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*Highlights (for review)

Highlights
Zinc ferrite thin film was obtained from a FeO/ZnO multilayers process.
Two scenarios were proposed to explain structural changes on the thin film.

Cation inversion on surface of the sample as the cause of magnetic contributions.
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Abstract

The present work investigates the structural and magnetic properties of ZnFe;O4
thin film obtained from ZnO/FeO multilayers deposited on MgO substrate by
DC reactive sputtering. We show that this method is good to grow efficiently
ordered ZnFe;Oy films. The quality of the thin films is ensured by TEM mea-
surements, which showed a well ordered film of ZnFe,O4. The magnetic proper-
ties of these thin films present still minimal differences when compared to bulk
ZnFe;O4 powders. They exhibit a ferromagnetic-like behavior at low temper-
atures, whereas ZnFesQy is expected to be antiferromagnetic. We found that
the magnetic signal originated from the film surface, where cation inversion
was visible from grazing incidence x-ray fluorescence measurements. The inver-
sion of Fe ions with Zn ions caused a magnetic spin glass state, which created

then the ferromagnetic-like behavior differently to bulk ZnFe,O4. These facts
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point to possible routes in order to improve the growing process of ZnFe;Oy4 via

ZnO/FeO multilayers.

Keywords: ZnFe;O4, DC- Sputtering, cation inversion, Spin-Glass

1. Introduction

Zinc ferrite, ZnFe;O4, captured scientific interests for many years because
of interesting magnetic properties compared with other spinel ferrites and its
application as transparent magnetic semiconductor|[l].

In the perfect case, bulk ZnFe;O4 forms a normal spinel structure, in which
the zinc ions (Zn?*) occupy the tetrahedral (A) sites and iron ions (Fe3*t) oc-
cupy the octahedral (B) sites. It shows an antiferromagnetic (AFM) order below
the Néel temperature, Ty = 10.5K [2], which is driven by an oxygen-mediated
super-exchange between the Fe3t ions located at B sites. However, it is well
known that small scale changes in the ordering of the Fe ions can also influ-
ence the magnetic properties on the macroscopic level. The AFM order can be
turned into a ferrimagnetic behavior at room temperature for nano-structered
ZnFe;Oy4 systems, e.g. thin films or nanoparticles [3, 4]. The ferrimagnetism
is thereby mainly attributed to cation inversion, i.e. Zn and Fe ions might
occupy both types of sites (A and B sites). However, other kinds of struc-
tural defects like oxygen vacancies can also influence the magnetic order [3] [6].
Thus, all these variations of the structural and magnetic properties in ZnFe;Oy
depend strongly on the preparation technique used to obtain the ZnFe;O4 sam-
ples [I, [7, 8, @]. Another route to grow high quality ZnFesO4 thin films was
recently reported by us using magnetron sputtering to grow a series of epi-
taxial ZnO/FeO multilayers[9]. The advantages of this method are the usage
of metallic targets while no RF power supply is needed. The used DC power
is easy to control and represents a low cost option. We found in the x-ray
diffraction patterns and in the magnetic properties of the thin films[9] clear in-
dications for pure ZnFesO4 but at small temperatures the hysteresis curve and

the zero field and field cooled magnetization versus temperature curves showed
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an anomalous magnetic behavior with respect to the magnetic response of a
ZnFe;04 powder sample [9]. The samples with the highest number of multi-
layers (20 ZnO/FeO bilayers) appeared to have the best agreement with the
properties of ZnFeyO4. Thus, we took those samples in order to characterize
intensively their film quality and explore the origin of the remaining magnetic
response. Therefore, we complemented our previous results with an extensive
study of the local composition inside the layer and at its surface by applying
x-ray absorption near edge spectroscopy (XANES), extended x-ray absorption
fine structure spectroscopy (EXAFS) and grazing incidence x-ray fluorescence
(GI-XRF) measurements [I0]. By the measurement of fluorescence signals at
various incidence angles, the GI-XRF provides information about the depth dis-
tribution of the elements in the layer. This technique is even at depths of few
nanometers very sensitive and provides in combination with XANES an inter-
esting method in order to relate the thickness-dependent electronic structure
with magnetic properties. Thereby, we can explain that the variation of the
magnetic properties with respect to ZnFe;O, powder originates only from a
cation inversion at the surface of the films. The magnetic moments in this small

fraction of the sample behave then like a spin glass.

