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Ferromagnetism in SnO,-based multilayers: Clustering of defects induced by doping
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Several series of A/SnO, and Mn/B multilayers, where A and B are thin layers (0.4-10.1 nm) of SnO,,
Si0,, Si, Al, Mn, or MnO,, have been investigated magnetic, electronic, and structurally. The study demon-
strates that the detected ferromagnetism is related to regions of high density of defects in SnO, induced by
doping under particular conditions. The observed room-temperature ferromagnetic (RTFM) signal does not
scale to Mn content but increases with the number of interfaces and their roughness. The presence of Mn in 3+
oxidation state in the SnO, lattice is a necessary condition but is not enough to promote ferromagnetism which
also requires the presence of Sn>*. The high oxygen deficiency induced by Mn doping in the tin-oxide layers
is mostly compensated by the formation of the stable SnO phase. Moreover, the RTFM signal decreases upon
annealing either in O, rich or in vacuum atmospheres. The combination of Mn with SiO,, Si, or Al produces
paramagnetic signals but no ferromagnetism; consequently SnO, is a crucial ingredient of this RTFM. The
observed ferromagnetism may be explained by short-range ferromagnetic correlations between Mn probably
mediated by induced holes at oxygen sites of SnO, in the vicinity of trivalent Mn** doping ions. The inho-
mogeneous Mn distribution inside tin oxide at the multilayer interfaces may produce large enough regions with
high defect concentration to allow long-range ferromagnetic order. All undoped SnO, films, grown in a wide
set of different conditions, show paramagnetic signals with high-J values but no ferromagnetism is detected
probably because of the high density of defects required to establish a ferromagnetic order based in a short-

range mechanism.
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I. INTRODUCTION

The understanding of ferromagnetism (FM) in magnetic
oxides, wide gap oxides (ZnO, SnO,, and TiO,) doped with
transition-metal (TM) ions (as Mn, Co, Fe, Cr, Ni, V, etc.),
remains a challenge both from theoretical and experimental
viewpoints. The existence of room-temperature ferromag-
netism (RTFM) in doped TiO,,'? ZnO,** or SnO, (Refs.
5-10) systems has been reported. However, not only the ori-
gin of this ferromagnetism is still under debate, also diverse
experimental results have been obtained for nominally the
same compounds. The formation of ferromagnetic metallic
clusters,'!2 secondary phases,'® or new metastable phases,
as well as the presence of interfaces'*!3 and structural point
defects,!!8 are known to be relevant. Moreover, FM has
been also reported in several nondoped oxides'*2! when pre-
pared as thin layers.

Several theories have been developed recently trying to
explain the mechanism responsible of RTFM in oxides. The
long-range interaction required to explain ferromagnetism in
diluted systems has been accounted for either by free-carrier
mediated exchange®® or by the bound magnetic polarons
(BMP) theory in semiconductors.”> The BMP model has
been used to describe the ferromagnetic order in oxides,’*
with or without transition-metal doping, and is related to the
presence of donor electrons associated to oxygen vacancies,
which are believed to be common in the chemistry of these
oxides, forming magnetic polarons of a certain diameter that
may percolate above a critical concentration of defects.

Among these oxides, tin oxide, SnO, has important appli-
cations in other fields, for example, as transparent conduct-
ing electrode in solar cells®® or gas sensor’® due its high
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optical transparency. However, in comparison with other ox-
ides, there have been fewer reports on TM-doped SnO, but
some with impressive ferromagnetic transition temperature,
T, and magnetic moment per TM. In 2003, Ogale et al.’
reported, in Co-doped SnO, films fabricated with pulse
laser deposition (PLD), a giant magnetic moment
(7.5+0.5u5/Co) and high-T (~650 K). Coey et al.® inves-
tigated 5% Fe-doped SnO, films also grown with PLD and
revealing RTFM with a magnetic moment of 1.8ug/Fe.
Lower magnetic moments have been observed in
Sn;_,Co,0, powders.’

In the case of Mn-doped SnO,, first investigations pointed
out to a paramagnetic (PM) behavior in SnjgsMny o505 epi-
taxial films.?” Coey et al.** presented a compendium of pub-
lished results showing the dispersion of the magnetic mo-
ments per TM obtained in these oxides which, for Mn,
varied, at that moment, from almost 0 to ~6.8ug/Mn.
Fitzgerald et al.® observed RTFM for the same system with
an exceptionally high magnetic moment (~20uz/Mn), for a
1% of doping, which they attributed to the BMP mechanism.
Later, other results reporting RTFM have been published for
polycrystalline Mn-doped SnO, films with magnetic mo-
ments of 0.18uz/Mn (Ref. 9) and of 3uyz/Mn,'° this last
report suggesting free-carrier mediated mechanism. The ob-
served ferromagnetism in different magnetic oxides has been
recursively related to the presence of oxygen vacancies also
in oxides without TM doping'®?® or in nanoparticles.?

