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ARTICLE INFO ABSTRACT

Keywords: Although bulk oxide substrates are typically diamagnetic, they can develop d° ferromagnetism. MgO single
d° ferromagnetism crystals are often used as substrates for the growth of ultrathin magnetic films and superlattices assuming that
ng their behavior is perfectly diamagnetic. We demonstrate here, however, that even highly perfect MgO(001)
E:gtloilﬁl:a diation single crystals can display a SQUID ferromagnetic signal that, although small, can mask completely the signal
SQUID coming from atomically-thin magnetic films grown on them. Our characterization of pristine MgO single crystals
MOKE revealed the existence of paramagnetic clusters of magnetic impurities in the bulk with a density of 5.13 x 108

clusters/cm® and an average magnetic moment of 5.85 pp, which generate strong paramagnetism at 5 K. In
addition, the MgO single crystals show ferromagnetism at 300 K with very small saturation magnetization of 3 x
1073 emu/cm3, coercive fields of the order of 100 Oe and remanence 5 x 10~4 emu/cm3, related to composite
Mg and oxygen vacancies in the surface region, which persist unaltered down to 5 K. In order to demonstrate the
role of vacancies in the near surface region in generating the ferromagnetic (FM) signal, the MgO crystals are
irradiated with 2.5 MeV protons and the FM signal increases by an order of magnitude. The complications
introduced by this magnetism of the MgO substrate for the characterization of atomically-thin films is illustrated
with Fe/Ni superlattices, where the significant difference in volume between ultrathin films and substrate
jeopardizes their magnetic signals when using volume-sensitive techniques, such as SQUID. To ensure an ac-
curate magnetic characterization of atomically-thin films, a surface sensitive magnetometry technique, such as
Magneto Optic Kerr Effect (MOKE), that successfully minimizes substrate contributions, has to be employed.

1. Introduction

Years ago it was widely accepted that long range magnetic order in
an insulator implies that the cation has to have partially filled d or f
electron shells. Stoichiometric bulk MgO with its wide bandgap (7.8 eV),
completely filled electron shells and its spin-polarized p band [1] was
considered the prototype of a diamagnetic insulator and, as such, it has
been widely used as a magnetically inert substrate for the growth of thin
films of magnetic materials, including atomically-thin, van der Waals
layers [2]. There were, however, reports [3-8] demonstrating that thin
films of MgO showed ferromagnetism even at 300 K, with relatively large
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(5.7-150 emu/cmg) saturation magnetization values, which depend on
the temperature of deposition and measurement and on annealing
conditions (vacuum, oxygen or hydrogen) [3-8].

These observations were made in the wake of the discovery in 2004
of the so called d° magnetism in thin films of undoped oxides, where
there were no magnetic ions with open d or f shell, a discovery that
challenged our understanding of magnetism in insulators [9-19].

Room temperature ferromagnetism (RTFM) in thin MgO films was
assigned to vacancies and other structural defects in the grown films.
This was confirmed by Density Functional Theory (DFT) simulations
that ascribe RTFM to the presence (and concentration) of Mg vacancies,
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Fig. 1. XPS survey spectrum of a pristine MgO(001) single crystal heated in UHV to 800 °C. No impurities are detected within the sensitivity of XPS. Generally,
vacuum annealing is expected to increase the number of oxygen vacancies in the surface region of the sample.

which create free electrons in oxygen ions around the metal vacancies,
whose unbalanced magnetic moments can couple ferromagnetically
even at 300 K [20-23]. “Perfect” single crystals were still considered as
strictly diamagnetic, although a pioneer work raised a warning flag by
showing RTFM in a range of single crystals traditionally considered
diamagnetic [24] and ferromagnetism (but only below 40 K) was also
reported in a MgO single crystal irradiated with neutrons [25].

