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Element- and site-specific magnetic hysteresis-loops measurements on a zinc ferrite (ZnFe2O4) thin film
were performed by X-ray magnetic circular dichroism. Results show that iron in octahedral and tetra-
hedral sites of spinel structure are coupled antiferromagnetically between them, and when magnetic
field is applied the magnetic moment of the ion located at octahedral sites aligns along the field di-
rection. The magnetic measurements reveal a distinctive response of the surface with in-plane aniso-
tropy and an effective anisotropy constant value of 12.6 kJ/m3. This effective anisotropy is due to the
combining effects of demagnetizing field and, volume and surface magnetic anisotropies KV ¼3.1 kJ/m3

and KS ¼16 μJ/m2.
& 2016 Elsevier B.V. All rights reserved.
1. Introduction

It is well known that the disordered distribution of zinc and
iron ions in ZnFe2O4 leads to a drastic change in its magnetic order
[1–3]. This phenomenon makes ZnFe2O4 one of the most studied
magnetic ferrites. This compounds has an spinel structure were its
smallest cell has cubic symmetry. The iron atoms occupy the so
called A- and B-sites located in tetrahedral and the octahedral sites
which are surrounded by 4 and 6 oxygen atoms [4]. ZnFe2O4 has
an antiferromagnetic order below the Néel temperature TN
¼10.5 K [5], which is driven by an oxygen-mediated super-
exchange between the Fe3þ ions located at the octahedral B-sites
(FeB3þ). Nanosized ZnFe2O4 samples, whether as nanoparticles
[1,6] or as thin films [7–10] display ferrimagnetic behavior at room
temperature. This ferrimagnetic feature is attributed to the dis-
tribution of Fe3þ and Zn2þ at both tetrahedral A- and octahedral
B-sites which gives rise to strong negative JAB interactions. The fact
that ferrimagnetic behavior is detected in nanometric systems
indicates that the phenomenon may be related with surfaces.

In a recent work [11] we have demonstrated that the large
magnetic moment observed in zinc ferrite thin films grown at low
oxygen pressure is due to the ferromagnetic coupling between
iron ions occupying B-sites. The reason for this is based on three
main mechanisms that break the original antiferromagnetic
ríguez Torres).
interaction between B-sites, namely, the A-site overpopulation, the
consequent generation of octahedral cation vacancies, and the
existence of an oxygen vacancy between two FeB ions.

In this work we present a study of the surface magnetic ani-
sotropy of zinc ferrite (ZnFe2O4) thin films (thickness t∼57 nm)
grown at low O2 pressure for which we have performed mea-
surements of magnetic hysteresis via X-ray Magnetic Circular Di-
chroism (XMCD).

XMCD is an element- and site-specific selective technique that
allows to discern among the magnetic contributions of non-
equivalent atomic sites [12–16]. The XMCD spectrum is defined as
the difference between two X-ray absorption spectra (XAS), one
measured with the circular polarization vector parallel and other
antiparallel to the external magnetic field. The XMCD signal can be
also obtained in an equivalent procedure by illuminating the
sample with one polarization (left or right) and inverting the ap-
plied magnetic field direction (parallel or anti-parallel to the di-
rection of the light propagation).

XMCD signal is obtained at inner shell absorption edges where
electronic transitions between core states and unoccupied valence
states occur. In transition metals such as Fe, Ni and Co, the largest
contribution to the XMCD signal involves p-d dipole transitions
(core p1/2 and p3/2 electrons-unoccupied d valence states). The
XMCD signal is proportional to the difference between the spin-up
and spin-down occupations of the unoccupied d states in the va-
lence levels of the absorbing atoms. This means that XMCD is able
to probe magnetic properties of a specific absorbing element. In
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some cases it is also possible to distinguish the magnetic behavior
between different chemical states or crystallographic sites of the
atoms of one chemical species, depending on the element and on
the energy resolution of the beamline.

