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Control of site occupancy by variation of the Zn and Al content in NiZnAl ferrite
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The structural and magnetic properties of Zn/Al doped nickel ferrite thin films can be adjusted by changing
the Zn and Al content. The films are epitaxially grown by reactive magnetron sputtering using a triple cluster
system to sputter simultaneously from three different targets. Upon the variation of the Zn content, the films

remain fully strained with similar structural properties, while the magnetic properties are strongly affected.
The saturation magnetization and coercivity as well as resonance position and linewidth from ferromagnetic
resonance (FMR) measurements are altered depending on the Zn content in the material. The reason for these
changes can be elucidated by investigation of the x-ray magnetic circular dichroism spectra to gain site- and

valence-specific information with elemental specificity. Additionally, from a detailed investigation by broadband
FMR, a minimum in g factor and linewidth could be found as a function of film thickness. Furthermore, the
results from a variation of the Al content using the same set of measurement techniques is given. Other than
for Zn, the variation of Al affects the strain and even more pronounced changes to the magnetic properties are

apparent.
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I. INTRODUCTION

Zn/Al doped nickel ferrites (NiZAF) came into the focus
of recent research because of their promising characteristics
for application in spintronics, e.g., spin pumping [1,2]. The
material is insulating and ferromagnetic at room temperature
with low magnetic damping. Therefore, it can be considered
as a good candidate [3-5] among few other materials, e.g.,
MAFO [6,7], all-perovskite oxides [8], and Fe alloyed with
V and Al [9] as replacement, for the well-known magnetic
insulator yttrium iron garnet (YIG) [10,11]. YIG exhibits
comparable magnetic properties as NiZAF, however, it has
the complex garnet structure and thin-film growth requires
gadolinium gallium garnet (GGG) as substrates thus limiting
a wide applicability. Since the number of ferromagnetic insu-
lators with low magnetic damping is sparse [12], the search
for appropriate replacements for YIG such as NiZAF is still
ongoing and of high interest in current spintronic research.

The ideal nominal stoichiometry of NiZAF was reported
to be Nige5Zng35AlggFe;2,04. It is based on theoretical val-
ues and experiments on the bulk material [13,14]. NiZAF
grows in the cubic spinel structure and is derived from
NiFe,O4, which grows in the inverse spinel crystal structure
[Fe;1A[Ni;Fe 1804, where A denotes the tetrahedral (Td) and
B denotes the octahedral (Oh) site. In the ideal case, Ni only
occupies B sites and Fe sits in a 1:1 ratio on the A and B sites.
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However, as previously reported [3,4], due to the growth on a
normal spinel substrate MgAl,04(001) and by introducing the
two additional elements Zn and Al a mixed spinel is the result.
Therefore, Ni can be considered to also occupy tetrahedral
sites and additionally Feét was found to be introduced into the
system [3,4]. In addition to this complex interplay of several
elements with different valencies, charge neutrality has to be
considered as well, and small deviations can be compensated
to some extent by the formation of oxygen vacancies.

According to theory [13], a variation of the Zn content
will procure the biggest changes to the magnetic properties
since it is incorporated in the crystal structure with a va-
lence of 2+, preferably on tetrahedral sites. Therefore, it can
be supposed to mainly affect Ni*™ and Fe?*. In particular,
since Nif} and Fegl have the biggest negative impact on
the magnetic properties, i.e., damping by unquenched orbital
moment and hopping [Fe?* — Fe’* + e—], respectively. A
systematic variation of Zn is therefore expected to show how
the occupancy and/or valence of the cations change and affect
the structural properties, and more importantly the magnetic
properties. In contrast, Al doping is mainly introduced to
reduce the strain of epitaxial thin films. Even though the Al
content was already varied in bulk, showing a dependence of
the saturation magnetization [14], a systematic study on thin
films, which may have additional effects, is still lacking.