We demonstrate in the following that, in spite of a widely spread
belief, highly perfect MgO(001) single crystals display a ferromagnetic
signal even at 300 K that, although small, can mask completely the
signal coming from ultrathin magnetic films grown on them and that an
accurate magnetic characterization of atomically-thin films requires the
use of a surface sensitive magnetometry technique such as MOKE. We
further shed light on the origin of the magnetic signal in MgO single
crystals. There are two contributions: a paramagnetic signal coming
from magnetically isolated impurities in the bulk and a ferromagnetic
signal coming from magnetically coupled surface vacancies. The latter
can be increased by an order of magnitude by means of controlled
proton irradiation, which leaves the former unaffected.

The issue of RTFM in MgO is relevant in practice because bulk MgO
single crystals are often used as substrates for the growth of ultrathin
magnetic films, superlattices and atomically-thin van der Waals mag-
netic layers, assuming that their behavior is perfectly diamagnetic, and
thus, with no influence in the measured magnetic properties. We illus-
trate the role of RTFM of MgO by showing that the magnetic properties
of an atomically-thin Fe/Ni superlattice with monolayer periodicity are
completely masked by the SQUID signal coming from the MgO single
crystal substrate.

2. Experimental

MgO(001) single crystals purchased from CRYSTAL GmbH in 20 x
10 x 0.50 mm size were cut with a diamond tip in the desired shape,
chemically cleaned with acetone, isopropanol and deionized water in an
ultrasonic bath before being mounted in a molybdenum sample holder
and inserted into a fast entry chamber connected to the ultra-high vac-
uum (UHV) chamber. The crystals were cleaned in-situ by annealing at
800 °C in UHV for 15 min to achieve a clean surface.

Irradiation of the MgO pristine sample was done at Centro de
Microanalisis de Materiales (CMAM-UAM) using a beam of 2.5 MeV

protons. Only half of the sample was exposed, the other one being
protected with a shadow mask. The mask was set sufficiently close to the
surface as to prevent from edge effects. This allowed us to do v-MOKE
magnetometry on each region. The irradiation energy scans promote the
creation of vacancies from the surface down to a depth of 35 pm, as
estimated using the SRIM calculation software. The total fluency was
1.4 x 107 ions/cm?, creating an estimated concentration of oxygen
vacancies of ~ 3.0 x 102! cm~3. Considering that irradiation creates also
Mg vacancies in a number of around two thirds of those of oxygen, the
total (combined) density of vacancies is ~ 5.0 x 10%! cm~3. This is 4.6%
of the atomic density of MgO.

For the growth of the Fe/Ni film the MgO(001) substrates were
covered with a 30 nm buffer layer of Ir(100) grown by sputtering using a
water-cooled Ir (99.99%) target of 3 in.. The sputtering was carried out
with an Ar pressure of 7.4 x 103 mbar and a deposition rate of 0.3 A/s.
The MgO(001) substrate was maintained at 600 °C during growth of the
Ir(100) buffer layer to optimize its crystalline quality, as checked by X-
ray diffraction (XRD) and Low Energy Electron Diffraction (LEED) (see
Suppl. Info Fig. S2).

Atomically thin Fe/Ni superlattices with (100) orientation were then
grown in the same UHV chamber with a base pressure of 3 x 10™'? mbar
via Molecular Beam Epitaxy (MBE) using a four-pocket evaporator that
allows the alternate deposition of Fe and Ni atomically- thick mono-
layers. Finally, a 10 nm V capping layer was grown by MBE at 300 K to
protect the samples from the atmosphere for further structural and
magnetic analysis outside the growth chamber.

The crystalline structure and thickness of all the components (buffer,
Fe/Ni multilayer film, and capping) of the samples were determined by
X-Ray Diffraction (XRD) and X-ray reflectivity (XRR) respectively, with
aRigaku diffraction system with a Cu Ko source (1.5405 A) and the data
was analyzed using the Rigaku software. The thickness was also calcu-
lated using an X-ray Photoemission Spectroscopy (XPS) system using
monochromatized Al Ka X-rays at hv = 1486.6 eV, which was connected
to the growth chamber. To calculate the thickness via XPS, the intensity
of the Ir 4f peaks has been measured before and after FeNi growth and,
assuming layer-by-layer growth, the FeNi thickness was estimated with
the Beer-Lambert law [26].