The intensity of XMCD signal is proportional to the mean
magnetic moment projected onto the direction of the incident
X-ray, and its sign reveals the direction of the probed moment in
relation to the direction of the incident photon [17]. For atomic
magnetic moments oriented parallel to the external magnetic
field, the XMCD is negative at the L3 edge and positive at the L2
edge [18].

Since contributions of Fe3þ in A- and B-sites in spinel structure
are clearly distinguishable from each other in XMCD signals [11],
hysteresis-loops for each iron site can be obtained measuring the
X-ray absorption as a function of the magnetic field intensity at
different characteristic energies.

The most common and convenient method for measuring the
absorption cross section in XAS is through total electron yield
(TEY). A soft X-ray photon absorbed by a material generates an
atomic core hole. Auger is the dominant decay process. The TEY
mode detects the secondary electrons generated by the inelastic
scattering of Auger.

XMCD in the TEY is proportional to an average near-surface
magnetic moment because the measured signal is weighted by an
exponential function with a decay length (mean free escape depth
of electrons emitted from the surface) of a few nanometers. Thus,
with this technique is possible to determine the surface magnetic
contribution since its mean probing depth is few nanometers.

In this work we study the surface magnetic contribution in zinc
ferrite thin film by XMCD in the TEY mode and analyze the results
in terms of the surface magnetic anisotropy. Also, for testing
purposes we made the same measurements on maghemite
γ-Fe2O3 nanoparticles.
Fig. 1. a) XAS L2,3 spectra corresponding to maghemite nanoparticles under an
magnetic field strength of μ0H¼0.6 T. μþ¼(μ↑↑þμ↓↓)/2 and μ¼(μ↑↓þ μ↓↑)/2. b)
XMCD signals of maghemite nanoparticles. Positive peak PA at 709 eV can be as-
signed to magnetic contributions from FeA3þ while the two negative peaks PB1 and
PB2 at 708 and 710 eV can be assigned to FeB3þ ions.
2. Experimental details

The zinc ferrite (ZnFe2O4) thin film, hereafter labeled ZFO1 as in
references [9,11], has a thickness of 57 nm and an area of
5 mm�5 mm. It was grown at low O2 pressure (10�5 mbar). De-
tails of sample preparation and characterization can be found
elsewhere [9]. For comparison purposes, we have also measured
maghemite (γ-Fe2O3) nanoparticles with 15 nm of radii.

X-ray absorption spectroscopy (XAS) experiments at L2,3 edges
of iron were performed at room temperature at PGM beamline
[19] of Brazilian Synchrotron Light Laboratory-LNLS (Campinas,
Brazil) using circularly polarized light with a degree of circular
polarization around 80%. The absorption data were collected in the
TEY mode. The photon beam and the magnetic field were per-
pendicular to the sample plane. The base pressure of the system
was 10�10 mbar. The absorption was normalized to the incoming
photon beam intensity by measuring simultaneously the photo-
current at a gold grid. The magnetic field strength m0H (between
�0.6 and 0.6 T) was generated by an electromagnet. All mea-
surements were made at 290 K. The maghemite γ-Fe2O3 nano-
particles were measured dispersed in double-sided conductive
carbon tape.

The absorption cross section of the circular polarized X-rays is
labeled μαβ, where α denotes the helicity of the photon (α¼↑(↓)
when the photon is right-handed (left-handed) polarized) and β
denotes the direction of the magnetic field (β¼↑(↓) when the
magnetic field is parallel (antiparallel) to the propagation vector).
In the electric dipole approximation, reversing the magnetic field
is equivalent to changing beam helicity, thus μ↑↑¼μ↓↓ and μ↑↓¼μ
↓↑. The XMCD signal is the difference μ↑↑–μ↑↓. To compensate
systematic uncertainties inherent to the measurement process of
the absorption cross section, the XMCD signal was obtained as: μ
XMCD¼(μ↑↑þ μ↓↓�μ↑↓�μ↓↑)/ 2.

XMCD signal is a function of the magnetic field intensity since
this signal is proportional to the mean magnetic moment pro-
jected onto the direction of the incident X-ray, which in our case is
the same of the magnetic field. In this sense, it is possible to
measure the mean magnetic moment projection on the magnetic
field direction as a function of the intensity of the latter. This kind
of measurement is called XMCD hysteresis-loops.