2. Experimental Section

Samples. The epitaxial ZnFe;O4 films have been grown on a MgO (001)
substrate from ZnO/FeO multilayers [9]. We started from Zn and Fe metal
targets in oxygen atmosphere by DC magnetron sputtering. Two samples were
grown simultaneously. These consist of 20 bilayers of a 1.6 nm ZnO film and a
3.1nm FeO film, starting at the interface with an FeO layer. These films show
similar structural and magnetic properties as the samples Z20 used before [9].
Therefore, we group them together under the term ZnFesOy4-thin film (ZFO-TF)
hereafter.

The corresponding thicknesses were calculated taking into account the depo-

sition velocities of FeO and ZnO under the same experimental conditions. The

Page 5 of 19



60

65

70

75

80

85

expected total thickness of the film is 94 nm. The multilayers were grown with
a base pressure of 2 x 107 Torr and an operation pressure of 2 x 10~2 Torr un-
der Ar and Oy atmosphere with a flux of 22ml/min and 3 ml/min, respectively.
The supplied DC power was 200 W. The deposition itself was carried out at
a substrate temperature of 973 K in order to enhance the interlayer diffusion.
We compared the properties of the thin films with a sample of bulk ferrite pow-
der (ZFO-P). ZFO-P was prepared by conventional solid state reaction, therein,
Fe;03 and ZnO were mixed in an agate mortar with a ratio of 1 : 1. This
mixture was calcinated at 1000°C for 12h. The process was repeated three
times.

Chemical and structural characterization. The chemical composition
of the sample was obtained by energy dispersive x-ray spectrometry (EDX),
which was carried out at 5kV and 10kV acceleration voltages. We used a
focused ion beam (FIB), model “Nanolab 650”7, equipped with an energy dis-
persive x-ray spectrometer, model Apollo X. The morphology of the samples was
characterized through atomic force microscopy by a NT-MDT SMENA Solver-
PRO using a tapping mode. The analysis were performed by means of the Nova
Image Analysis program interface NT-MDT. The crystal structure of the de-
posited layers was analyzed by Conventional transmission electron microscopy
(TEM), high-resolution TEM (HREM) as well as by scanning transmission elec-
tron microscopy (STEM). We used a TITAN 80/300 from FEI working at an
acceleration voltage of 300kV. The STEM was also equipped with an EDX
spectrometer in order to get an element analysis (line scans as well as 2D map-
ping). For these investigations, cross-sections of the films have been prepared
by conventional techniques (slicing, dimpling, ion-milling). Note that we had
two EDX spectrometer, one within the FIB and the other within the STEM
measuring setup.

Magnetic characterization. Magnetic measurements were performed us-
ing a Quantum Design MPMS superconducting quantum interference device
(SQUID) magnetometer. The magnetization, M, was measured as a function

of temperature, T, and the zero field cooled (ZFC) and field cooled (FC) mea-
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surements were carried out between 5K and 300K at a field of 50 Oe. The
thermoremanent magnetization (TRM) and the isothermoremanent magnetiza-
tion (IRM) data are also collected. TRM measuremnt is performed cooling the
sample from RT down to 5K at a constant Hr gy magnetic Field (between 0T
and 6 T). Afterwards, magnetic field is removed and remanent magnetizations
is as fast as possible measure. In the case of IRM measurements the sample was
cooled in zero applied field from room temperature down to 5K. Afterwards,
the field was momentarily applied for 120s (same fields as for TRM), removed
again, and the remanent magnetization was recorded.

X-ray measurements at LNLS (Campinas, Brazil). GI-XRF mea-
surements were performed at the XRF fluorescence beamline, using a monochro-
matic x-ray beam of 9.7keV. Angular scans between 0° and 1° were performed.
This angular range included the total-reflection critical-angle. The XANES Fe
K-edge (7112¢V) and Zn K-edge (9659¢V) spectra were collected, in fluores-
cence mode, for grazing angles below and above the critical-angle, using a Si
(111) channel-cut monochromator. In addition, conventional XANES and EX-
AF'S spectra at the Zn and Fe K-edge were collected at the XAFS2 beamline
at room-temperature and in fluorescence mode while the sample was positioned

60° to the incoming x-ray beam.