The magnetic characterization of the samples was performed with a
SQUID Quantum Design MPMS XL with EverCool and a vectorial
Magneto Optic Kerr Effect (MOKE) magnetomer equipped with a
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Fig. 2. Left) Wide range X-Ray Diffractogram, from 25 to 60 degrees for a representative MgO(001) single crystal. Only the 002 peak for the MgO substrate is
observed. The small shoulder at 44° comes from the sample holder. Right) LEED pattern of MgO(001) recorded at 70 eV.
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Fig. 3. a) In-plane magnetization curves measured by SQUID at 5 K (blue) and room temperature (red) for a representative pristine MgO(001) single crystal. The
magnetic signal has been normalized by the volume of the crystal and reaches a maximum value of 0.24 emu/cm® at 5 K with 50 kOe of applied field; b) Blow up of
the data at low magnetic fields illustrating the magnetic order hysteresis loops of MgO(001) at 5 K and 300 K. Notice the difference in scale with a). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

cryostat capable of reaching 25 K at the sample. The SQUID character-
ization has been performed in the In-Plane (IP) and Out-Of-Plane (OOP)
directions with a maximum applied field of 50 kOe. The process of
demagnetizing the coils has been carried out carefully before every
measurement. The MOKE setup only allows for the IP characterization of
the sample with an applied field up to 2.5 kOe. Before analyzing the
results, the diamagnetic component from the sample holder and the
material has been subtracted.

3. Results and discussion
3.1. MgO(001) single crystals

The X-ray photoelectron spectroscopy (XPS) compositional analysis
of the ~20 nm closer to the surface of the MgO(001) single crystal
heated in UHV at 800 °C to clean the surface is shown in Fig. 1. The
binding energies (BE) of the peaks have been consistently determined by
aligning the C 1 s peak position to 284.7 eV. Only Mg and O core levels
(and Auger transitions) are seen. No impurities have been detected
within the sensitivity of XPS (0.1%). The composition of the near surface
region, obtained from the ratio of Mg2s and O2s peaks (with photo-
electrons of similar energy, i.e. similar mean free path) indicates an
atomic ratio of Mg:O substantially larger than 1:1; the larger fraction of
Mg (59 + 2%) being consistent with the presence of ~10% oxygen va-
cancies generated by the annealing in UHV in the ~10 nm-deep surface
region tested by XPS.

The left part Fig. 2 shows the X-Ray Diffraction pattern indicating

that the MgO single crystal is (001) oriented with a lattice parameter a
= 4.212 A and an apparent crystallite size (~155 nm) limited by the
resolution of the XRD spectrometer. The surface crystallinity and
orientation of MgO is confirmed by the Low Energy Electron Diffraction
(LEED) pattern reproduced on the right side of the figure.

Fig. 3a shows the In Plane (IP) magnetization curves measured at
300 K and 5 K for pristine MgO(001), where the magnetization has been
normalized to the volume of the sample. At 5 K, the IP magnetization
shows a strong increase with respect to the one at 300 K due to a strong
paramagnetic contribution. The emergence of this new signal only at 5 K
is due to the temperature dependence of the magnetic susceptibility,
which is inversely proportional to temperature for paramagnetic mate-
rials; accordingly, the paramagnetic signal is much higher at 5 K than at
300 K. A blow up of the data at low fields shown in Fig. 3b reveals also
magnetic order at both 5 K and 300 K with similar remanence (= 3-6 x
1074 emu/cmB) and similar coercive fields (71 Oe at 5 K and 103 Oe at
300 K).

