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RF sputtering deposition of MgMn2O4 spinel
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In this paper we describe about the synthesis of MgMn2O4 thin films by means of off-axis
RF magnetron sputtering and their structural and morphological characterisation realised
by means of X-ray diffraction (XRD), micro-Raman spectroscopy and Scanning Electron
Microscopy (SEM). We explored different synthesis conditions, namely the substrate
temperature, Ts, and the sputtering gas composition and we could observe that
well-crystallised films are obtained at Ts = 500◦C while the effect of the sputtering gas
composition is to affect the structural properties of the films deposited. The thin films
deposited always present a crystal structure less distorted with respect to the one of the
target material. The possibility of synthesising films of low distorted spinels or even cubic
ones may be an interesting way of preparing buffering layers for the growth of isostructural
materials such as other spinels or pseudocubic perovskites.
C© 2004 Kluwer Academic Publishers

1. Introduction
Manganese spinel oxides of general formula AMn2O4
(A = Cd, Mg, Zn, Mn) are attractive materials due to
their structural, chemical and physical properties. Some
compounds of this class turned out to be promising ma-
terials for mixed potential devices for sensing oxygenic
gases, such as NOx [1–3]. Despite CdMn2O4 resulted
to be the more suitable for sensitivity to NOx , isostruc-
tural systems, such as MgMn2O4, could be preferred
for their lower toxicity. Bulk MgMn2O4 is a tetragonal
partially inverted spinel and it can also exist in the cu-
bic form if a very high inversion degree is reached [4].
Indeed, in the direct spinel, only the Mn(III) oxidation
state is expected for manganese (Jahn-Teller ion), while
the partial inversion induces the formation of Mn(IV)
and Mn(II) ions in octahedral and tetrahedral sites, re-
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spectively [5], so influencing the physical properties of
this system.

Vast literature is devoted to the study of magnetic,
transport and structural properties of MgMn2O4 bulk
material [4–12]. Nevertheless this spinel synthesised as
thin film may present attractive applicative possibility.
For example, the coexistence of Mn(III) and Mn(IV)
ions in the octahedral spinel sublattice, as consequence
of the spinel inversion, favours the catalytic processes
and so the employment of the material as sensor device,
in analogy with other manganese-based oxides [13]. To
our knowledge, no thin films preparation of this spinel
oxide has been reported till now.

In this paper we describe about the synthe-
sis of MgMn2O4 thin films by means of off-axis
RF magnetron sputtering and their structural and
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morphological characterisation realised by means of
X-ray diffraction (XRD), micro-Raman spectroscopy
and Scanning Electron Microscopy (SEM).

2. Experimental
Thin films of MgMn2O4 were grown starting from
pressed powders of MgMn2O4 target material obtained
by solid state reaction. Details about the target prepara-
tion and characterisation were reported previously [8].

In the thin films preparation we investigated the role
of the atmosphere composition in the chamber and the
substrate temperature Ts. The films were grown onto
commercial Al2O3; substrates were rotated during de-
position and the temperature Ts was measured by means
of a thermocouple located immediately under the sub-
strate. First we made the depositions employing as sput-
tering gas a mixture of argon/oxygen in the ratio 5:1,
with a total pressure of 0.015 mbar, both with substrate
heating (Ts = 500◦C) and without substrate heating.
The latter samples underwent thermal treatments after
the deposition: they were annealed at two different tem-
peratures (Tann = 400 and 600◦C) in pure oxygen for
2 h. Other depositions were performed in pure argon
with substrate heating at 500◦C. The rate deposition at
100 W was around 2.5 nm/min when working with
argon/oxygen and around 6 nm/min for pure argon.
Thin films thickness, measured by means of a pro-
filometer, was around 700 nm.

SEM measurements were performed with an Oxford
Stereoscan. Film composition was measured by means
of microprobe analysis and the chemical composition of
the deposited films was found to be in fairly good agree-
ment with the target composition for both gas mixtures.

X-ray diffraction patterns were acquired on a Philips
1710 diffractometer equipped with a Cu anticathode,
adjustable divergence slit, graphite monochromator on
the diffracted beam and proportional detector.

Micro-Raman measurements were carried out with
a Labram Dilor Raman spectrometer, equipped with
Olympus microscope HS BX40. The beam of a He-Ne
laser at 632.8 nm was focussed on a surface of about
2 µm diameter.

3. Results and discussion
Fig. 1 reports the X-ray diffraction patterns, acquired at
a fixed incident angle of 2◦, for the MgMn2O4 films de-
posited in argon/oxygen together with the X-ray diffrac-
tion pattern of the target material. Pattern (a) refers to a
film deposited without substrate heating while pattern
(b) is relative to a film deposited by heating the substrate
(Ts = 500◦C). The vertical lines in the plot correspond
to the reference diffraction peaks of the substrate [14].
In the presented patterns of the films only one clearly
detectable peak can be found at about 19◦. The full
width at half maximum (FWHM) for this peak is 1.16◦
for sample (a) and 0.455◦ for sample (b). As can be
inferred, the film deposited without substrate heating is
poorly crystallised if compared with the one deposited
under substrate heating.