3. Results and Discussion

We have seen in our previous study[d] from the x-ray diffraction spectra that
our method provides an epitaxial growth of zinc ferrite (100) on the MgO(100)
substrate. On the other hand, we observe at low temperatures a ferromagnetic-
like component instead of the expected antiferromagnetic behavior (Figure .

The differences between the thin films and bulk ZnFe;O4 become in partic-
ular evident from the M versus T' measurements (Figure [2p and ) While the
ZFC and FC curves almost coincide for bulk ZnFe;O, presenting a maximum at
15K and an inflexion point at 11 K (Figure ; in agreement with the reported
Neel temperature), for ZFO-TF, both curves become different below 15K with
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Figure 1: Magnetization of the thin film (TFO-TF) as a function of the applied field, H, at 5 K
and 10 K. Both curves show a pronounced hysteresis loop. See the inset for an amplification

of the low field region.

an irreversibility temperature, T;;; = 15.35 K (Figure with the inset). For the
latter, the curves shows a prominent convex shape around the maximum and
afterwards a significant deviation, AM, between ZFC and FC signal, which was
already reported to show the formation of a frustrated spin system in powdered
ferrite monocrystals [11].

The irreversibility AM (inset in Figure 2b) identifies the magnetic charac-
ter of the system as a spin glass (SG), superparamagnetism (SPM) or diluted
antiferromagnetism in an applied field (DAFF). The latter consists of small
ferromagnetic clusters enclosed in an antiferromagnetic matrix [12] 13} [14].

In order to distinguish between the three possible scenarios, we analyze TRM
and IRM measurements. They represent a useful method to identify the nature
of the irreversible magnetization contributions [14, 15l [16]. For an ideal AFM
bulk system, the TRM and IRM signals are expected to be zero for all fields and
temperatures. The DAFF systems are characterized by zero IRM and with an
applied field increasing TRM. In contrast, IRM increases in a system with SPM
relatively strongly with increasing field and meets the TRM curve at moderate

field values, where both curves saturate. A SG system shows a similar behavior
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but TMR increases steeply with the field and exhibit a characteristic peak at
intermediate fields. Exactly the latter case is realized for our sample ZFO-
TF (Figure 2k). This is not surprising, since magnetic disorder is in general
very common for ferrites. The disorder may cause a competition between the
super exchange interactions Jap, Jaa, and Jpp (magnetic exchange interactions
between sites A-B, A-A, and B-B) and consequently frustration between the
magnetic moments of the Fe ions. If for example the concentration of magnetic
ions at the A site is sufficiently diluted, a spin glass state can be formed [17].

Thus, the exact chemical composition and the cation distribution was studied
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Figure 2: Zero field cooled and field cooled measurements (M vs T') at 500 Oe for (a) bulk
ZnFez0y4 reference and (b) ZFO-TF sample. The inset in (b) shows the irreversibility, AM,
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Figure 3: (a) TEM cross section image, (b) HRSTEM image, and (c) EDX atomic profile of
the ZnFepOy4 thin film (ZFO-TF.)

to understand the origin of the SG behavior.

The previous x-ray diffraction results[d] were complemented by TEM mea-
surements. A cross-sectional TEM image reveals a dense and flat ZnFe;O4 film
with no appreciable imperfections (Figure [3R). The total thickness of the layer
is (98 £ 4) nm, which is in very good agreement with the prediction from the
deposition velocity. The complete interdiffusion of the epitaxial FeO/ZnO mul-

tilayers and hence an ordered atomic arrangement was also observed (Figure

3pb).
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Figure 4: Normalized intensity of Fe and Zn K-lines as a function of the incident angle of
the angular scan GI-XRF measurements. Both intensities were normalized to their maximum