The magnetism of the pristine MgO(001) single crystal is quite small,
since saturation magnetization at 300 K is only 3 x 102 emu/cm?,
whilst at 5 K the magnetization at 50 kOe is 0.24 emu/cm® (see Fig. 3),
which are 3.2 x 10° and 5.4 x 10° times smaller than the saturation
magnetization of standard FM metals (e.g. 1270 emu/cm?® for FeNi, see
below), at 300 and 5 K, respectively. Although a bulk, perfectly stoi-
chiometric MgO single crystal is expected to be strictly diamagnetic [1],
it is well known that thin films of MgO can develop d° ferromagnetism
even at 300 K due to defects or impurities [3-8]. It is essential to note
that the tiny magnetization at 300 K of single crystals of MgO() observed



L. Llamas et al.

025 ——F——7—71 71T 7 T T T T

MgO SQUID 4
Langevin fit
0.15 - 4

020 °

0.10 4
0.05 - q
0.00

M (emu/cm?®)

-0.05 - B
-0.10 4
-0.15 - 4

-0.20 - R

_0_25 n 1 n 1 L 1 L 1 1 1 n L 1 L 1 L 1 L 1 L 1 1
-60 -50 -40 -30 -20 10 0 10 20 30 40 50 60
H (kOe)

Fig. 4. Experimental magnetization curve for MgO(001) single crystal at 5 K
fitted to the Langevin function.

here is three orders of magnitude smaller than usually reported for MgO
thin films deposited at 300 K (5.7 emu/cm® [4], 8 emu/cm® [5], 15
emu/cm® [6], 8.57 emu/cm® [7]). For MgO films deposited at 200 °C, it
has been reported that the magnetization decreases to 0.4 emu/cm® [5],
still hundred times larger than reported here.

To trace the origin of the anomalously high magnetization values at
5 K, the magnetization curve of Fig. 3a has been fitted with the classical
Langevin model for paramagnetism given in eq. 2.

M = ny(coth(uB/ksT) — (ksT/uB)) )

where n is the density of magnetic objects, p is the magnetic moment per
object, B is the applied magnetic field, and T the temperature. The fitting
with 1/kgT = 1.44859 x 10%2 is shown on Fig. 4.

The fitting yields an average magnetic moment per magnetic object
of p = 5.42 x 1072 J/T = 5.85 pp, which implies the presence of
paramagnetic clusters. Paramagnetic clusters with larger magnetic mo-
ments (12.9-22.5 pp), have been observed in muon irradiated ZnO rods
[18]. From the fit to the Langevin function it is possible to extract the
concentration of magnetic clusters in the bulk of the MgO(001) sample
with a value of 5.13 x 10'® clusters/cm®, i.e. ~ 50 ppm. The corre-
sponding saturation magnetization for this density of magnetic objects
would be 0.27 emu/cm?, in good agreement with the value of 0.24 emu/

cm® measured at 5 K and 50 kOe. The nature of these paramagnetic
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clusters cannot be defined precisely. We can tentatively ascribe them to
magnetic impurities below the detection level of XPS (0.1%), introduced
in the crystal by the growth method. In fact, we have found by X-Ray
Fluorescence (XRF) that the single crystals of MgO contain magnetic
ions in concentrations of the same order of magnitude (Fe ~ 1.9 x 10'°
cm’3, V ~ 3.5 x 10'® cm’3, Mn ~ 2.2 x 10'® cm~3) than the one ob-
tained here. This is in agreement with previous reports that single
crystals of MgO contain magnetic ions in similar concentrations (Fe =
34x10%em 3, Ccr=11x10%em 3, v=15x%x10¥cem 3, Mn=0.5
x 10" em™3) [24].

