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a  b  s  t  r  a  c  t

The  present  work  investigates  the  structural  and  magnetic  properties  of  ZnFe2O4 thin  films  obtained
from  ZnO/FeO  multilayers  deposited  on  MgO  substrate  by DC  reactive  sputtering.  We  show  that  this
method  is good  to grow  efficiently  ordered  ZnFe2O4 films.  The  quality  of the  thin  films  is  ensured  by  TEM
measurements,  which  showed  a well  ordered  film  of ZnFe2O4. The  magnetic  properties  of  these  thin  films
vailable online 23 September 2016
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present  still  minimal  differences  when  compared  to bulk  ZnFe2O4 powders.  They  exhibit  a ferromagnetic-
like  behavior  at  low  temperatures,  whereas  ZnFe2O4 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  inversion  of  Fe  ions  with  Zn  ions  caused  a magnetic
spin  glass  state,  which  created  then  the  ferromagnetic-like  behavior  differently  to bulk  ZnFe2O4.  These
facts  point  to possible  routes  in  order  to  improve  the growing  process  of  ZnFe2O4 via  ZnO/FeO  multilayers.
pin glass

. Introduction

Zinc ferrite, ZnFe2O4, captured scientific interests for many
ears because of interesting magnetic properties compared with
ther spinel ferrites and its application as transparent magnetic
emiconductor [1].

In the perfect case, bulk ZnFe2O4 forms a normal spinel struc-
ure, in which the zinc ions (Zn2+) occupy the tetrahedral (A)
ites and iron ions (Fe3+) occupy the octahedral (B) sites. It shows
n antiferromagnetic (AFM) order below the Néel temperature,
N = 10.5 K [2], which is driven by an oxygen-mediated super-
xchange between the Fe3+ ions located at B sites. However, it
s well known that small scale changes in the ordering of the Fe
ons can also influence the magnetic properties on the macroscopic
evel. The AFM order can be turned into a ferrimagnetic behavior at

oom temperature for nano-structured ZnFe2O4 systems, e.g., thin
lms or nanoparticles [3,4]. The ferrimagnetism is thereby mainly
ttributed to cation inversion, i.e., Zn and Fe ions might occupy both
ypes of sites (A and B sites). However, other kinds of structural

∗ Corresponding author.
E-mail address: klsalcedor@fisica.unlp.edu.ar (K.L. Salcedo Rodríguez).

ttp://dx.doi.org/10.1016/j.apsusc.2016.09.088
169-4332/© 2016 Elsevier B.V. All rights reserved.
©  2016  Elsevier  B.V.  All  rights  reserved.

defects like oxygen vacancies can also influence the magnetic order
[5,6]. Thus, all these variations of the structural and magnetic prop-
erties in ZnFe2O4 depend strongly on the preparation technique
used to obtain the ZnFe2O4 samples [1,7–9]. Another route to grow
high quality ZnFe2O4 thin films was recently reported by us using
magnetron sputtering to grow a series of epitaxial ZnO/FeO multi-
layers [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 indications for pure ZnFe2O4 but at small tem-
peratures the hysteresis curve and the zero field and field cooled
magnetization versus temperature curves showed an anomalous
magnetic behavior with respect to the magnetic response of a
ZnFe2O4 powder sample [9]. The samples with the highest num-
ber of multilayers (20 ZnO/FeO bilayers) appeared to have the best
agreement with the properties of ZnFe2O4. 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



K.L. Salcedo Rodríguez et al. / Applied Surface Science 393 (2017) 256–261 257

F
a
a

g
B
a
t
o
w
d
w
r
a
f

2

2

s
F
i
b
i
m
w
h

a
e
i
2
a
t
c
t
fi
p
w
w
t

2

d
a
m

ig. 1. Magnetization of the thin film (ZFO-TF) as a function of the applied field, H,
t 5 K and 10 K. Both curves show a pronounced hysteresis loop. See the inset for an
mplification of the low field region.

razing incidence X-ray fluorescence (GI-XRF) measurements [10].
y the measurement of fluorescence signals at various incidence
ngles, the GI-XRF provides information about the depth distribu-
ion of the elements in the layer. This technique is even at depths
f few nanometers very sensitive and provides in combination
ith XANES an interesting method in order to relate the thickness-
ependent electronic structure with magnetic properties. Thereby,
e can explain that the variation of the magnetic properties with

espect to ZnFe2O4 powder originates only from a cation inversion
t the surface of the films. The magnetic moments in this small
raction of the sample behave then like a spin glass.