Focusing on tin oxides, even the origin of conductivity of
undoped SnO, is still controversial. Its n-type conductivity
has been related to its intrinsic nonstoichiometry with oxy-
gen vacancies (V) and tin interstitials (Sn;) that donate elec-
trons to the conduction band maintaining its transparency.”
When analyzing SnO,-based magnetic oxides, it is important
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to keep in mind that Sn has the particularity of forming two
stable oxides SnO, (with Sn**) and SnO (Sn**). In fact, de-
pending on the oxygen-rich or oxygen-poor conditions, the
coupling of a divalent Sn interstitial (Sn12+) to an oxygen
vacancy produces such rearrangement of the surrounding lat-
tice that we can talk of SnO-like local phase.?’ In SnO lat-
tice, under oxygen-rich conditions, tin vacancies are the
dominant defect forming shallow acceptor states and there-
fore p-type conductivity.’® Recent calculations show that in-
trinsic defects in SnO, would not contribute to the conduc-
tivity since the electrons are deeply trapped.3! These authors
propose unintentional H doping, either at interstitials or at
oxygen sites, to provide the shallow donors. Regarding fer-
romagnetism, the latest calculations demonstrate that it may
arise from cation vacancies such as in ZnO (Ref. 32) or in
SnO, (ref. 33) but not from V. In SnO,, these authors obtain
ferro or antiferro (AF) coupling of the holes at the oxygen
ions around two close Sn vacancies (Vg,) depending on their
spacing. The optimum situation for a ferro coupling corre-
sponds to a distance of 5.5 A between two Vs,. The up to
now published experimental results point to a dependence of
the magnetic properties on the oxidizing or reducing condi-
tions and treatments that rather seem to evidence the impor-
tant role of oxygen vacancies.!*3* Ab initio calculations in
rutile TiO, indicate that oxygen vacancies favor the introduc-
tion of impurities in the host, increasing the magnetic mo-
ments, and that the obtained magnetic order is FM for Co
and AF for Mn or Fe impurities. In Fe:SnO, similar con-
clusions are obtained but the coupling is FM.3°

In this study, we have obtained several series of A/B mul-
tilayers as well as SnO, films. Multilayers with extremely
thin Mn layers (down to 0.4 nm) were obtained to favor the
formation of possible metastable phases at the Mn/SnO,
interfaces.” Our interest was to obtain the relevant param-
eters that promote the RTFM in order to enlighten the differ-
ent possible mechanisms of this complicated sample and
laboratory-dependent observed magnetism. The films grown
at low sputtering power in Ar and at room temperature (RT),
either on Si(100) or sapphire (R-cut), are amorphous while
the introduction of oxygen, the increase in power or a higher
substrate temperature promote the formation of SnO,
nanocrystals.® Samples grown at 500 °C produce epitaxial
films on sapphire and polycrystalline films on Si. Only amor-
phous films are ferromagnetic while epitaxial or polycrystal-
line films present a paramagnetic contribution that quantita-
tively does not correspond to the introduced concentration of
metal.

Mn was chosen as the transition metal since none of its
known oxides, nor its metallic phases, are ferromagnetic, ex-
cept Mn;O,4 with T.=44 K. To elucidate the origin of the
ferromagnetism, SnO, was substituted by SiO,, Si and Al
and Mn by MnO, in the other series of multilayers. We will
show that the ferromagnetic signal requires the presence of a
sufficiently high density, at least locally, of defects in SnO,
which are induced under certain conditions by Mn**. The
ferromagnetic coupling is provided by the SnO, lattice while
Mn is not able to promote such coupling in SiO,.

II. EXPERIMENTAL DETAILS

We have obtained several series of (A/B) multilayers
based on different combinations of SnO,, SiO,, Si, Al,
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MnO,, and Mn layers (in particular, A/SnO,: Mn/SnO,,
MnO,/Sn0O,, Si/SnO, and Mn/B: Mn/Si, Mn/SiO,, Mn/Al)
as well as SnO, single layers. The multilayers and films were
deposited at RT onto Si(100) using a magnetron sputtering
method either in dc or rf configuration depending on the
electronic conductivity of the targets. SnO, and Mn;0, tar-
gets were made out from high-purity powders (SnO, and
MnO, respectively) and sintered at 1200 °C. Note that MnO
powder, when sintered, transforms into Mn;O4 which is
more stable in air, the other targets were obtained commer-
cially. SnO,, SiO,, and MnO, layers were deposited with rf
sputtering at 10 W. Mn, Si, and Al were grown by dc sput-
tering. All layers were deposited with Ar as sputtering gas
(5% 1073 mbar). No O, were introduced in the chamber in
order to (i) not oxidize the Mn, which tends to loose its
metallic nature and (ii) promote the oxygen vacancies in our
system. The base pressure was 1X 107 mbar. The nominal
Mn, MnO,, or Al layer thickness ranges from 0.4 up to 10
nm while SnO,, Si, and SiO, thickness is maintained con-
stant (around 3 nm). The total nominal thickness of the mul-
tilayers varies from 68.5 to 280 nm. SnO, films of thickness
up to 200 nm were obtained as reference samples. Some of
the samples were subjected to a thermal treatment in high
vacuum or under O, flow atmosphere at 750 °C in order to
study the role of oxygen vacancies and to enhance its crys-
tallinity.