On the contrary, the small ferromagnetic (FM) signal observed in
Fig. 3 at 300 K can be assigned to d° ferromagnetism in MgO produced
by a much higher concentration of intrinsic vacancies at the surface
region, in agreement with the assignment to Mg vacancies of the FM
signals observed at 300 K on MgO deposited films [3-8]. The saturation
magnetization of MgO single crystals at 300 K, however, is 3 x 1073
emu/cm?, i.e. 100 times smaller than the one at 5 K and three to five
orders of magnitude smaller than the signal on thin deposited films.
Spin-polarized ab-initio calculations show that neutral Mg vacancies are
responsible for d° ferromagnetism in this material with Curie tempera-
ture well above 300 K [3,20-23]. According to most calculations, Mg
vacancies can induce local moments in MgO, while O vacancies cannot,
irrespective of the concentration [20]. The spin polarization of 2p
electrons of oxygen atoms adjacent to the Mg vacancy is responsible for
the induced magnetic moments as concluded from X-ray magnetic cir-
cular dichroism [3]. Calculations have indicated that a concentration of
vacancies of the order of 9.3% results in magnetic moments of the order
of 4.7 pg [20,21]. If we assume that the magnetic moment of the objects
generating the ferromagnetic signal is of this order of magnitude, their
concentration would be ~ 5 x 10 [16] cm>. If they are mostly located
in a depth of ~ 20 nm at the surface of the crystal (sampled by XPS), this
corresponds to ~ 10 at. % of vacancies in the surface region. This is
perfectly consistent with the imbalance between Mg and O detected by
XPS after heating the pristine sample in UHV.

Notice that the formation of localized magnetic moments does not
necessarily lead to collective magnetism. To promote ferromagnetism,
both a concentration of defects large enough for magnetic percolation
and an appropriate interaction should be granted.

In order to verify that a large density of composite vacancies in the
surface region is responsible for the ferromagnetic signal in pristine MgO
single crystals at 300 K, we have irradiated a MgO(001) single crystal
with 2.5 MeV protons to a total dose of 1.4 x 1017 cm™2. The irradiation
causes the appearance of defects within a region ~ 35 pm-deep close to
the surface of the crystal. The calculated density of Mg and O vacancies
introduced is ~ 5 x 102! em ™3, i.e. & 4.6% of the atomic density of MgO
(1.07 x 10%2 em™3). The magnetic characterization by SQUID at 5 K and

(b) s T

RT &
41 —o— o -
|/
7

By 7 A
£ o # z

L / f

ol / o/ J
= /' 7

:
J
\

6 1 1
-400 -200 ] 200 400
Hp (Oe)

Fig. 5. Magnetization curves measured by SQUID in-plane at room temperature (orange) and 5 K (purple) for a MgO(001) single crystal irradiated with 2.5 MeV
protons The magnetic signal has been normalized by the volume of the crystal. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 7. Direct comparison between in-plane hysteresis cycles of the pristine MgO(001) single crystal and the 1.2 nm-thick FeNi/MgO(001) film at (a) room tem-
perature and (b) 5 K. Both magnetization curves are normalized to 1 to illustrate their similarity.

room temperature is shown on Fig. 5. A strong paramagnetic signal is
detected at 5 K with a saturation magnetization of 0.24 + 0.04 emu/
cm?, essentially identical to the one before irradiation and reported in
Fig. 3. The corresponding Langevin fit indicates that average magnetic
moment and density of the paramagnetic impurities is unchanged with
respect to the observation before irradiation. This suggests that the
paramagnetic signal dominating at 5 K originates in the bulk impurities
detected by X-ray Fluorescence and mentioned above, whose concen-
tration is not affected by the proton irradiation.

The FM signal, on the contrary, is much stronger than before the
irradiation. The saturation magnetization at 300 K of the FM signal is
1.5 x 10~2 emu/cm?, i.e. 10 times larger than before the irradiation. The
remanence is also an order of magnitude larger than before irradiation,
while the temperature dependence of both remanence (2 x 10~% emu/
em®at5Kand 1 x 103 emu/cm? at 300 K) and coercivity (135 Oe at 5
K and 87 Oe at 300 K) is rather weak. This increase in the FM signal upon
proton irradiation further suggests that the FM signal comes from the
additional structural/compositional defects introduced in the surface
region by the irradiation process.