XMCD hysteresis-loops were recorded by setting the photon
energy at specific energies (maximum or minimum of L3-edge
XMCD signal) and measuring the absorption intensity IL(H) and
IR(H) with left and right circularly polarized light while sweeping
the magnetic field strength at a velocity of 6.2�10�3 T/s, back and
forth, between �0.6 T and 0.6 T. Each complete magnetic cycle (at
a specific energy) was repeated eight times and then an average
was performed to obtain IR(H) and IL(H). Then, the XMCD hyster-
esis-loops were obtained as IR(H)–IL(H). The positive (negative)
values of μ0H correspond to magnetic field parallel (antiparallel) to
the propagation vector direction. The origin of the ordinate is
determined from the symmetry of each hysteresis-loop.

Conventional hysteresis-loops (magnetization as a function of
applied magnetic field) were obtained using vibrating sample
magnetometer (VSM) LakeShore 7404 operated at 290 K with
maximum magnetic field strength m0H ¼0.6 T. Maghemite nano-
particles were measured dispersed in double-sided tape as in the
XMCD experiments. Zinc ferrite thin film was measured with the
applied magnetic field both parallel and perpendicular to the film
plane.
3. Results and discussion

Figs. 1a and 2a show the XAS L2,3 spectra μþ¼(μ↑↑þμ↓↓)/2 and
μ�¼(μ↑↓þμ↓↑)/2 under a magnetic field strength of μ0H¼0.6 T
corresponding to maghemite nanoparticles and ZFO1 samples,
respectively. They present the typical features corresponding to
the 2p to 3d electronic transitions [20]. From this spectrum it is
possible to obtain the total magnetic moment per iron atom by
using sum rules [17]. The values obtained at 0.6 T are 0.80 and
0.93 μB/Fe for maghemite nanoparticles and ZFO1 film, respec-
tively [11].



Fig. 2. a) XAS L2,3 spectra corresponding to ZFO1 film under an magnetic field
strength of μ0H¼0.6 T. μþ¼(μ↑↑þμ↓↓)/2 and μ�¼(μ↑↓þμ↓↑)/2. b) XMCD signals of
ZFO1 film. Positive peak PA at 709 eV can be assigned to magnetic contributions
from FeA3þ while the two negative peaks PB1 and PB2 at 708 and 710 eV can be
assigned to FeB3þ ions.
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Figs. 1b and 2b exhibit the XMCD signal of maghemite nano-
particles and ZFO1 samples, respectively. Although both XMCD
signals derive from the superposition of contributions from Fe3þ

at A- and B-sites, they allow to distinguishing the contribution
from each site [18]. Results show that the XMCD signals at L3-edge
of both samples consist of a positive peak PA at about 709 eV and
two negative peaks PB1 and PB2 at 708 and 710 eV, respectively
(Fig. 2). Inspecting the Fe3þ at A-sites and B-sites contributions at
these energies on XAS, each peak can be assigned to one site. The
PA peak can be assigned to magnetic contributions from Fe3þ at
A-sites (FeA3þ) while PB1 and PB2 are related to Fe3þ at B-sites
(FeB3þ). FeA3þ ions are antiferromagnetically coupled to FeB3þ .
When applying a magnetic field the FeB3þ ion moments align
along the field direction, while FeA3þ ones orient opposite to the
field. This configuration gives rise to positive and negative dichroic
signals at L3 edge for FeA3þ and FeB3þ , respectively [18].
Fig. 3. Measures corresponding to ZFO1 film. a) IR(H) and IL(H) signal obtains (average
(background). b) XMCD hysteresis-loops obtained as IR(H)–IL(H) both for PB1 and backgr
parallel (antiparallel) and thin (thick) line correspond to experiment perform from n
direction.
In order to obtain XMCD hysteresis-loops of Fe3þ both at A-
and B-sites, the X-ray energy was fixed at the maximum (or
minimum) of PA, PB1 and PB2 peaks (see Figs. 1a and 2a) while IR(H)
and IL(H) signals were measured. For control purpose, the same
measurements were made at 700 eV (off-resonance or back-
ground) were no XMCD signal dependence on magnetic field is
expected. In Fig. 3a the IR(H) and IL(H) signals for X-ray energy
fixed at 708 eV (PB1 Peak) and at 700 eV (off-resonance) for ZFO1
film are shown. The undesirable dependence of the absorption
intensity at 700 eV with the applied magnetic field is because
emitted electrons are influenced by the magnetic field intensity
[16]. The procedure used in this work to obtain the XMCD hys-
teresis-loops resolves this fact as can be noted in Fig. 3b, where no
dependence of the XMCD intensity on the applied field is observed
at 700 eV (off-resonance). In this figure the XMCD hysteresis-loops
obtained as IR(H)–IL(H) for both PB1 and off-resonance are shown.
Positive (negative) values of μ0H correspond to magnetic field
parallel (antiparallel), and thin (thick) lines correspond to experi-
ment performed from negative to positive (positive to negative)
values of μ0H.