The earliest reports on NiZAF thin films grown with pulsed
laser deposition (PLD) revealed a highly strained soft mag-
netic material with a low magnetic damping [3]. However, due
to the high preparation temperatures and the volatility of Zn,
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the thin films showed a Zn deficiency. In addition, the exact
amount of Al in these PLD grown films was not reported. The
Zn deficiency could be completely removed and even turned
into an excess of Zn in NiZAF thin films grown by reactive
magnetron sputtering (RMS) [4], resulting in an even higher
strained material with slightly increased magnetic damping.
Therefore, a systematic variation of the Zn content, and in
a second step, the Al content should be performed in order
to optimize the composition with regard to the desired soft
magnetic properties of RMS grown thin films of NiZAF.

In this work the composition of NiZAF was systematically
changed using RMS in a triple-cluster system, deviating from
the nominal reported best stoichiometry [3]. The Zn content
was adapted by varying the sputter power of the ZnO target.
The resulting samples were analyzed for their structural prop-
erties, actual chemical composition, and static and dynamic
magnetic properties to determine the optimum Zn content.
The valence and site occupation of the Ni and Fe cations
was studied by x-ray magnetic circular dichroism (XMCD)
spectra. In combination with multiplet ligand field simula-
tions [15], a comparison to previous NiZAF thin films was
drawn [4]. In a next step, the thickness of films with optimized
Zn content was varied and the resulting series was analyzed
by broadband ferromagnetic resonance (FMR) to disentangle
the various contributions to the linewidth broadening and to
calculate the g factor and Gilbert damping. In a last step, the
variation of the Al content was investigated for optimized Zn
content using the same set of methods as mentioned above.

II. EXPERIMENTAL DETAILS

In this work NiZAF epitaxial thin films were fabricated
by RMS in a triple-cluster system using three different tar-
gets. The base material NiFe,O4 was codeposited using ZnO
and Al as additional targets. The resulting composition of
NiZAF was achieved by setting different sputter powers for
each target. The epitaxial thin films were grown in an ultra-
high vacuum (UHV) chamber with a base pressure of 4 x
1078 mbar. A double-side polished single-crystalline spinel
[MgAl,04(001)] was chosen as a substrate. The optimized
growth conditions are a sample temperature of 650 °C, an
Ar : O, ratio of (10 : 0.5) standard cubic centimeter and a
working pressure of 4 x 10~ mbar. The sputter power of the
ZnO target was varied between 3 to 6 W in steps of 1 W,while
the Al target was initially kept constant at 16 W and the
NiFe, O, target at 70 W. The parameter range was determined
by recalculation from the reported best stoichiometry using
the deposition rates measured by a quartz crystal microbal-
ance. Note that it was not feasible to create a stable plasma
with a sputter power of 2W at the ZnO target, which limits
the lowest achievable Zn concentration. This sample series
with a nominal thickness of 40nm is referred to as the Zn
series in the following. Additionally, on optimized preparation
conditions from the Zn series the thickness (10—40 nm) and Al
content (15-17 W) were varied, which are referred to as the
thickness and the Al series, respectively. Note that, the sputter
time for samples thinner than 16 nm ranges from 3—5 min.
Therefore, a thermal equilibrium after opening of the shutter
and exposing the heated substrate to the plasma may not be
reached during sputtering.

The structural characterization of the samples was done
by x-ray diffraction (XRD) measurements with a Panana-
lytical X’Pert MRD recording @ — 26 scans and symmetric
as well as asymmetric reciprocal space maps (RSM). The
composition of the NiZAF thin films was determined by
ion beam analysis, i.e., Rutherford backscattering spectrom-
etry (RBS) using 2MeV He' and 10MeV 'C** primary
beams at the Tandem Laboratory at Uppsala University. To
disentangle the elemental contributions, the spectra were
analyzed using the SIMNRA software [16]. Details of the ex-
perimental setup are described elsewhere [17]. To exclude a
contamination of the material by light elements like hydrogen
and carbon, electron recoil detection analysis (ERDA) using a
36-MeV iodine primary beam was performed. The details of
the used setup can be found elsewhere [18].