The films and multilayers have been very carefully mag-
netically characterized avoiding using at any step metallic,
even nominally “nonmagnetic,” tools. The magnetic mea-
surements were performed with a superconducting quantum
interference device magnetometer and the samples were cut
in the appropriate dimensions to fit into the straw. The re-
moval of the substrate diamagnetic signal is always a deli-
cate point, therefore, after subtracting the diamagnetic signal
corresponding to the weight of the substrate (estimated from
the measurement of a fresh substrate) a correction is done (in
the range of 5%) in order to obtain a horizontal signal for the
300 K cycles which is afterwards used at the other tempera-
tures. This is a good approach since the paramagnetic signal
of such thin films is small enough to be negligible at 300 K.

X-ray absorption spectroscopy (XAS) measurements in
fluorescence configuration at Mn K-edge (E,=6539 eV)
were obtained for most of the films and multilayers to obtain
the Mn valence state. The experiments were done at BM25
beamline at the European Synchrotron Radiation Facility
(ESRF). These XAS measurements allowed us to check for
any contamination from elements close in Z to Mn, in par-
ticular, from Fe. We observed that no Fe contamination is
present in the samples.

X-ray reflectivity (XRR) was performed to evaluate the
thickness and roughness of the films as well as the quality of
the multilayer interfaces. Simulations of XRR measurements
were performed using SUPREX® program.®® A detailed struc-
tural study has been performed by x-ray diffraction (XRD)
both in our laboratories and at BM25 beamline (ESRF). Two
configurations were used: the standard 6-26 (A\=1.5406 A)
and the low-angle incidence configuration (grazing incidence
geometry with incidence angle of 0.75°, at ESRF) at 14 keV
(A=0.8857 A) in order to minimize substrate signal, espe-
cially important in amorphous films. Rutherford backscatter-
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FIG. 1. (Color online) (a) Magnetization (M) vs magnetic field
(H) at 5 K of Mn/SnO, multilayers with different number of bilay-
ers N=5, 10, 20, 40, and 75. Inset: M vs H at 300 K of multilayers
with N=5, 20, and 75 bilayers. (b) Magnetization (M) vs tempera-
ture (7) at 1000 Oe.

ing (RBS) was performed at Centro de Microandlisis de Ma-
teriales (CMAM) using a 2 MeV *He* ion beam in order to
obtain a quantitative compositional characterization of the
multilayers.

In order to obtain the local electronic state of Sn atoms
into the multilayers, ''”Sn Mossbauer spectroscopy in emis-
sion mode was used. The spectra were recorded at room
temperature in triangle mode, using a conventional Moss-
bauer spectrometer with Ca ''?SnO; source on one end and
7Co(Rh) source on the other end for energy calibration. The
samples were placed in a He-4%CH, gas flow proportional
counter to detect the internal-conversion electrons emitted by
the ''Sn nuclei after resonant absorption of gamma rays.
The spectra were analyzed by a nonlinear fit using the NOR-
MOS program.*’ The isomer shifts were referred to the
Ca "Sn0; source.

II1. DISCUSSION

Figure 1(a) shows the magnetization vs field at 5 K for the
series of Mn/SnO, multilayers grown at RT that have been
characterized by different techniques to obtain their struc-
tural and compositional properties (see Table I). The figure
shows the presence, at 5 K, of ferromagnetic and paramag-
netic components for all the samples. The inset shows the
300 K cycles of N=5, 20, and 75 multilayers and the lower
part of Fig. 1 shows the field-cooled magnetization measured
at 1000 Oe as a function of temperature. The figure
demonstrates the presence of a ferromagnetic phase with
T->400 K, therefore RTFM.

The magnetization has been normalized to the volume of
Mn estimated from the deposition rate, the fit of the XRR
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TABLE 1. Parameters of Mn/SnO, multilayers: number of bi-
layers (N), Mn layer thickness (dy;), SnO, layer thickness
(dsno,), bilayer thickness (dpjjayer), interdiffusion thickness (oa.p),
and percentage content of Mn. Parameters fitted with SUPREX
(thickness error ~5%).