The crystallinity of the film deposited without sub-
strate heating is improved by the annealing treatments.

Figure 1 X-ray pattern of as-deposited MgMn2O4 thin films without (a)
and with (b) substrate heating in argon/oxygen environment. For compar-
ison the X-ray diffraction pattern of the target material is also displayed.
The vertical lines correspond to the Al2O3 reference diffraction peaks.

Figure 2 X-ray pattern of as-deposited MgMn2O4 thin films (as-dep.)
and after a thermal treatment at 400◦C (400◦C) and 600◦C (600◦C). The
vertical lines correspond to the Al2O3 reference diffraction peaks.

This is evident from Fig. 2, where the X-ray pattern of
the as-deposited film is displayed together with those
collected after the annealing at 400◦C and at 600◦C:
the visible diffraction peak is narrower for the annealed
samples. Anyway, also in these cases the only clearly
visible peak is the one located at about 19◦.

Depositions of MgMn2O4 films in pure Argon with
Ts = 500◦C have been successively performed to check
the possibility to further improve the film crystallinity.
Fig. 3 presents the X-ray diffraction characterisation for
these films together with the pattern of the target mate-
rial. For comparison, the reference lines of a pertinent
cubic phase (black lines) are also reported: since no
tabulated JCPDS card for the cubic MgMn2O4 spinel
is available we used, as reference, the one of the cubic
Mn3O4 [15], which just exhibits a tetragonal to cubic
structural transition at about 1160◦C and is isostructural
to MgMn2O4. A nice correspondence can be observed
between the diffraction peaks of the films and those re-
lated to the cubic phase of Mn3O4, taking into account
that a slightly different peak position can be ascribed to
a different lattice parameter. The grey solid reference
lines are instead related to the substrate peaks.
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Figure 3 X-ray pattern of as-deposited MgMn2O4 thin films with sub-
strate heating in pure argon. For comparison the X-ray diffraction pattern
of the target material is also displayed. The grey solid lines refer to the
substrate peaks while the black ones refer to the cubic phase of Mn3O4.

The different X-ray behaviours observed for the two
series of films cannot be ascribed to differences in the
chemical composition, due to the results of the mi-
croprobe analysis. As regards the patterns of the film
deposited under argon/oxygen, the evidence of only
one diffraction peak makes the definition of the crystal
structure difficult. Indeed for both tetragonal and cu-
bic structures a diffraction peak is found around 19◦
corresponding to the (101) reflection for the tetragonal
structure and to the (111) for the cubic one. For the
tetragonal structure and when the material is direct this
peak is particularly intense while for the cubic one the
(111) reflection constitutes one of the most intense peak
for each cation distribution. So the only plausible infor-
mation from the X-ray diffraction characteristics for the
films deposited under argon/oxygen may be a prefer-
ential growth along one crystallographic direction, that
is the (100) or the (111) one, depending on the crys-
tal structure. At this stage is therefore not possible to
say anything conclusive about the crystal structure of
the material from XRD results. For the films deposited
in pure argon environment the correspondence of the
diffraction peaks with those related to the cubic spinel
phase points out the formation of this phase with a ran-
dom grains orientation.

The formation of the MgMn2O4 cubic phase is
possible if the material displays a relevant inversion
degree, i.e., many Mg(II) ions are placed in the octa-
hedral sites. Indeed the MgMn2O4 spinel has a tetrag-
onal crystal structure (space group I41/amd) when the
cation arrangement is normal, i.e., all the magnesium
ions are placed on the A sites and all the manganese
ions on the B sites, or in the case of relatively low in-
version degree (<30–35%). On the contrary when it
is highly inverted its crystal structure is cubic (space
group Fd3m) [10, 11]. In the present case, as can be
also inferred from the X-ray patterns of Figs 1 and 3,
the MgMn2O4 used as target material for the deposi-
tion possess a tetragonal structure. This agrees with the
typical behaviour of bulk material: when slowly cooled
to room temperature it shows a relatively low inversion

degree, this value being evaluated between 2% [9] and
20% [8]. The inversion degree increases starting from
about 600◦C but a relevant inversion, such to gener-
ate a cubic phase, is achievable only for T > 1000◦C
[10, 11].

So, the deposition temperature used for our films
(500◦C) is not high enough to allow the development
of an equilibrium distribution of the cations between
the A and B sites of the spinel in order to give rise
to the cubic structure. Rather, the presence of such a
phase may arise from the random distribution of the
magnesium and manganese cations in the spinel octa-
hedral and tetrahedral sites, also taking into account that
a complete miscibility exists in the MgMn2O4-Mn3O4
solid solution [8, 9].

Some more insight about the structural properties
and the nature of the deposited films can be obtained
by means of micro-Raman spectroscopy. This tech-
nique also allows checking the homogeneity of the de-
posited material: in our case, the very high reproducibil-
ity of the Raman spectra on the whole surface of the
considered films indicated a good homogeneity of the
samples.