The static magnetic properties were measured with inte-
gral superconducting quantum interference device (SQUID)
magnetometry by a Quantum Design MPMS-XL5 system
applying the magnetic field in the film plane (IP) as well as
out-of-plane (OOP). The magnetic behavior in a field range
of £5 T from 300K down to 2K and the temperature de-
pendence of the magnetization up to 395 K were measured.
The data were background corrected for the contribution of
the diamagnetic substrate and known artifacts were carefully
avoided [19]. In particular, the superconducting magnet was
reset to record reliable hysteresis loops at 300K restricting
the magnetic field to below 10 mT [20].

The dynamic magnetic properties were measured by FMR
using a conventional X -band setup (9.5 GHz) at 300 K. Addi-
tionally, the samples from the thickness series were analyzed
with a broadband vector network analyzer ferromagnetic
resonance (VNA-FMR) setup to determine the frequency de-
pendence of the resonance position and FMR linewidth up to
50 GHz and to verify the g factor and disentangle the different
contributions to the magnetic damping. All FMR measure-
ments shown in this paper were recorded applying the external
magnetic field in the film plane, i.e., along the easy axis of
the NiZAF. For VNA-FMR also the full angular dependence
was measured to confirm the previous findings of negligible
in-plane anisotropy and check for an eventual anisotropy of
the g factor.

Finally, x-ray absorption spectra (XAS) at the Ni, Fe, and
Zn L, edges, as well as the O and Al K edges, were mea-
sured at the X-Treme beamline at the Swiss Light Source
(SLS) [21]. The spectra were obtained in total electron yield
(TEY) with 20° grazing incidence at 300K and a field of
5T using circular polarized light o. To obtain the XMCD
the difference between the normalized XAS recorded with o+
and o~ light was taken. In Fig. 1(a) the o* and o~ spectra
of the best sample from the Zn series for the Fe L3, edges
and the resulting XMCD are shown exemplarily. The XAS is
obtained by the average of the o™ and o~ spectra and shown
in Fig. 1(b). The multiplet splitting at the L3 » edges is typical
for an oxide. The XAS of the other constituents were also
recorded and Fig. | summarizes them for the Ni [Fig. 1(c)] and
Zn [Fig. 1(d)] L3> edges as well as the Al [Fig. 1(e)] and O
[Fig. 1(f)] K edges. All spectra were recorded with circularly
polarized light, however, aside from Ni no significant XMCD
could be detected. For the K edges, where the XMCD is
knowingly rather small, this is understandable, in particular
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FIG. 1. Normalized X-ray absorption spectra recorded at 300 K and 20 ° grazing from the sample with optimized growth conditions of the
Zn series. (a) Shows the o+ and o~ spectra and the resulting XMCD at the Fe L3 , edges. In (b)—(f) the XAS spectra at the Fe, Ni, and Zn L; ,

edges and Al and O K edges are shown, respectively.

for the rather noisy Al K edge. Thus, no conclusive statements
about an eventual magnetic polarization of Al can be made.
On the other hand, the absence of a significant XMCD at the
Zn L edges (not shown) indicates no magnetic polarization of
the Zn in the sample. The XMCD spectra at the Fe and Ni L3 »
edges will be discussed in detail further below.

III. STRUCTURAL PROPERTIES: Zn SERIES

The samples from the Zn series were routinely analyzed
by XRD and the results of the symmetric w — 26 scans
are shown in Fig. 2(a). The (004) reflection of the NiZAF
peak has pronounced Laue oscillations, indicating a smooth
surface and excellent crystal quality for each sample. The
second reflection stems from the MgAl,04(004) substrate.
The NiZAF(004) reflections for the entire series are located
at an angle of ° with a full width half-maximum (FWHM)
of 0.25 for the 40-nm-thick films. This corresponds to a per-
pendicular lattice parameter of a; = (8.50 +0.01) A. Only
the sample grown with 6 W Zn shifts to slightly lower angles,
but no indication for a reduced crystal quality is obvious. In
Figs. 2(b) and 2(c) the symmetric and asymmetric reciprocal
space maps (RSM) of the 3 W Zn sample from the Zn series
are shown, respectively. Both space maps highlight the good
crystal quality of the grown samples since Laue oscillations
are visible in both cases. From the symmetric RSM along
the (004) the peak position and calculated out-of-plane lattice
parameter for NiZAF are confirmed. From the asymmetric
RSM along the (115) plane it is apparent that the substrate
and film reflection are perfectly aligned in the Qy axis, indi-
cating a fully strained material in the in-plane direction. From
this an in-plane lattice parameter of a; = (8.08 £0.01) A