N dvin dsno,  dbilayer  dio Oap % Mn
bilayers (nm)  (nm) (nm) (nm) (nm)  content
5 10.1 3.0 13.1 68.5 1.0 68
10 5.1 3.0 8.0 83.0 1.0 62
20 2.6 3.0 5.7 117.0 1.3 45
40 1.2 3.0 4.3 175.0 1.4 28
752 0.7 3.0 3.7 280.5 1.5 19

aExtrapolated values.

[Fig. 2(a)] and RBS data of some of the films [Fig. 2(c)].
XRR measurements and fits reveal an important roughness
and interdiffusion (o, ) between layers which is increased
as the Mn layer thickness decreases (Table I). The simula-
tions of the RBS spectra gave the atomic composition for
N=5 and N=75 samples. The percentage of Mn, Sn, and O
are 62%, 10%, and 28%, respectively, for N=5 multilayer,
and 18%, 20%, and 62% for N=75 sample. The atomic Mn
percentages coincide very well with the values obtained from
the thicknesses of the layers. Figure 1 evidences that the
magnetic signal is not proportional to the Mn content but
rather seem to correlate to the number of bilayers N.

We have performed x-ray absorption and diffraction stud-
ies of the films with synchrotron radiation. Figure 2(b) shows
the diffraction results for this series using fixed grazing inci-
dence angle (around 0.75°) and varying the detector angle
(26). The presence of MnO nanoclusters is detected [com-
pare Fig. 2(b) and the MnO reference]. As N increases, the
multilayers are such that the total amount of Mn is similar,
but the SnO, total thickness (=N Xds,0,) is proportional to
N, therefore the intensity of the two bands, around 2.2 and
4 A~!increases. In order to assign the origin of these bands,
a SnO, undoped film was grown under the same conditions.
Its diffractogram is similar to the N=75 multilayer (Fig. 3)
but with slight differences. We will first mention that the
band around 4 A~!is in fact the combination of three com-
ponents (as we could deduce after comparing a large number
of different samples): one contribution at 3.8 A~! arises
from the SnO,, and the other, at 3.95 A‘l, from MnO nano-
clusters and from a spurious band related to Si substrates.
The two bands related to SnO, could be, in principle, origi-
nated from nanocrystals or/and amorphous SnO, or/and SnO.

As a first approach, SnO nanocrystals, rather than SnO,,
with mean size around 2 nm, would fit the results (compare
the diffraction data of the films to those corresponding to 2
nm nanocrystals of both Sn oxides in Fig. 3) but Mossbauer
spectroscopy demonstrates the exclusive presence of Sn**
(Fig. 4) in SnO, films. The Mossbauer spectra of the as-
grown films could be fitted as one quadrupole doublet with
isomer  shift 6=0.11 mm/s, quadrupole splitting
A=0.80 mm/s, and linewidth, I'=0.98, mm/s, indicative
that these films are amorphous SnO,, [Fig. 4(b)] contrary to
the annealed films where Sn** has parameters,
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FIG. 2. (Color online) (a) X-ray reflectivity of Mn/SnO, multi-
layers with different number of bilayers N=5, 10, 20, 40, and 75.
SUPREX simulations of reflectivity are also displayed. (b) XRD pat-
terns (/=0.885 A) at grazing incidence angle. MnO reference pat-
tern is displayed below. (c) RBS spectra and simulations of multi-
layers with N=5 and 75 bilayers.

6=0,01 mm/s, A=0.45 mm/s, and I'=0.78 mm/s, of a
crystalline environment according to.*! Nevertheless, and
this is a crucial point, Mossbauer also showed the presence
of about 30 % of Sn>* in the Mn/SnO, multilayers [Fig. 4(c),
lower curve].

Coming back to diffraction, we have simulated the signal
corresponding to randomly oriented SnOg and SnO, units
(Fig. 3).* The SnOg units correspond to the octahedra and
distances of crystalline SnO, while SnO, units correspond to
tetrahedra in SnO crystal. Clearly none of these units do
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H Mn/SnO, multilayer (N=75)
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FIG. 3. (Color online) XRD data of SnO, film and Mn/SnO,
multilayer of N=75 are displayed in the upper part with simulations
of amorphous films considering SnOg octahedra, SnO, tetrahedral,
and Sn-Sn pairs (3.55 A). Lower part: SnO and SnO, diffraction
patterns corresponding to 2 nm nanocrystals.