3.2. Atomically-thin Fe/Ni superlattices with monolayer periodicity
Since we have shown that even a highly perfect, single crystal of MgO

(001) can develop a small, but measurable ferromagnetic signal, it is
important to consider whether this signal could jeopardize the magnetic

characterization of atomically thin films often deposited on MgO sub-
strates. To illustrate this point, we have chosen atomically-thin Fe/Ni
superlattices with monolayer periodicity, an epitaxial system that has
attracted considerable attention recently, because it is considered a
model system for the L1 FeNi bulk phase, a promising powerful magnet
without rare earths [27-29].

Fig. 6 shows that for an atomically (1.2 nm) thick Fe/Ni superlattice
consisting of 3 double atomic planes of Fe and Ni in a (100) orientation,
a strong paramagnetic signal is detected at 5 K with a saturation
magnetization of 0.23 emu/cm?, identical to the one measured without
the Fe/Ni film. Also at 300 K both In-Plane and Out-Of-Plane signals are
completely dominated by the ferromagnetic signal from the MgO
substrate.

In fact, as Fig. 7 demonstrates, the SQUID signal from the 1.2 nm Fe/
Ni superlattice is indistinguishable from the one without the Fe/Ni film
both at 300 K and at 5 K. The large substrate/film volume ratio (Vigo/
Veeni = 4.2 x 10 [5]) and the strong signal from the MgO substrate
completely overwhelms the magnetic signal coming from the Fe/Ni ul-
trathin film. Obviously for much thicker magnetic films (see Suppl. Info.
Fig. S$3), their SQUID signal finally dominates the one coming from the
substrate, but one should note that in order to determine the thickness
limit from which the intrinsic magnetic properties of the films dominate
the measurements, a previous determination of the magnetic signal
coming from the MgO substrate is required.

The solution to detect the signal coming from atomically thin
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Fig. 8. In-plane hysteresis loops of a 1.2 nm-thick FeNi/ Ir(100)/ MgO(001)
film measured by Magneto-Optic Kerr Effect (MOKE) magnetometry at 25 K.
The inset shows the SQUID measurement of the same sample at 5 K.

magnetic film is relying only on surface-sensitive magnetometry tech-
niques, such as MOKE, which is sensitive to the penetration depth of the
laser used, typically around 20-40 nm.

Fig. 8 shows the MOKE results for the 1.2 nm-thick film of Fe/Ni (i.e.
3 bilayers of the atomic periodicity Fe/Ni superlattice), where a ferro-
magnetic hysteresis loop with a coercivity of 36 Oe can be observed. This
result is clearly different from the hysteresis loop of the same sample
measured with SQUID reproduced in the inset, where the apparent
coercivity is much higher and the shape of the loop is strongly affected
by the ferromagnetic contribution of the MgO single crystal underneath.
Hence, MOKE measurements, because they are only sensitive to a few
nanometers below the surface, allow for a true magnetic characteriza-
tion of ultrathin magnetic films without receiving magnetic signal from
the MgO substrate.

4. Conclusions

In conclusion, even highly perfect and presumably diamagnetic
substrates, such as MgO single crystals, which are used routinely as
substrates for the growth of ultrathin magnetic films or in the shape of
thin films as tunneling barriers, may present a small, but detectable,
defect-related ferromagnetic signal that can easily mask the intrinsic
magnetic properties of atomically thin films deposited on them when the
magnetic measurements are based on bulk sensitive techniques, such as
SQUID. Since the magnetic signal from the MgO depends on the specific
number of vacancies in the substrate, a prior careful magnetic charac-
terization of the substrates employed to grow ultrathin magnetic films is
mandatory. An alternative magnetic characterization of the ultrathin
films based on surface sensitive techniques, such as MOKE, is required.
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