identical to the lattice parameter of the cubic MgAl,O4 sub-
strate is obtained. This results in a tetragonal distortion of
c¢/a = 1.052 +0.003, which is significantly higher than re-
ported for epitaxial NiZAF films before [3-5].

To confirm the systematic variation of the Zn content by
sputter power, RBS measurements were performed using a
2MeV He™ ion beam (not shown) and a 10MeV '2C3*
ion beam [see Fig. 2(d)]. The advantage of using heavier
ions is the better separation of Fe, Ni, and Zn, which have
a similar atomic mass, even revealing the splitting into the
isotopes. The peaks of the energies corresponding to the dif-
ferent elements in the NiZAF film are indicated with arrows.
From a direct comparison, differences are only evident for the
Fe peak, where the 6 W sample shows a reduced intensity.
Assumptions about the composition can only be made by
using SIMNRA [16] simulations to determine the percentages.
The main focus is on the small variation of the Zn amount.
To resolve the Zn amount, an exact knowledge about the
percentages of the biggest contributor oxygen would be nec-
essary, which is not feasible using a C beam. In order to
eliminate trivial dependencies such as the charge and solid-
angle product of the experiment or the inelastic energy loss
in the substrate material, which is needed for normalization,
we are primarily discussing the respective ratios of two of
the elements, which is influenced almost exclusively by the
statistics of the experiment. Note that other light species were
only found at insignificant concentrations according to ERDA
(not shown).

By increasing the sputter power of the ZnO target from
3-6 W, the Zn : Fe ratio increased from 0.23 to 0.35. The
same behavior can be observed for the Zn : Ni and the Zn : Al
ratios, which are increasing as well from 0.29 to 0.61 and
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FIG. 2. Structural analysis on the Zn series. In (a) the symmetric @ — 26 scans. The symmetric and asymmetric RSM of the 3 W sample is
shown exemplarily for the Zn series in (b) and (c), respectively. In (d) the RBS spectra using a 10 MeV 2C** primary ion beam are shown for

each sample.

from 0.37 to 0.52, respectively. Interestingly, an increase in
Zn seems to reduce not only the Ni, but also affects the
Al and Fe concentration. According to theory [3,13,14] Zn
should only substitute for Ni. The Ni : Fe ratio, on the other
hand, stays constant around 0.58. Additionally, the Ni : Al
and Fe : Al ratios both decrease by increasing the sputter
power (not shown). Table I summarizes the results obtained
for the chemical composition and the XRD analysis in the first
two columns. For comparison also the findings of previous
publications are provided [3,4]. A comparison of the relative

compositions shows that the results of the present sample
series is in-between previous results regarding the ratio of
Zn to the other metals. The Zn-deficient sample grown by
PLD [3] has similar ratios of Zn : Fe of 0.22 and Zn : Ni
of 0.4 as the 3 W sample. Unfortunately, the Al concentration
is not reported in [3]. Ratios of Zn : Fe of 0.42, Zn : Ni of
0.88, and Zn : Al of 0.55 for the previous RMS sample [4] are
even higher than what was found for the 6 W sample from the
Zn series. From the Ni : Fe ratio, the low value of 0.48 in [4]
further highlights the abundance of Zn in the reported sample.

TABLE I. Summary of the structural and magnetic properties of the samples from the Zn series including [3,4]. The respective measuring

errors are given in the first row.