value. The intensity jump around 0.5° corresponds to the total reflection condition.
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This interdiffusion is also verified by the EDX profile along the thin film
obtained within the STEM measuring setup (Figure ) The latter results al-
low to access an average atomic ratio, which is Fe/Zn= 1.7 £ 0.5. These results
agree well with the EDX spectrum from the FIB measuring setup. However, we
observe in the EDX profile a higher concentration of Zn close to the substrate
indicating a possible substitution of Mg atoms in MgO by Zn (Figure ) This
migration could be induced by the substrate temperature in the growing pro-
cess, the similar atomic radii of Mg and Zn atoms (145 pm or 142 pm), or the
same oxidation state. The grain size and the roughness of the sample was deter-
mined by means of atomic force microscopy and was about 118 nm and 3.4 nm,
respectively, whereas the roughness of the MgO substrate was 2.34 nm.The ho-
mogeneous distribution of Fe and Zn atoms along the depth of the layers is
also verified by the normalized fluorescence intensity of the Fe and Zn K lines
(Figure .The absence of oscillations indicates the mixture between the original
ZnO/FeO multilayers in good agreement with the TEM result. In summary, we
found with our extended structural analysis a homogeneous distribution of Fe
and Zn ions in a ZnFe,Oy (100) thin film as before [9].

Therefore, we studied the microscopic chemical composition with XANES
and EXAFS measurements, which yield information of the whole film, if the
incidence angle is 60°. When we compare the XANES spectrum and the Fourier
Transform (FT) of the EXAFS oscillations at the Zn K-edges for ZFO-TF with
a reference ZnFeoO4 sample the differences between both at the Fe K-edge are
negligible (Figure and ) In contrast, relevant differences appear in the
case of the Zn K-edge (Figure |§|a) We observe a decrease of the intensities
of the first and the third peak (called A and C, respectively) and an increase
in the intensity of the second characteristic peak (B). Regarding the FT, the
one corresponding to ZFO-TF presents a notable decrease of the peak which
corresponds to the second coordination layer (Figure @1) These changes at the
K-edge, in XANES and FT, has been previously assigned to the occurrence of
cations inversion [I8| [19], but the very good agreement of ZFO-TF and bulk

ZnFe;04 at the Fe K-edge allows us to conclude that the current environment
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(b) Fourier transform of the EXAFS oscillations at the Fe K-edges of ZFO-TF (open circles)
and the ZFO-P (solid line).

of the Fe ions corresponds to that found in normal Zn ferrite. Thus, cation
inversion, in the sense of Fe and Zn ions swapping sites, can be excluded within
our thin films.

In order to understand the observed differences at the Zn K-edge, we take
into account the higher Zn ion concentration at the interface and the non sto-
ichiometric amount of Zn ions discussed above within the characterization of

the chemical composition. These additional Zn ions might either occupy B sites

10
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Figure 6: (a) Measured XANES spectra at the Zn K-edge of ZFO-TF (open points) and bulk
ZFO-P (solid line). The incidence angle was 60°. (b) and (c) theoretical simulations of the
XANES spectra at the Zn K-edge considering the effect of different percentages of co-existing
(b) ZnO or (c¢) Zn at A and B sites within the ZFO film. Arrows indicated the tendencies of
feature changes in the white line of the XANES spectra in each case. (d) Fourier transform
of the EXAFS oscillation measured at the Zn K-edges of ZFO-TF (open points) and ZFO-P
(solid line). (e) and (f) theoretical simulations of the Fourier transform, considering the effect

of different percentages of co-existing (e) ZnO or (f) Zn at A and B sites within the ZFO film.

or segregate as ZnO. Hence, we performed simulations of the XANES spectrum
and the FT at the Zn K-edge in two different ways. We assumed (1) a mix-
ture of Zn ferrite and ZnO, and (2) a mixture of Zn ions at A and B sites on
Znq . Fes Oy, where the excees of Zn relative to 1 is occupying B sites. In the
first case, we obtained the spectra superimposing the experimental spectra of
the normal ZnFe;O,4 reference with the experimental spectrum of a ZnO refer-
ence with ratio of 10 % to 40 %. The experimental spectrum of ZnFe,OQ4 were
also used in case (2) as the reference XANES spectrum of a Zn ion at the A site.
The simulation of the XANES spectrum of varying amounts of Zn ions at the B

site was performed by means of the FDMNES code [20], whereas the Arthemis

11
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code [21] was used for the FT signal.