. Experimental

.1. Samples

The epitaxial ZnFe2O4 films have been grown on a MgO(001)
ubstrate from ZnO/FeO multilayers [9]. We  started from Zn and
e metal targets in oxygen atmosphere by DC magnetron sputter-
ng. Two samples were grown simultaneously. These consist of 20
ilayers of a 1.6 nm ZnO film and a 3.1 nm FeO film, starting at the

nterface with an FeO layer. These films show similar structural and
agnetic properties as the samples Z20 used before [9]. Therefore,
e group them together under the term ZnFe2O4-thin film (ZFO-TF)
ereafter.

The corresponding thicknesses were calculated taking into
ccount the deposition velocities of FeO and ZnO under the same
xperimental conditions. The expected total thickness of the film
s 94 nm.  The multilayers were grown with a base pressure of

 × 10−7 Torr and an operation pressure of 2 × 10−2 Torr under Ar
nd O2 atmosphere with a flux of 22 ml/min and 3 ml/min, respec-
ively. The supplied DC power was 200 W.  The deposition itself was
arried out at a substrate temperature of 973 K in order to enhance
he interlayer diffusion. We  compared the properties of the thin
lms with a sample of bulk ferrite powder (ZFO-P). ZFO-P was  pre-
ared by conventional solid state reaction, therein, Fe2O3 and ZnO
ere mixed in an agate mortar with a ratio of 1:1. This mixture
as calcinated at 1000 ◦C for 12 h. The process was repeated three

imes.

.2. Chemical and structural characterization
The chemical composition of the sample was obtained by energy
ispersive X-ray spectrometry (EDX), which was carried out at 5 kV
nd 10 kV acceleration voltages. We  used a focused ion beam (FIB),
odel “Nanolab 650”, equipped with an energy dispersive X-ray
Fig. 2. Zero field cooled and field cooled measurements (M vs T) at 500 Oe for (a) bulk
ZnFe2O4 reference and (b) ZFO-TF sample. The inset in (b) shows the irreversibility,
�M,  between FC and ZFC curves for ZFO-TF indicating the point of separation with
the  temperature, Tirr (c) TRM and IRM measurements for the ZFO-TF samples.

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 per-
formed by means of the Nova Image Analysis program interface
NT-MDT. The crystal structure of the deposited layers was ana-
lyzed by Conventional transmission electron microscopy (TEM),
high-resolution TEM (HREM) as well as by scanning transmission
electron microscopy (STEM). We  used a TITAN 80/300 from FEI
working at an acceleration voltage of 300 kV. The STEM was  also
equipped with an EDX spectrometer in order to get an element anal-
ysis (line scans as well as 2D mapping). 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.

2.3. Magnetic characterization

Magnetic measurements were performed using 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) measurements were carried out between 5 K and
300 K at a field of 50 Oe. The thermoremanent magnetization (TRM)
and the isothermoremanent magnetization (IRM) data are also col-
lected. TRM measurement is performed cooling the sample from
RT down to 5 K at a constant H magnetic field between 0 and
TRM

6 Tesla. Afterwards, the magnetic field is removed and the rema-
nent magnetizations are measured as fast as possible. In the case of
IRM measurements, the sample was  cooled in zero applied field
from room temperature down to 5 K. Afterwards, the field was
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The latter consists of small ferromagnetic clusters enclosed in an
antiferromagnetic matrix [12–14].

In order to distinguish between the three possible scenar-
ios, we analyze TRM and IRM measurements. They represent a
Fig. 3. (a) TEM cross section image, (b) HRSTEM image,

omentarily applied for 120 s (same fields as for TRM), removed
gain, and the remanent magnetization was recorded.

.4. X-ray measurements at LNLS (Campinas, Brazil)

GI-XRF measurements were performed at the XRF fluorescence
eamline, using a monochromatic X-ray beam of 9.7 keV. Angu-

ar scans between 0◦ and 1◦ were performed. This angular range
ncluded the total-reflection critical-angle. The XANES Fe K-edge
7112 eV) and Zn K-edge (9659 eV) spectra were collected, in
uorescence mode, for grazing angles below and above the critical-
ngle, using a Si(111) channel-cut monochromator. In addition,
onventional XANES and EXAFS spectra at the Zn and Fe K-edge
ere collected at the XAFS2 beamline at room temperature and

n fluorescence mode while the sample was positioned 60◦ to the
ncoming X-ray beam.

. Results and discussion

We  have seen in our previous study [9] from the X-ray diffraction
pectra that our method provides an epitaxial growth of zinc ferrite
100) on the MgO(100) substrate. On the other hand, we observe at
ow temperatures a ferromagnetic-like component instead of the
xpected antiferromagnetic behavior (Fig. 1).