Growth RBS XRD SQUID FMR

Zn (W) Zn:Fe Zn:Ni Zn:Al Ni:Fe (004) reflex (degree) M, (kA/m) woH, (mT) HoHyes (mT) o AH,, (mT)
+0.5 (W) +0.02(°) +10(%) +0.2 (mT) 40.2 (mT) +0.2 (mT)
3.0 0.23 0.39 0.37 0.59 42.52 159 0.2 31.3 39

4.0 0.28 0.48 0.44 0.59 42.50 156 0.2 341 4.9

5.0 0.31 0.53 0.48 0.58 42.50 142 0.2 39.0 4.0

6.0 0.35 0.61 0.52 0.58 42.43 122 04 47.3 6.8

Ref. [3] 0.22 0.40 0.55 43.25 120 0.2 84.8 0.8

Ref. [4] 0.42 0.88 0.55 0.48 42.56 195 0.2 57.8 4.4
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Summarizing this part, as expected, the relative composi-
tion of the elements showed that the Zn content increases with
increasing sputter power. The structural analysis of the entire
7Zn series results in NiZAF films, which are even more strained
compared to previous publications [3-5].

IV. MAGNETIC PROPERTIES: Zn SERIES

Having established a good crystal quality and the system-
atic increase in Zn content of the Zn series, static magnetic
measurements were performed. In Fig. 3(a) the M (H) curves
at 300 K are shown in the range of a few mT to better visualize
the hysteresis opening. A change in coercivity depending on
the Zn content is apparent, where the lowest concentration
present in the 3 W sample leads to the smallest coercivity
of lower than puoH, = 0.2 mT. For a Zn amount of the 6 W
sample the coercivity is at least twice as high. The satu-
ration magnetization at 5T (not shown) is highest for the
3W sample with Mg = (159 £ 16) kA/m and decreases to
M = (122 £ 12) kA/m for the 6 W sample. The reduction of
M, with increasing Zn is reasonable since a partial substitution
of Fe and Ni with the nonmagnetic Zn leads to a reduced
magnetization. The M(T) curves measured at 10 mT shown
in Fig. 3(b) exhibit a similar trend for the Zn series. All Curie
temperatures T are well above 400 K, however, the T¢ of the
6 W sample appears to be the lowest because of the sharpest
curvature of the M(T) curve close to 400 K. Measurements
up to higher temperatures were not feasible since the mag-
netometer is limited to 400 K. The estimated M (T ) behavior
at higher temperatures is illustrated exemplarily by the dotted
line. From that a high T = 450 K compared to previous find-
ings for sputtered NiZAF thin films [4] was obtained for the
3 W sample. The shape of the M(T) curve is very similar for
the entire Zn series, while the magnetization systematically
decreased with increasing Zn content, which is consistent with
the decrease of the saturation magnetization mentioned above.

Furthermore, in-plane FMR measurements were per-
formed using a conventional X-band spectrometer to obtain
a first indication about the size of the magnetic damping via
the FMR linewidth. A comparison of the resonances of the
samples of the Zn series measured at 9.5 GHz and 300K
is shown in Fig. 3(c). The measured resonances are fitted
with a Lorentzian to obtain the resonance position (toHres)
and peak-to-peak linewidth (poAHyp). A clear increase of
the resonance position with sputter power is evident, indicat-
ing reduced magnetic anisotropy with increasing Zn content.
The lowest resonance position was obtained for the 3W
sample, which is around poHs = (31.3 £0.2) mT. This
sample also has the smallest linewidth of puoAHy, = (3.9 £
0.2) mT of the Zn series. The linewidth also increases with the
Zn content reaching poAHp, = (6.8 = 0.2) mT for the 6 W
sample. The results of the magnetic characterization of the
Zn series together with [3,4] are shown in Table I yielding
the following comparison: the Zn-deficient sample from [3]
has a saturation magnetization of M, = (120 £ 12) kA/m
and a small coercivity. The resonance position was found
at woHpes = (84.8 £0.2) mT with a very small linewidth of
moAH,, = (0.8 £0.2) mT. The Zn-rich sample from [4] has
a higher M, of 195kA/m with an equally small coercivity
and reduced resonance position of poH;es = (57.8 £ 0.2) mT
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FIG. 3. Magnetic analysis of the Zn series. In (a) the M(H)
curves at 300 K, in (b) the M(T') curves at 10 mT with an extrapola-
tion of the Curie temperature, and in (c) the in-plane X -band FMR at
300 K and 9.5 GHz, for each sample from the Zn series are shown.