We observe for the XANES spectra a similar effect in both models, a de-
creasing intensity of the A and C peak combined with an increased intensity of
the B peak (Figure |§|b and @) The differences between the two models can
be seen in the shape of shoulder called D. In the case of ZnO segregation, the
shoulder becomes a well-defined peak while it decreases in the case of Zn ions
at the B site.

Regarding the FT simulations, we observe that both models influence the
intensity of the second peak centered at 3.1 A (Figure @ and @f) Possible
differences can be obtained in the third peak, which decreases for the case of
Zn ions at B sites, but remains almost the same in the case of the mixture with
ZnO. Thus, we cannot completely exclude one of the potential scenarios when
comparing the simulated FT signals with the measurements for ZFO-TF (Figure
@i) Therefore, taking into account that a perfect ZnFe;Oy4 lattice structure was
identified within the HRSTEM images and the x-ray diffraction measurements,
and that we did not find any region of ZnO, we can conclude that the growth
of ZnFes 04 from ZnO/FeO multilayers causes in within the thin films no cation
inversion but the additional occupation of B sites by Zn ions.

On the other hand, the occupation of A and B sites by Zn ions does not
cause a magnetic contribution [6]. Another possible source of magnetism could
be originated in a quite small surface region showing nevertheless cation ion
inversion, which was not traceable over the full width of the film. Such phe-
nomenon was already observed, e.g., in MgAl,O4, where cation inversion at the
surface is the stable state. [22]. It is driven by the need to rearrange charges
in the surface layer to compensate the surface polarity. Thus, cation inversion
might redistribute a substantial amount of cations at the surface of the spinel
structure placing, e.g. Fe3* ions in A and B sites. A selective information of the
surface (depth of around 2nm to 5nm) are accessible in XANES spectra with
a incidence angle of 0.4° (grazing incidence). For this kind of experiments over
our samples, our results for the Zn K-edge present again the characteristics that

can be assigned to Zn ions at A and B sites or ZnO precipitation — decreasing

12
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and ZFO-P measured with grazing incidence (surface information). The inset shows the zoom

into the prepeak region.

intensities of the first and third peak (A and C, respectively) and an increasing
intensity in the second characteristic peak (B) (Figure[fh). We found the best
agreement between the superficial XANES spectrum and the simulated one for
a co-existence of 30 % Zn ions at the B site and 70 % Zn ions at the A site (Fig-
ure ) On the other hand, the XANES spectrum at the Fe K-edge presented
now — opposite of the case of the whole thin film — significant differences when
compared to bulk ZnFe;Oy4 (Figure[fjc)). We measured a decrease of the white

line amplitude and an increase of pre-peak intensity. These features have been

13
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previously reported when some Fe atoms occupy non-centrosymmetric A sites
instead of the centrosymmetric octahedral B sites [I8], 23]. Hence, the surface

of the thin films presents cation inversion.

4. Conclusions

In our measurements, we demonstrate for the Zn ferrite thin films, obtained
from epitaxial growth of ZnO/FeO multilayers by DC Magnetron sputtering,
a slight Zn overstoichiometry, where the Zn ions occupy mainly additional B
sites and do not influence the overall structural and magnetic properties of the
thin films. The additional Zn ions are mainly located in the interface region
close to the substrate. The local environment of the Fe3* ions is within the
thin film the same as in normal ZnFe;O4 (Fe at the octahedral B sites) but
shows clear signals of cation inversion at the surface where Fe occupy A and B
sites. The presence of iron at both sites explains the small magnetic signal at
low temperatures below 30 K and the spin glass behavior. This magnetic order
originates therefore only from the surface of the thin film. In summary, we found
two main issues when growing ZnFes Oy thin films from ZnO/FeO multilayers —
Zn overstoichiometry and insufficient surface quality. Only the latter can alter
the magnetic response of ZnFesO,4. Both problems can be optimized within the
growing process. Thus, ZnO/FeO multilayers are a interesting method with the

high potential of growing highly ordered ZnFesO4 thin films.
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