Figs. 4a and 5a show the loops recorded for each peak of ma-
ghemite nanoparticles and ZFO1 samples, respectively. All loops
were normalized by the XMCD intensity value at 0.6 T of PB2 peak
for each sample. In the case of the ZFO1, the sample plane is
perpendicular to the direction of the photon propagation-vector
and of the magnetic field.

Fig. 4b presents the XMCD hysteresis-loops and the VSM hyster-
esis-loops of maghemite nanoparticles, all of them normalized by
their values at 0.6 T. It can be seen that all XMCD curves coincide. The
mean magnetic moment projection of the Fe3þ ion in the A-site flips
at μ0Hr0.02 T in good agreement with the coercive field measured
by VSM. The signal saturates at μ0H∼0.5 T together with those of the
Fe ions in the B-site. All the XMCD hysteresis-loops characteristics are
in very good agreement with the corresponding curve obtained by
VSM. Because of nanometric size of particles, both techniques reveal
the same magnetic response, despite the fact that VSM technique is
sensitive to the whole sample and XMCD technique just probes a
depth of a few nanometers.

Fig. 5b shows the normalized XMCD hysteresis-loops corre-
sponding to ZFO1, all of them normalized by their values at 0.6 T.
over eight measurements) for X-ray energy fixed at 708 eV (PB1 Peak) and 700 eV
ound. In all cases the positive (negative) values of μ0H correspond to magnetic field
egative to positive (positive to negative) values of μ0H to the propagation vector



Fig. 4. a) XMCD hysteresis-loops of maghemite nanoparticles at the photon energies marked with PA, PB1 and PB2 in the XMCD spectrum of Fig. 1. The positive (negative)
values of μ0H correspond to magnetic field parallel (antiparallel) to the propagation vector direction. b) XMCD hysteresis-loops of Fig. 3a and magnetization curve measured
with VSM of maghemite nanoparticles, all of them normalized by its value at μ0H¼0.6 T.

Fig. 5. a) XMCD hysteresis-loops of ZFO1 at Fe L3-edge corresponding to FeA3þ (PA) and FeB3þ (PB1 and PB2) normalized by its value at μ0H ¼0.6 T. The positive (negative)
values of μ0H correspond to magnetic field parallel (antiparallel) to the propagation vector direction. The sample plane is perpendicular to the direction of the photon
propagation-vector and of the magnetic field. b) XMCD hysteresis-loops of Fig. 4a and magnetization curve of ZFO1 measured with VSM magnetic field direction both on the
plane of the sample (parallel symbol) and perpendicular to the plane of the sample (perpendicular symbol). All of them are normalized by its value at μ0H ¼0.6 T.
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Fig. 6. Reduced magnetic energy density as a function of the angle θ for different γ values (indicated for each curve en the figure). The cases of negative and positive Keff are
shown.
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VSM hysteresis-loops measured with magnetic field perpendicular
and parallel to the film plane are also included for comparison
purposes. In the case of the VSM hysteresis-loops, it was necessary
to subtract the diamagnetic substrate contribution. The magnetic
response of the whole sample, determined through the VSM
measurements, reveals that the easy axis of magnetization is in the
sample plane.