SnO, film
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FIG. 4. (Color online) (a) Mdssbauer spectra of a reference
sample of mixed SnO, and SnO oxides (Ref. 42). (b) Measured
spectra of undoped SnO, amorphous (as grown) and crystalline
(annealed) 200 nm films. (c) Mdossbauer spectra of the N=75
Mn/SnO, multilayer (N=75).
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FIG. 5. (Color online) (a) Mn K-edge XANES spectra for refer-
ence Mn oxides (metallic Mn, MnO:Mn>*, Mn,0;:Mn3*,
MnO,:Mn**, and Mn;0,:Mn**-Mn>*) and for as-grown Mn/SnO,

multilayers (N=5, 20, 40, and 75 bilayers). (b) Derivatives of the
above signals.

originate the observed data. The observed bands are due to
Sn-Sn pairs (Fig. 3) at a distance around 3.55 A. This dis-
tance is close to Sn-Sn distances present in both tin oxides.
Therefore, we can conclude that SnO, films grown at RT are
amorphous with Sn-Sn distances close to the crystal values
but where the angles Sn-O-Sn have a certain distribution so
that the long-range order is lost. Looking at the multilayers,
it is clear that the diffraction bands are narrower than those
of SnO, films. Therefore, we propose that the multilayers
contain a combination of SnO, and SnO mainly in amor-
phous phase with some contribution of nanocrystalline
(around 2 nm) phases.

Finally, XAS spectra at Mn K edge of the series of
Mn/SnO, multilayers [Fig. 5(a)] are presented and compared
to reference Mn oxides and a-Mn (metal). The first observa-
tion is that the spectra do not correspond to a unique valence
state of Mn. The only multilayer that presents a significant
content of metallic Mn is the one with the thicker Mn layers
(dypn=10.2 nm and N=5). Figure 5(b) shows the derivatives
of the spectra of the reference compounds and of the
samples. The maxima in the derivatives correspond to inflex-
ion points of the XAS signals which characterize the valence
states of Mn. The dashed vertical lines labeled with 1 and 4
correspond to features of MnO (Mn?*), the labeled with 3 to
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Mn,O; (Mn?**) and that labeled as 2 to Mn;0, (33% of Mn?*
and 67% of Mn**). It results that all samples contain Mn**
and Mn**, and that a component (2) similar to the combina-
tion of Mn?* and Mn>* appears as the number of Mn layers
increases and their thickness decreases. Concomitantly, the
feature 4 (related to Mn2*) decreases. Mn** corresponds to
the detected MnO nanocrystals by diffraction while there is
no indication of any crystalline phase related to Mn**.
Once the samples have been thoroughly characterized, we
come back to magnetic data. We fitted the signal for the
series of multilayers using a combination of Brillouin func-
tions to take into account the paramagnetic and ferromag-
netic components. The ferromagnetic contribution can be ap-
proximated to a Brillouin function with a large enough
angular momentum J [we have taken Jgy=100 (Ref. 44)]
while J of the paramagnetic part, Jpy;, is a fitting parameter.
For all multilayers, and especially for those with low N, the
obtained Jpy; values are very small (<0.5) and lack of physi-
cal meaning if the magnetic moments are related to Mn ions:
the standard Jpy; values should vary from 1.5 to 2.5, for
Mn** to Mn?*, respectively. We have therefore included an
antiferromagnetic component since XRD measurements re-
vealed the presence of MnO nanocrystals which are antifer-
romagnetic with Ty~ 120 K. In antiferromagnets, the mag-
netization dependence with H is almost linear and, in
MnO, the slope for a measured reference sample was
43X10™* (emu/Oe cm?®). So we will take into account
three different contributions for the fit: FM, PM, and AF,

M(H,T,J)=AF-4.35X 10™*- H+FM - B,(H,T,Jry)

+PM - B{(H,T.Jpy) (emu/cm’),
where AF, FM, and PM are the coefficients of the different
components, PM=%gMBJPM, B,(H,T,J) is the Brillouin
function and N/V the density of magnetic centers.

AF components produce very small signals and the pa-
rameters of the paramagnetic and antiferromagnetic phases
are correlated so, finally, we fixed the AF weight (AF=1),
and Jpy=2 [Mn?**, consistent with x-ray appearance near-
edge structure (XANES) results] to fit all the series and left
the PM and FM fractions as the fitting parameters. Figure
6(a) shows the measured and fitted magnetic cycles of
N=40 sample at 5 and 300 K. In Figs. 6(c) and 6(d), the FM
and PM fractions are plotted, both in emu/cm?® Mn and
emu/cm’(total). We can observe that neither the FM nor PM
signals are proportional to the Mn content but, as the number
of interfaces (2N) increases, both contributions increase.
Clearly the number of interfaces is favoring the ferromag-
netic and paramagnetic components. Unfortunately, from
these fits we cannot determine, within a reasonable error, the
AF part which would allow estimating the fraction of Mn in
FM and PM phases. All samples have an important antifer-
romagnetic component and most probably, the increase in the
FM and PM signals is due to the reduction in MnO oxide (as
indicated by XANES) and increase the fraction of Mn inside
the SnO lattice favored by the number and roughness of in-
terfaces. Note that N=75 sample does not show the MnO
diffraction peaks [Fig. 2(b)] but AF coupling persists. The
corresponding moments per Mn of the ferromagnetic signal
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range from 0.06 to 0.24up/at Mn at 5 K and 0.01-0.2up/at
Mn at 300 K but it is to note that, in fact, only a small
fraction of Mn is contributing to the FM signal, therefore the
actual moments per Mn have to be much higher.