The differences between the thin films and bulk ZnFe2O4
ecome in particular evident from the M versus T measurements

Fig. 2a and b). While the ZFC and FC curves almost coincide for
ulk ZnFe2O4 presenting a maximum at 15 K and an inflexion point
t 11 K (Fig. 2a; in agreement with the reported Neel temperature),
or ZFO-TF, both curves become different below 15 K with an irre-
ersibility temperature, Tirr = 15.35 K (Fig. 2b with the inset). For

ig. 4. Normalized intensity of Fe and Zn K-lines as a function of the incident angle
f  the angular scan GI-XRF measurements. Both intensities were normalized to their
aximum value. The intensity jump around 0.5◦ corresponds to the total reflection

ondition.
) EDX atomic profile of the ZnFe2O4 thin film (ZFO-TF).

the latter, the curves shows a prominent convex shape around the
maximum and afterwards a significant deviation, �M,  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 �M  (inset in Fig. 2b) identifies the magnetic
character of the system as a spin glass (SG), superparamagnetism
(SPM) or diluted antiferromagnetism in an applied field (DAFF).
Fig. 5. (a) Measured XANES spectra at Fe K-edge of ZFO-TF (open circles) and ZFO-P
(solid line). The incidence angle was  of 60◦ . The inset shows a zoom into the prepeak
region. (b) Fourier transform of the EXAFS oscillations at the Fe K-edges of ZFO-TF
(open circles) and the ZFO-P (solid line).
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Fig. 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
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endencies of feature changes in the white line of the XANES spectra in each case. (d
oints) and ZFO-P (solid line). (e) and (f) theoretical simulations of the Fourier tran
nd  B sites within the ZFO film.

seful method to identify the nature of the irreversible magneti-
ation contributions [14–16]. For an ideal AFM bulk system, the
RM and IRM signals are expected to be zero for all fields and tem-
eratures. The DAFF systems are characterized by zero IRM and
ith an applied field increasing TRM. In contrast, IRM increases

n a system with SPM relatively strongly with increasing field and
eets the TRM curve at moderate field values, where both curves

aturate. A SG system shows a similar behavior but TMR  increases
teeply with the field and exhibit a characteristic peak at inter-
ediate fields. Exactly the latter case is realized for our sample

FO-TF (Fig. 2c). This is not surprising, since magnetic disorder is in
eneral very common for ferrites. The disorder may  cause a com-
etition between the super exchange interactions JAB, JAA, and JBB
magnetic exchange interactions between sites A–B, A–A, and B–B)
nd consequently frustration between the magnetic moments of
he Fe ions. If for example the concentration of magnetic ions at
he A site is sufficiently diluted, a spin glass state can be formed
17].

Thus, the exact chemical composition and the cation distribu-
ion was studied to understand the origin of the SG behavior.

The previous X-ray diffraction results [9] were complemented
y TEM measurements. A cross-sectional TEM image reveals a
ense and flat ZnFe2O4 film with no appreciable imperfections

Fig. 3a). The total thickness of the layer is 98 ± 4 nm,  which is
n very good agreement with the prediction from the deposi-
ion velocity. The complete interdiffusion of the epitaxial FeO/ZnO

ultilayers and hence an ordered atomic arrangement was also
bserved (Fig. 3b).
ier transform of the EXAFS oscillation measured at the Zn K-edges of ZFO-TF (open
, considering the effect of different percentages of co-existing (e) ZnO or (f) Zn at A

This interdiffusion is also verified by the EDX profile along the
thin film obtained within the STEM measuring setup (Fig. 3c). The
latter results allow 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 indicat-
ing a possible substitution of Mg  atoms in MgO  by Zn (Fig. 3c).
This migration could be induced by the substrate temperature in
the growing process, 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 determined 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
homogeneous 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 (Fig. 4).The absence of oscillations indicates the
mixture between the original ZnO/FeO multilayers in good agree-
ment with the TEM result. In summary, we found with our extended
structural analysis a homogeneous distribution of Fe and Zn ions in
a ZnFe2O4(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  com-

pare the XANES spectrum and the Fourier Transform (FT) of the
EXAFS oscillations at the Zn K-edges for ZFO-TF with a reference
ZnFe2O4 sample the differences between both at the Fe K-edge are
negligible (Fig. 5a and b). In contrast, relevant differences appear
in the case of the Zn K-edge (Fig. 6a). We  observe a decrease of
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Fig. 7. (a) The XANES spectrum of ZFO-TF and ZFO-P measured at the Zn K-edge
with grazing incidence (surface information). (b) Measured and simulated ZFO-TF
60 K.L. Salcedo Rodríguez et al. / Appl

he intensities of the first and the third peak (called A and C,
espectively) and an increase in the intensity of the second charac-
eristic peak (B). Regarding the FT, the one corresponding to ZFO-TF
resents a notable decrease of the peak which corresponds to the
econd coordination layer (Fig. 6d). These changes at the K-edge, in
ANES and FT, has been previously assigned to the occurrence of
ations inversion [18,19], but the very good agreement of ZFO-TF
nd bulk ZnFe2O4 at the Fe K-edge allows us to conclude that the
urrent environment of the Fe ions corresponds to that found in
ormal Zn ferrite. Thus, cation inversion, in the sense of Fe and Zn