In the past we already analysed the Raman features
of tetragonal manganese-based spinel bulk materials.
In particular we considered the relationship between
cation distribution and Jahn-Teller phonons. Besides,
we studied the inversion degree of slowly cooled
MgMn2O4 samples by analysing the Raman spectra
of both the MgMn2O4-Mn3O4 solid solution and of
MgMn2O4 samples quenched from high different tem-
peratures thus characterised by a very high inversion
degree and a nearly cubic structure [16]. On the ba-
sis of these results we now analyse the Raman spectra
collected for the MgMn2O4 thin films.

Fig. 4 shows some selected spectra for the as-
deposited films together with the Raman spectra of the
target material and of the substrate. Fig. 4a refers to a
film deposited at Ts = 500◦C in argon/oxygen envi-
ronment while Fig. 4b refers to a sample prepared at
Ts = 500◦C with only argon in the chamber. In both
cases the presence of the substrate signal is evident and
this partly reduces number and quality of the informa-
tion we can deduce from these measurements. For the
spectra of the film in Fig. 4a, a peak near 700 cm−1 is ev-
ident beside the Al2O3 signal. This can be assessed due
to the different relative intensity of the Al2O3 peaks. A
less evident feature is present around 500 cm−1. No
other structure is detectable in these spectra. In the
Raman spectra of the other sample (Fig. 4b) the pres-
ence of two structures at about 580 and 670 cm−1 can
be noticed. Another broad and low-intensity feature is
found around 340 cm−1.

The results of the Raman characterisation point out
that the spectra of both films differ from that of the
tetragonal target material. The presence of a reduced
number of Raman peaks is a clear evidence of a higher
symmetry of the deposited material with respect to the
target. In the Raman spectra of both films we can find
the main features usually recorded in cubic spinels be-
longing to the Fd3m space group [16–18], even if there
is a quite high spread in the features of the published
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(a)

(b)

Figure 4 Raman spectra of MgMn2O4 this films deposited in
argon/oxygen (a) and pure argon (b). For comparison the spectra of
the target material and of the substrate (dashed lines) are also displayed.

Figure 5 SEM images of MgMn2O4 thin films deposited in argon/oxygen (a) and in pure argon (b) at 3 000× (upper part) and 10 000× (at the
bottom).

spectra for the cubic spinels, since they are deeply af-
fected by many variables such as the firing tempera-
ture or the gas environment used in the thermal pro-
cesses. Nevertheless, by comparing the Raman spectra
of the considered MgMn2O4 films with those of our
MgMn2O4 powder samples quenched from high tem-
perature (and so highly inverted) [16], a noticeable cor-
respondence can be observed when the films are grown
in pure argon atmosphere. For the film deposited in ar-
gon/oxygen environment, the lower number of peaks
in the spectra could also be a consequence of a higher
symmetry related to a preferential growth along one
crystallographic direction, as previously suggested by
the XRD results.

Scanning electron microscopy characterisation is
displayed in Fig. 5 at 3 000× and 10 000× for the
two films: Fig. 5a refers to the material deposited in ar-
gon/oxygen while 5b is relative to a sample deposited
with pure argon. From the low enlargement images it
is possible to note a similar morphology for both mate-
rials: they are constituted of grains of few microns. At
higher enlargement the morphology of the two films ap-
pears different. In particular it is possible to appreciate
that the films prepared in an argon/oxygen environment
display a microstructure in which a lamellar morphol-
ogy is recognisable while this feature is not encountered
for the other series of film. This seems to agree with the
X-ray diffraction and micro-Raman results which sug-
gest an iso-oriented growth for the film deposited in
argon/oxygen. Anyway, a more detailed study about
the morphology of the two different films and in partic-
ular the deepening of the hypothesed lamellar growth
for the film deposited in argon will be matter of fu-
ture work since it goes beyond the scope of the present
work.
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4. Conclusion
In this work we performed the deposition of MgMn2O4
spinel thin films by means of RF-sputtering, explor-
ing different synthesis conditions, namely the substrate
temperature, Ts, and the sputtering gas composition.
Well-crystallised films are obtained at Ts = 500◦C. The
deposition rate increases when working in pure argon
with respect to the deposition in an argon/oxygen en-
vironment and this might be related to the different
morphology of the films: X-ray diffraction suggests a
preferential growth when working at the lowest depo-
sition rate. This has been also supported by the SEM
inspection and is consistent with micro-Raman results.

Micro-Raman and X-ray diffraction information
points out that the grown films are not highly distorted
tetragonal spinels like the target material but display
a less distorted structure, possibly the cubic one. As a
consequence, highly inverted spinels are formed also
at low temperature, with the removal of Mn(III) Jahn-
Teller ions from the octahedral sites [6, 9, 10] and the
formation of Mn(IV) ions in the same sites. This is im-
portant for the employment of these materials as sensor
devices because the coexistence of Mn(III) and Mn(IV)
ions favours the catalytic processes. Moreover, we re-
mark that in the usual synthetic conditions adopted for
the preparation of MgMn2O4 powders it is not easy
to achieve a pure cubic phase as a consequence of the
high temperature required for a high inversion to occur.
The possibility of synthesising films of low distorted
spinels or even cubic ones may be an interesting way
of preparing buffering layers for the growth of isostruc-
tural materials such as other spinels or pseudocubic
pervoskites.
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