The magnetic signal of an as-grown undoped SnO, film is
shown in Fig. 6(b). The obtained signal at 5 K and 5 T is
around 100 times smaller than those corresponding to the
multilayers [N=40, Fig. 6(a)]. For the undoped film we have
obtained, apart from a very weak ferromagnetic contribution
that we do not consider relevant, a paramagnetic behavior
(see continuous line in the figure) with Jpy=3.2. To check
the validity of the fit, we simulate the signal at 300 K with
the parameters obtained at 5 K resulting in perfect agreement
with the data. Therefore, the SnO, films do present a weak
paramagnetic signal indicating the presence of magnetic cen-
ters that, according to the calculations,*? would be related to
Sn vacancies. The J value around 3 is quite large (for ex-
ample, this can correspond to 6 electrons or holes with spin
%) and the number of these centers per cm? is (taking g=2)
about 10'°, which means that there is 1 magnetic center per
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1000 SnO, unit cells. To obtain a cooperative ferromagnetic
signal, not only the interaction between centers has to be
ferromagnetic, also, the density of centers has to be high for
short-range mechanisms. Considering the calculated distance
for a ferromagnetic coupling between Sn vacancies [around
5 A (Ref. 33)), the density obtained here is clearly too low.
On the contrary, at the interfaces of the multilayers, the num-
ber of magnetic centers may be high enough to form ferro-
magnetic regions or clusters.

Summarizing the results on the Mn/SnO, multilayers, it
is well established that they contain both Sn** and Sn**, with
Sn-Sn distances typical for any of the stable tin oxides
(around 3.55 A) with a dispersion of Sn-O-Sn angles that
breaks the structural long-range order. Mn is present in dif-
ferent valence states: metallic Mn (only for the thickest Mn
layer), Mn>* (corresponding to MnO) and Mn** most prob-
ably inside the Sn oxides at the interfaces. The ferromagnetic
signal does not scale to the Mn content and the maximum
value corresponds to an optimum combination of number of
layers and Mn layer thickness. An antiferromagnetic compo-
nent is always present related to MnO. The paramagnetic
component clearly increases for ultrathin Mn layers and large
N. Remembering that XRR indicates an important roughness
and interdiffusion of Mn/SnO, interfaces we may conclude
that both ferromagnetic and paramagnetic signals correspond
to these Sn-O-Mn** regions at the interfaces.

In order to check if the magnetic signal is related to some
unstable, distorted, or nonstoichiometric Mn oxide, we have
fabricated another series of multilayers combining Mn with
Sn0O,, Si0,, Si, and Al (all with thickness of both types of
layers around 3 nm) with N=20 bilayers. The magnetic sig-
nal for all of them, except for Mn/SnO,, corresponds either
to weak paramagnetic or AF behaviors [Fig. 7(a)]. All con-
tain metallic Mn but with decreasing proportions following
the sequence: Mn/Al, Mn/Si, and Mn/SiO, multilayers.
Mn/SiO, also contains Mn with valences 2+ and 3+. There-
fore the presence of Mn and oxygen with different valences
is not sufficient to obtain a ferromagnetic phase.

To evaluate the relevance of oxygen vacancies in the mag-
netism, we have proceeded to anneal the multilayers at tem-
peratures around 750 °C either in vacuum (reducing atmo-
sphere) or in O,-rich atmosphere. The effect of annealing
treatments is to crystallize the SnO, and SnO oxides and to
form Mn,O5; and Mn;0, oxides [Figs. 8(a) and 8(b)]. An-
nealing in reducing or oxidizing atmospheres modifies the
magnetic signal decreasing drastically the RTFM and appear-
ing a ferromagnetic signal related to Mn;O, in both cases
[Figs. 8(c) and 8(d)]. The difference related to the annealing
atmospheres lies in the degree of crystallization of the nano-
crystals and in the permanence of a small fraction of tin
mono-oxide, SnO, when annealing in vacuum. Figures 8(a)
and 8(b) shows the diffraction data of two multilayers an-
nealed one in O,-rich atmosphere and the other in vacuum,
respectively. In the second case, the formation of SnO, as
well as Mn,05; and Mn;0, is evidenced but the background
indicates that a fraction of amorphous material remains. In
the first case (note that the proportion of nominal Mn and
SnO, content is different in both multilayers), the exclusive
formation of SnO, is clear as well as the formation of the
same Mn oxides. The ferromagnetic signal is almost identi-
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FIG. 7. (Color online) (a) Magnetization, in emu/cm? vs mag-
netic field applied parallel to the film plane at 5 K for the series
(Mn/B),g, where B:SiO,, Si, Al, and SnO, with N=20 bilayers (b)
Mn K-edge XANES spectra for reference Mn oxides (metallic Mn,
Mn%*, Mn** and Mn**) and for Mn/B multilayers.