with a linewidth of uoAH,, = (4.4 = 0.2) mT. Interestingly,
the 3 W sample with the lowest amount of Zn showed the
best results from the preliminary analysis. The thin film has
a saturation magnetization between the Zn-deficient [3] and
Zn-rich [4] NiZAF with a comparably small coercivity. How-
ever, the resonance position is drastically shifted to woHyes =
(31.3 £ 0.2) mT. This can be correlated with the higher strain
in this sample favoring higher magnetic anisotropy and thus
a lower resonance field. Interestingly, the Curie temperature
of 450K found for the 3W sample is so far the highest
reported value for sputtered NiZAF thin films and matches
the result from PLD grown samples in [3]. Although the
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sample is even more strained than the reported Zn-
deficient [3] and Zn-rich [4] samples, the linewidth remained
narrow with uoAHp, = (3.9 & 0.2) mT. Obviously, the 3W
sample has the most promising Zn concentration with regard
to the desired soft magnetic properties. In a next step, the
cation distribution of the magnetic cations in NiZAF will be
analyzed for the entire Zn series.

V. CATION DISTRIBUTION: Zn SERIES

The analysis of the cation distribution and valence is re-
stricted to Ni and Fe since those elements show a significant
XMCD signal and thus contribute to the magnetic properties
in the NiZAF thin films. In Fig. 4 the XMCD spectra of the
Zn series at the Fe and Ni L3 , edges are shown.

At a first glance, the XMCDs at the Fe L3, edges in
Fig. 4(a) exhibit a similar shape for the entire series with
the exception of the 6 W sample. Since the L, edge shows
no significant differences between the samples aside from the
intensity, only the L3 edge is discussed in detail. The two neg-
ative peaks stem from octahedrally coordinated Fe. The peak
at lower energies contains contributions from both Fe?* and
Fe’*. The one at higher energies solely stems from Fe’*.
The positive peak is attributed to tetrahedral Fe3*, which is
thus coupled antiparallel to the octahedral Fe, as known for
nickel ferrite in general. These peak assignments are based on
multiplet ligand field theory [15] and were reported in several
publications before [4,22].

The strongest deviations of the Fe L3 edge in the entire
series is evident for the 6 W sample since an additional feature
between the first two peaks arises and its overall shape and
relative intensities differ. The differences between the other
three sample are more subtle and are mainly seen in the posi-
tive tetrahedral Fe3* peak, where the intensity is increased for
the 5 W sample. This is in a sense remarkable because Zn is
expected to predominantly occupy tetrahedral sites; however,
here an increase in Zn increased Fe on the tetrahedral site.
Furthermore, the first negative peak of the XMCD is lowest
for the 3W sample suggesting the lowest contribution of
Feéﬁ (disregarding the 6 W sample). Also here the increasing
Zn>* content counterintuitively leads to an increase of the
unwanted Fe*". Even though the signal for Fefl seems to be
lower in the 6 W sample, the relative peak height compared
to the octahedral Fe’* is higher. This correlates well with
the results from the magnetic analysis since the presence of
Feé}: increases damping by hopping mechanisms and was
found to be at a minimum for the 3 W sample. In turn, the Zn
series suggests that starting from a certain Zn concentration
also Zngy, start to form, which is contrary to theoretical studies
reporting that Zn solely favors tetrahedral coordination [13].

