Raw data
of 4-K magnetization curves of the precursor Mg-ethoxide, the AP
MgO-NSs, and the same sample annealed in air at 1023 and 1373 K.
(c) Raw data of 4-K remnant magnetization curves of several samples.

contribute to the saturation magnetization a maximum of
5 up, and rounding up the total transition-metal-impurity level
to 0.1 ppm, the saturation magnetization contributed by the
impurities would be <1x10"*emu/g, which is well below
the measured ferromagnetic saturation value and almost three
orders of magnitude smaller than the total (paramagnetic +
ferromagnetic) magnetization. Thus, it is concluded that the
observed FM cannot be explained by impurity-dominated FM.

Long-range interdefect coupling would require some de-
gree of charge delocalization. To study this we have carried
out complex dielectric constant measurements of the MgO-NS
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FIG. 3. The AP NSs ac-conductivity dependence on temperature,
extracted from the imaginary component of the dielectric constant
measured at 1 Hz. The temperature was cycled 170 — 420 — 170 K
during 2 hours. Inset: A linear fit of the logarithm of the imaginary
component peak frequency as a function of reciprocal temperature to
extract the charge carrier’s trapping barrier (300 meV).

powder. We find that the imaginary part of the dielectric
constant is proportional to the conductivity (thus proportional
also to mobile charge density). Figure 3 displays the low-
frequency ac-conductivity (1 Hz) dependence on temperature
in a temperature cycling experiment; 170 — 420 — 170K. It
indicates a strongly thermally activated conductivity, which
reaches a maximum conductivity of ~7x 107 S/m at 380 K
and is strongly suppressed by annealing at ~420 K, as was
the case with the remnant magnetization. A delocalization
energy barrier of ~300 meV was estimated from an Arrhenius
fit of the temperature dependence of the conductivity-peak
frequency (inset of Fig. 3). Thus, it appears that a mild heating
for a period of several hours that barely affects the XRD
results*® was enough to significantly reduce long-range charge
mobility in the NSs. This would most probably be related
to electrons trapped in dislocations or grain boundaries, as
predicted by McKenna and Shluger.?? The appearance of FM at
relatively low temperatures, where charge mobility is reduced,
could be explained by charges trapped at the interfaces or
extended defects which may retain a significant degree of
delocalization.’%3

Figure 4 displays the temperature-dependent EPR spectra
of the AP (a), 1023-K (b), and 1323-K (c) annealed NS
powders that were previously used for the magnetometry
measurements. The first two spectral series shown in Figs. 4(a)
and 4(b) do not resemble previous EPR spectra of MgO with
isolated defects.>*3 Comparison between the samples shows
that the low-field EPR spectra of the AP MgO-NSs possess a
large broad peak, conclusively showing that the spins in the
system are strongly coupled and form spin clusters, probably
at dislocations.*® Note that the intensity distribution of this
peak further shifts to lower fields with decreasing temperature
as more spins become coupled and the interacting spin clusters
increase in size. Cooling below 100 K caused further smearing
of the peak and is thus not shown here. Surprisingly, a major
part of the coupled spin clusters remained also upon annealing
at 1023 K, although shifted to higher field and with a larger
fraction of weakly coupled spins around g ~ 2. However,
upon annealing at 1323 K, where a substantial sintering

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 83, 161201(R) (2011)

130K
o 0]
L
c
3 104
8 ,
3 20
oy
g
i =30
£
.40
As-prepared
-50 T T T T T
1000 2000 3000 4000 5000
40 - Field (G)
290K
@ 20+ (b)
=
= i
£
<0
zZ
c
g 40-
E
B0
-804 Annealed @1023 K
1UIDIJ 2ﬂlﬂﬂ Sﬂlﬂﬂ 40}1() SIJIOO
Field (@)
300 -
200
=
2 100
£
— D -
> . R
8 100 4
2
£ 200 1
3001 Annealed @1373 K
2000 3000 4000
Field (G)

FIG. 4. (Color online) Temperature-dependent EPR X-band
spectra of (a) the AP NS powder, (b) the 1023-K,
and (c) the 1323-K annealed NS powders. Sample (c) was only
measured at low temperatures and is shown in a narrower field range.

process occurred, the defect density was reduced, as seen
from the reduction in peak area, and the new split defect signal
appeared primarily at g ~ 1.97 and g ~ 2.17, probably related
to trapping of superoxide (O, ) radicals in the air-annealed
MgO.3?

The small peak apparent in the spectra at ~1500 G
indicates the presence of a low concentration of high-spin
Fe3*. Characteristic multiplets of manganese ions were not
visible in any of the EPR spectra. Organic radicals can be
ruled out as the source of the EPR signal since air annealing
at 1023 K should eliminate all organic material.

Theoretical work has shown that, in order to achieve
FM in MgO, the system should have a prohibitively high
cation vacancy concentration—of the order of a few percent.
For example, Zunger and coworkers calculated a minimum
of 4.6% cation vacancies in Ca0,2° which is far from the
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thermodynamically allowed concentration. However, as men-
tioned above, these calculations have overestimated the degree
of spin delocalization and it is now realized that even such high
point-defect densities would not lead to FM. In addition, all the
calculations considered a model of randomly distributed cation
vacancies in a bulk oxide lattice'>!°->! whereas the present
data indicates a different possibility. Since the MgO-NSs have
a high density of dislocations (Fig. 1, and Ref. 31), we believe
that the majority of point defects is concentrated at interfaces,
such as along the dislocations or grain boundaries. Recent work
supports the concept of strong magnetic interdefect coupling
at interfaces.”>~’

McKenna et al.”’ predicted that vacancies in systems like
MgO tend to segregate to grain boundaries. In these systems,
electrons and holes can form delocalized but confined states.
A desired long-range interaction may be possible due to
the proximity of localized magnetic centers to an extended
defect. One dislocation about every 1.5-2 nm is the estimated
density required for achieving DIM at grain boundaries or
dislocations,”® equivalent to a dislocation density of about
10'* cm™2, nicely agreeing with the dislocation density of
the NSs in the present work.>! Moreover, the high surface-
to-volume ratio of the NSs allows a high density of sur-
face defects. Additional XPS and photoluminescence data,’!
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together with calculations by McKenna and Shluger,*® indicate
that the most abundant point defects along the interfaces were
F* states, which are unpaired electrons trapped at an oxygen
vacancy.

In conclusion, this work investigated the phenomenon of
low-temperature FM observed in ultra-pure, highly defective
MgO-NSs. The MgO-NSs were characterized by an extremely
high defect density, which is necessary for DIM. Extreme
precautions were taken when dealing with contamination and
impurity issues, starting from the choice of an ultrapure precur-
sor, using a metal-free environment, and an extensive analysis
of the product. The present combination of impurity analysis,
observation of simultaneous high extended-defect concentra-
tion, relatively high conductivity, low-temperature remnant
magnetization, and strongly interacting spin clusters provides
strong evidence for the presence of DIM. In contrast to the
commonly used randomly distributed cation vacancy model,
it is believed that high densities of interface defects at disloca-
tions or grain boundaries are responsible for the DIM effect.
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