In XMCD hysteresis-loops, the perfect coincidence of specific
contributions from Fe3þ at A- and B-sites can be observed. The
XMCD hysteresis-loops have almost zero coercivity and re-
manence. The hysteresis-loops shape, measured under the same
geometry conditions, obtained with both XMCD and VSM for the
ZFO1 sample present significant differences, in contrast to the
magnetic nanoparticles sample loops, which are identical. These
differences reveal that the sample presents distinctive magnetic
responses in the film surface region and in the film interior region
XMCD mean probing depth (λ) is few nanometers while VSM is
sensitive to the whole sample. For the case of magnetic iron oxides
λE5 nm [21].

In the next section we considered the energy contributions that
determine the moment orientations in the surface layer of depth λ.
4. Uniaxial magnetic anisotropy

Magnetic anisotropy energy in thin film could be separated in a
volume contribution Kv (J/m3) and a contribution from surfaces Ks

(J/m2). Reduced local symmetry at surfaces and interfaces results
in a magnetic contribution to the surface energy depending on the
orientation of spontaneous magnetization Ms. This magnetic
contribution to the energy was called magnetic surface anisotropy
by Néel [22]. Assuming Néel’s ideas valid in the present case, the
first order contribution term to the energy depends on the angle θ
between the orientation of the spontaneous magnetization Ms and
the surface normal (which is the same angle in every domain since
field is applied in the normal direction) as:

( ) ( )θ θ= ( )E AK cos , 1Ks s
2

where Ks is the surface anisotropy constant and A the area of the
sample. The energy related with the volume anisotropy in the case
of in-plane anisotropy becomes EKv(θ) ¼ λ A K V cos(θ)2,

In presence of an applied magnetic field (m0Ha) we also have to
consider both the Zeeman energy and the demagnetizing field
energy contributions. When H is applied perpendicular to the film
plane, as in our XMCD measurements, the component of magne-
tization in the surface normal direction is the same at any place of
the sample surface. Hence the Zeeman energy is given by:

θ μ λ μ λ θ( ) = − = − ( ) ( )E A AM HM H. cos 2s aZ 0 0 s a

and the demagnetizing field energy contribution is:

( ) ( )θ μ λ μ λ θ= ½ = ½ ( )E A AM HM H. cos 3s dd 0 0 s d

where Hd is the demagnetizing field. If N⊥ is the demagnetizing
factor in the direction perpendicular to the film plane, the mag-
nitude of the demagnetizing field is Hd ¼N⊥ M ¼N⊥ Ms cos(θ).
Thus considering all magnetic anisotropy contributions and de-
fining the effective anisotropy constant Keff ¼ Ks/λþ Kv þ ½ m0 N⊥

Ms
2
, the total energy can be written as:

θ λ θ μ λ θ( ) = ( ) − ( ) ( )E A K A M Hcos cos 4s aeff
2

0

Finally, defining the dimensionless parameter γ¼m0 Ms H/ |Keff|,
the volume energy density ε¼E/(A λ ) can be written as:

( )( ) ( ) ( )ε θ θ γ θ= ± −K cos cos ,eff
2

where the þ (�) sign corresponds to Keff40 (Keffo0). For
positive Keff and no applied field, i.e. γ¼0, the volume energy
density εs is lowest for parallel to the surface orientation of the



Fig. 7. Hysteresis-loops predicted for Keff negative and positive values from mag-
netic energy density.
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magnetization. Reduced magnetic energy density as a function of
the angle θ for different γ values is shown in Fig. 6.