A comparison of the XMCD spectra at the Ni L3 » edges is
shown in Fig. 4(b). Analogous to the Fe spectra the overall
shape is rather similar for each sample, especially the L,
edge only shows small variations. Focusing on the L3 edge
the 6 W sample is again conspicuously different, exhibiting
an additional positive peak at the low-energy side of the
negative peak, which is absent in the other samples. According
to multiplet ligand field theory [13], this peak is assigned
to Niﬁ. Since the presence of Ni%j is known to increase
damping by unquenched orbital momenta, this will further
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FIG. 4. XMCD spectra of the samples from the Zn series. In
(a) the XMCD spectra at 300K in 20° grazing at the Fe L;, edges
and in (b) at Ni L3, edges are shown. (c) Depicts a comparison of
the multiplet ligand field simulation using CTM4XAS [15] with the
experimental data for the 3 W sample.

contribute to the increased FMR linewidth in the 6 W sample.
A direct comparison of the other three samples with respect
to Ni%g is not possible since the feature is absent. Solely the
magnetic contribution from Ni%;g, which is responsible for
the overall shape of the magnetic dichroism spectrum, can be
discussed. The octahedral contributions seem to be lesser in
the 5 W sample in comparison to the two samples with lower
7Zn concentration. Also here, the role of increased Zn content
is surprising since the magnetic signal of Ni on octahedral
sites is reduced.

An analysis of the cation distribution at the Fe and Ni L3 »
edges shows that increasing the sputter power of the ZnO
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target up to SW leads to small but noticeable changes in
the site occupancy at both edges. In case of Fe an increase
in Fe** at tetrahedral sites and in case of Ni a reduction of
the Niét signal are apparent. Since the stoichiometry was
not changed drastically by the Zn variation, this is another
indication that Zn also occupies octahedral sites. Increasing
the Zn amount even more makes the changes to the XMCD
spectra even more pronounced. Moreover, a sign for Ni%fir ap-
pears, which suggests that Ni moved to tetrahedral sites. These
findings are highly unexpected since, according to theory [13]
and previous studies on NiZAF [3,4], the addition of Zn
should prevent Ni from occupying tetrahedral sites and not
promoting it. Obviously, a critical Zn concentration exists in
this quaternary oxide, above which the influence of Zn is detri-
mental to the desired magnetic properties by the formation
of Zngy. To confirm these suspicions, XANES on the Zn K
edge in combination with simulations would be required since
measurements on the Zn Lz, edges did not allow to draw
any meaningful and direct conclusions. So far, only direct
comparison between the samples was given using multiplet

(@ e

1%107

1x10°

1x10° 4

1x10% 4

Intensity (arb. units)

1x10° 4

1x102 -

1x10"

©

Frequency (GHz)

0.0 0.2 0.4 0.6 0.8
HoH (T)

ligand field theory to correlate valence and occupancy with the
peaks observed in the XMCD spectra. By applying multiplet
ligand field simulation using CTM4XAS [15], a suggestion
for the respective percentages of the elemental contributions
using a weighted linear combination can be calculated. This
has already been done in a previous publication [4], where
the details of the used parameters are given in detail (please
also refer to [22-25]). In Fig. 4(c) a comparison of the exper-
imental XMCD spectra and the respective simulation of the
3 W sample at the Fe L3, edges is shown. The experimental
data are in good agreement with the simulation at the L3 edge,
which will also be the focus of discussion. The simulation
yields the following percentages: 33 % of Fe%;}: 26 % of octa-
hedral and 41 % of tetrahedral Fe>*, respectively. Compared
to percentages of 21 % obtained in Ref. [4] this is an increase
of Fe%;{l by approximately 5 %. Since the amount of octahedral
Fet is equal within error bars, these 5 % must have shifted
from tetrahedral Fe*™ to Feg! .

Summarizing our findings, the Zn-rich NiZAF [4] has a de-
creased Curie temperature below 400 K, while the saturation