cal in both cases and is dominated by the presence of Mn;O,
which is ferromagnetic at 7,=44 K [see insets of Figs. 8(c)
and 8(d)] and presents a high coercive field due to its nano-
metric size. Mossbauer spectroscopy confirms the disappear-
ance of Sn’* when annealing in O, [Figs. 9(a) and 9(b)].
Therefore, annealing in reducing or oxidizing atmospheres
decreases the room-temperature ferromagnetic signal.

Looking at Mn K edge it is clear that the contribution of
higher Mn valence states is increased both for O, and
vacuum annealed samples [Fig. 8(e)]. Therefore annealing
does not promote the formation of mixed Sn-Mn oxides but
transforms the samples so that stable tin and Mn oxides are
formed and the RTFM is destroyed.

We fabricated another series of multilayers, MnO,/SnO,,
with similar N and layer thickness as the first Mn/SnO, se-
ries (see Table II). These multilayers present much sharper
interfaces (Fig. 10) since the oscillations due to the bilayer
remain visible for the sample with N=75 and manganese
oxide layer thickness of 0.4 nm while in Mn/SnO, multilay-
ers, the bilayer structure is detected only for Mn layers down
to 1.2 nm. Moreover, interdiffusion thicknesses (estimated
from SUPREX fits, Tables I and II) have quite lower values
than in Mn/SnO, samples. The starting manganese oxide of
the target was MnO but after sintering at 1200 °C in air the
diffraction pattern corresponds to Mn;O,. Nevertheless, dif-
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FIG. 8. (Color online) XRD patterns (1=0.885 A) at low inci-
dence of Mn/SnO, multilayers (a) annealed with O, (N=75) and
(b) annealed in vacuum (N=10). References of SnO,, Mn,03, and
Mn;0, oxides are included. Magnetization (emu/cm?) vs magnetic
field (H) at 5 K of the above annealed Mn/SnO, multilayers, with
O, (¢) and in vacuum (d), compared with its respective as grown.
(e) Mn K-edge XANES spectra for Mn/SnO, multilayer with N
=75, as grown and O, annealed and N=10, as grown and vacuum
annealed.
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FIG. 9. (Color online) Méssbauer spectra for the Mn/SnO,
multilayer with N=75 bilayers, O, annealed (a), as grown (b) and
for the MnO,/SnO, multilayer with N=75, as grown (c).

fraction data of the multilayers do not show the presence of
Mn;0, and magnetization data neither confirms the presence
of this oxide, as it occurs in annealed Mn/SnO, multilayers.
The Mn K edge [Fig. 10(a)] coincides with Mn3*, therefore
we have to infer that the multilayer is formed by Mn,O5 and
SnO, [Méssbauer shows only Sn**, Fig. 9(c)] well defined
not interdiffused layers.

The facility of Mn to bond oxygen, even in the almost
O,-free atmosphere of the sputtering chamber, explains the
transformation from Mn3;04 of the sputtering target to
Mn,0; layers in these multilayers (this transformation re-
quires one extra oxygen for six Mn). Therefore, the presence
of Mn** does not guarantee the ferromagnetic interactions.
The sharpness of the Mn,03/SnO, interfaces as well as the
valence state of Sn obtained by Méssbauer (only 4+) indi-
cates that all Mn is forming the nonferromagnetic Mn,05
oxide and in fact, the samples with N=5, 20, and 40 bilayers
are mainly antiferromagnetic: the fits of the magnetization
data to Brillouin functions give meaningless values of Jpy,
between 0.1 and 1 depending on N, which can only be ex-
plained by the combination of an AF phase with a small
paramagnetic fraction with Jpy=2 corresponding to Mn?*

TABLE II. Parameters of MnO,/SnO,: number of bilayers (N),
MnO; layer thickness (dy0 ), SnO, layer thickness (dsy0,), bilayer
thickness (dpjiayer), interdiffusion thickness (o5.g), and MnO, con-
tent. Parameters fitted with SUPREX (thickness error ~5%).