The minima of the magnetic energy density determine the
equilibrium direction (θmin) of the spontaneous magnetization.
When Keffo0, the energy profile displays minima at θ ¼π for γo2
and at θ¼0 for γ4�2, that is at the directions corresponding to
magnetic saturation along the field direction. When Keff 4 0, the
energy profile displays minima at θ¼0 and θ¼π for γ42 and
γo�2, respectively; and at cos(θ)¼γ/2 for |γ|o2. Hence, different
magnetic hysteresis-loops are predicted for Keff negative and po-
sitive values, which can be obtained as M(H)¼Ms cos(θmin) (see
Fig. 7). In this framework, it is possible to define the anisotropy
field HK as the field corresponding to γ¼2, that is m0HK¼ 2Keff/Ms.

The comparison of XMCD hysteresis-loops of ZFO1 at Fe
L3-edge of Fe3þ at A-sites and B-sites, with those predicted for
samples with both negative and positive Keff (Fig. 7) reveals that
this material has positive Keff. The anisotropy field value obtained
from the XMCD hysteresis-loops is HK¼199 kA/m (m0Hk ¼ 0.25 T).
As can be noted in Fig. 5b, the magnetization does not reach the
saturation value at HK field. The magnetization at this field is
100 kA/m. This value is lower than the magnetic saturation Ms

¼140 kA/m obtained from VSM hysteresis-loop (not shown here)
with maximum magnetic field strength m0H¼1.8 T. Finally, it is
possible to determine Keff ¼12.6 kJ/m3.

As it was mentioned, when the magnetic response of the whole
sample is measured, like in VSM measurement, magnetic aniso-
tropy KV determines the magnetic response since the effects of KS

can be disregarded. This fact allows the determination of KV from
VSM magnetization curves calculating the difference in energy W
necessary to saturate the magnetization along the easy and hard
directions corresponding to magnetic field along the plane of the
sample (parallel symbol) and perpendicular to the plane of the
sample (perpendicular symbol), respectively:

∫ ∫μ μ= − = −⊥ ∥ ⊥ ∥K W W H dM H dM
M M

V 0
0

0
0

S S

Considering the demagnetizing field Hd ¼�N⊥ M and the re-
lation H⊥ ¼ Ha⊥–N⊥ M (and similar equation for parallel direction)
is possible to obtain the following expression for KV as function of
the applied field:
∫ ∫ ( )μ μ μ= − − −⊥ ∥ ⊥ ∥K H dM H dM N N M
1
2

M M

V 0
0

a 0
0

a 0 s
2S S

Considering the sample geometry and dimension, the de-
magnetizing factor are N⊥E1 and N||E0 [23]. The KV value obtain
by this method is 3.1 kJ/m3. Finally, knowing KV is possible to
determine the surface anisotropy contribution to Keff, Ks/λ¼3.2
kJ/m3 and KS¼16 μJ/m2 (1.6�10�2 erg/cm2).
5. Summary

In this work we study the surface magnetic response in zinc
ferrite (ZnFe2O4) thin film (thickness t∼57 nm) by X-ray Magnetic
Circular Dichroism (XMCD) performed in the TEY mode and ana-
lyze the results in terms of the surface magnetic anisotropy. We
performed measurements of magnetic moment vs. applied field
cycles via XMCD. The selective nature of the X-ray spectroscopy
allowed the determination of the magnetic behavior of iron 3þ at
each site (tetrahedral and octahedral), separately. The perfect co-
incidence of magnetic contributions from Fe3þ at A- and B-sites
allows confirming that both sites correspond to the same magnetic
phase. Results show that iron in octahedral and tetrahedral sites of
spinel structure are coupled antiferromagnetically between them,
and when magnetic field is applied the magnetic moment of the
ion located at octahedral sites align along the field direction.

Since XMCD probing depth in TEY mode is λE5 nm for mag-
netic iron oxides, it is possible to determine the surface magnetic
contribution combining this technique with VSM measurements
which are sensitive to the whole sample. The magnetic measure-
ments reveal a distinctive response of the surface with in-plane
anisotropy and an effective anisotropy constant value of
12.6 kJ/m3. Through VSM measurements, a volume magnetic ani-
sotropy KV of 3.1 kJ/m3 is determined. Finally, using these results a
surface magnetic anisotropy KS of 16 μJ/m2 is determined.
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