ons swapping sites, can be excluded within our thin films.
In order to understand the observed differences at the Zn K-

dge, we take into account the higher Zn ion concentration at the
nterface and the non stoichiometric amount of Zn ions discussed
bove within the characterization of the chemical composition.
hese additional Zn ions might either occupy B sites or segregate
s ZnO. Hence, we performed simulations of the XANES spectrum
nd the FT at the Zn K-edge in two different ways. We  assumed (1)

 mixture of Zn ferrite and ZnO, and (2) a mixture of Zn ions at A
nd B sites on Zn1+xFe2−xO4, where the excess of Zn relative to 1
s occupying B sites. In the first case, mixture of normal ZnFe2O4
errite and ZnO spectra were simulated by simple superposition of
ndividual experimental spectra, with a molar fraction of OZn in the
ange of 10–40%. The experimental spectrum of ZnFe2O4 were also
sed in case (2) as the reference XANES spectrum of a Zn ion at the

 site. The simulation of the XANES spectrum of varying amounts of
n ions at the B site was performed by means of the FDMNES code
20], whereas the Arthemis code [21] was used for the FT signal.

We observe for the XANES spectra a similar effect in both mod-
ls, a decreasing intensity of the A and C peak combined with an
ncreased intensity of the B peak (Fig. 6b and c). The differences
etween the two models can be seen in the shape of shoulder
alled D. In the case of ZnO segregation, the shoulder becomes a
ell-defined peak while it decreases in the case of Zn ions at the B

ite.
Regarding the FT simulations, we observe that both models

nfluence the intensity of the second peak centered at 3.1 Å (Fig. 6e
nd f). Possible differences can be obtained in the third peak, which
ecreases for the case of Zn ions at B sites, but remains almost
he same in the case of the mixture with ZnO. Thus, we cannot
ompletely exclude one of the potential scenarios when compar-
ng the simulated FT signals with the measurements for ZFO-TF
Fig. 6d). Therefore, taking into account that a perfect ZnFe2O4
attice structure was identified within the HRSTEM images and
he X-ray diffraction measurements, and that we  did not find
ny region of ZnO, we can conclude that the growth of ZnFe2O4
rom ZnO/FeO multilayers causes in within the thin films no
ation inversion but the additional occupation of B sites by Zn
ons.

On the other hand, the occupation of A and B sites by Zn ions
oes not cause a magnetic contribution [6]. Another possible source
f magnetism could be originated in a quite small surface region
howing nevertheless cation ion inversion, which was not trace-
ble over the full width of the film. Such phenomenon was already
bserved, e.g., in MgAl2O4, where cation inversion at the surface is
he stable state [22]. It is driven by the need to rearrange charges in
he surface layer to compensate the surface polarity. Thus, cation
nversion might redistribute a substantial amount of cations at the
urface of the spinel structure placing, e.g., Fe3+ ions in A and B
ites. A selective information from the surface (depth of around
–5 nm)  are accessible via XANES spectra with a incidence angle

f 0.4◦ (grazing incidence). Our results for the Zn K-edge present
gain the characteristics that can be assigned to Zn ions at A and

 sites or ZnO precipitation – decreasing intensities of the first
nd third peak (A and C, respectively) and an increasing intensity
n the second characteristic peak (B) (Fig. 7a). We  found the best
spectra. The latter assumes 30% Zn in B site and 70% of Zn in A site. (c) Fe K-edge spec-
trum of ZFO-TF and ZFO-P measured with grazing incidence (surface information).
The  inset shows the zoom into the prepeak region.

agreement between the superficial XANES spectrum and the simu-
lated one for a co-existence of 30% Zn ions at the B site and 70% Zn
ions at the A site (Fig. 7b). On the other hand, the XANES spectrum
at the Fe K-edge presented now – opposite to the case of the whole
thin film – significant differences when compared to bulk ZnFe2O4
(Fig. 7c). We  measured a decrease of the white line amplitude and
an increase of pre-peak intensity. These features have been previ-
ously reported when some Fe atoms occupy non-centrosymmetric
A sites instead of the centrosymmetric octahedral B sites [18,23].
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 ZnFe2O4 (Fe at the octa-
hedral 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 ZnFe2O4 thin films
from ZnO/FeO multilayers – Zn overstoichiometry and insufficient
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urface quality. Only the latter can alter the magnetic response of
nFe2O4. Both problems can be optimized within the growing pro-
ess. Thus, ZnO/FeO multilayers are a interesting method with the
igh potential of growing highly ordered ZnFe2O4 thin films.
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