N dvino,  dsno,  dbiayer Ao Oan % MnO,
bilayers  (nm) (nm) (nm) (nm)  (nm) content
5 11.0 3.2 14.5 75.7 0.2 64
20 2.5 3.2 5.7 117.2 0.2 42
40 1.2 3.0 4.2 171.0 0.4 26
75 0.4 3.0 34 258.0 0.5 11
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FIG. 10. (Color online) XRR measurements of MnO,/SnO,
multilayers with different number of bilayers N=5, 20, 40, and 75.
SUPREX simulations of reflectivity are also displayed.

ions. Only N=75 sample presents a different Mn valence
(between 2+ and 3+) and paramagnetism related to diluted
Mn [Fig. 11(b)]. It seems probable that the fraction of diluted
Mn in SnO, is not enough to provide high-concentration re-
gions of defects to order magnetically.
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netization (M) vs magnetic field (H) at 5 K.
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FIG. 12. (Color online) Schematic representation of Mn/SnO,
multilayers with the different species of Mn deduced from the
analysis of the experimental data.

In summary, the undoped SnO, films contain Sn exclu-
sively in the 4+ valence state in any of the obtained phases
(amorphous or polycrystalline) and a weak paramagnetic sig-
nal with an estimation of magnetic centers concentration of
1073 centres/SnO, unit cell. Introducing metallic Mn layers
produces Mn in different valence states (Fig. 12). One cor-
responds to Mn?* (shown by XAS) which forms MnO nano-
crystals (XRD) and produces an oxygen deficiency in SnO,
layers which is mostly compensated by the formation of Sn>*
with the short-range order of SnO stable oxide. Interfaces
with important interdiffusion, where Mn migrates into the
Sn-O lattice, and exhibiting high Mn density regions are nec-
essary for a ferromagnetic order which is based on short-
range magnetic interactions mediated by the tin oxide lattice.
Mn tends to form stable Mn oxides and no mixed Sn-Mn-O
oxides are detected in any situation. Its combination with
materials other than SnO, does not form ferromagnetic
phases. Our explanation for all the previously described
characteristics and behavior of the ferromagnetic signals is
therefore related to the combination of Mn ions inside the tin
oxide lattice in a metastable situation that is removed with a
10 min annealing but which is stable at room temperatures
for months (at least). Mn** (an probably also 2+) located at
Sn** sites may promote one (two) holes in the surrounding
oxygen ions and a lattice relaxation that may favor ferromag-
netic Mn-O-Sn-O-Mn coupling against the usual antiferro-
magnetic Mn-O-Mn superexchange in Mn oxides. This situ-
ation is similar to the deduced from the calculations of Ref.
33 and 45 where Sn vacancies®® as well as Fe ions inside
SnO, (Ref. 45) couple ferromagnetically. Both calculations
obtain ferromagnetic coupling between defects (Sn vacancies
or TM) for distances around 5 A. Extrapolated to the present
case, the observation of a cooperative ferromagnetic signal
would require short Mn-Mn distances and a high number of
such close Mn ions. Therefore in our samples is seems that

PHYSICAL REVIEW B 81, 064419 (2010)

the inhomogeneous Mn distribution inside tin oxide at the
multilayer interfaces are able to produce regions of sufficient
concentration and size to form long-range ferromagnetic or-
der.

IV. CONCLUSIONS

The present study on SnO, films and multilayers com-
bined with different compounds show that: (1) SnO, films
show weak paramagnetic signal in their as-grown state. (2)
When heavily doping with Mn, an important fraction of Sn>*
is detected. (3) The oxygen non stoichiometry is mainly
compensated by the formation of tin mono-oxide (SnO). (4)
Ferromagnetic phases require amorphous as-grown samples
with high concentration of doping Mn cations. We conclude
that intrinsic SnO, vacancies or interstitials are not enough to
produce ferromagnetism due to the short-range mechanism
which therefore requires high magnetic centers concentration
regions. In SnO,, the oxygen vacancies are at least partially
compensated by the formation of SnO phase and therefore
these are not expected to be relevant in this magnetism, nev-
ertheless we cannot rule out completely the role of oxygen
vacancies in ferromagnetism. The presence of Mn** (re-
vealed by XAS) located at Sn** sites most probably produces
a hole in the surrounding oxygen ions. These defects play the
role of a Sn** vacancy in the previously mentioned
calculations®® giving rise to unpaired electrons at oxygen
sites which mediate the ferromagnetic coupling between sub-
stitutional Mn. For particular conditions, the density of de-
fects may be locally high enough to produce clusters of de-
fects with superparamagnetic or ferromagnetic observable
order. This ferromagnetic state seems to be unstable since
annealing at 750 °C, either in reducing or oxidizing atmo-
sphere, produce a clear decrease in the ferromagnetic signal
and the formation of stable Mn oxides. Nevertheless the
samples stored at room temperature for months do not show
any evolution.
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