(b) . .
—40 nm
u,AHpp = 4.9 mT ~ —25nm |
u,AHpp = 3.9 mT — 16nm
—— 10 nm
uyAHpp =4.0 mT i
wAHpp = 5.3 mT |
FMR X-band
300 K
9.5 GHz
3WZn
210
(d) . . . \ .
40 nm 9
250 N
O measurement
fit total linewidth
200—fit Gllbe(t_ i
—— fit mosaicity
E —— fit inhomogeneity
~, 150 .
Iﬂ.
<
<
100 ~ i
X
50 o' b
0 T T T T T
0 10 20 30 40 50
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FIG. 5. In (a) the symmetric @ — 26 scans and in (b) the in-plane X-band FMR at 300 K and 9.5 GHz, for each sample from the thickness
series are shown. (c), (d) Show a 2D grayscale plot of the resonance position and the linewidth with broadening contributions, respectively,
over a frequency range of up to 50 GHz for a 40-nm-thick sample. The inset in (c) depicts the resonance line at 30 GHz.
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magnetization is increased. Interestingly, a comparison of the
linewidth at 9.5 GHz with [4] suggests a lower FMR linewidth
in case of the sample from the Zn series, even though the
XMCD spectrum indicates a higher signal of Feét. However,
a change in FMR linewidth at one fixed frequency does not
allow a solid conclusion about the magnetic damping. There-
fore, and to identify the different contributions to linewidth
broadening, a thorough investigation by broadband FMR is in
order, which will be discussed in the next section.

VI. BROADBAND FMR: THICKNESS SERIES

The preliminary analysis with X-band FMR indicates that
the lowest damping occurs in the 40-nm-thick 3 W sample.
However, the reported ideal sample thickness for the Zn-
deficient NiZAF was 16 nm [3] and the Zn-rich sample was
25 nm thick [4]. Therefore, a thickness series has been grown
while keeping all other preparation parameters constant to
check if the magnetic damping could be lowered further.

The results of the XRD measurements of this thickness
series are shown in Fig. 5(a). It can be seen that the structural
quality of the samples is retained for a thickness reduc-
tion down to 10 nm. Additionally, the diffractograms nicely
show the correlation between the sample thickness and the
Laue oscillations. The position of the (004) NiZAF peak
is identical for the 25- and 40-nm-thick samples. However,

(@)

— Kittel fit

w B
o o
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N
o

0.0

0.2 0.4

poH (T)

0.6 0.8

— Kittel fit

Frequency (GHz)
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HoH (T)

0.6 0.8

(b)

HoAH,, (MT)

(d)

HoAH,, (MT)

reducing the thickness further shifts the peak to lower angles
around 42.43 © indicating an increased @, and thus increased
strain. From SQUID magnetometry, a small coercivity around
noH: ~ 0.2 mT at 300K and a Curie temperature well above
400K could be determined for all measured thicknesses
(not shown). The saturation magnetization does not show a
systematic variation with thickness within experimental un-
certainties. The values range from a M = (185 £ 19) kA/m
for the 10nm sample to a My = (147 = 19) kA/m for the
16 nm sample. A comparison of the X-band FMR results at
300K is provided in Fig. 5(b) demonstrating that the 40 nm
sample has the lowest linewidth. However, all other thick-
nesses show only slightly different results and no conclusive
trend with thickness is visible. Therefore, a detailed analysis
of the magnetic properties by broadband FMR up to 50 GHz
is required to verify and disentangle the various possible con-
tributions to linewidth broadening. In the inset, the sample
geometry is depicted with the magnetic field applied in plane,
i.e., 6y =90 °. A two-dimensional (2D) grayscale plot of the
in-plane broadband FMR measurements of the 40 nm sample
up to 50 GHz is shown in Fig. 5(c). From 30 GHz on the plot
becomes visibly blurry. This broadening is caused by a weak
second resonance mode overlapping with the main mode. The
inset of Fig. 5(c) shows the fitted resonance line at 30 GHz, in
which at least a second line is evident. A possible explanation
for the appearance of a second or even more resonance lines

25 nm

O measurement
fit total linewidth
— fit Gilbert
—— fit mosaicity
—— fit inhomogeneity

200

150 4

100

50

Frequency (GHz)

1 1 1 1 1
250196 nm ]
O measurement
fit total linewidth

— fit Gilbert

—— fit inhomogeneity

200

150

100

50

Frequency (GHz)

FIG. 6. In (a) a 2D grayscale plot of the in-plane resonance position and in (b) the linewidth with broadening contributions over a frequency
range of up to 50 GHz for a 25-nm-thick sample is shown. (c), (d) Depict the results of a 16-nm-thick sample, respectively.
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could be inhomogeneities, i.e., areas with slightly different
magnetic properties leading to a different resonance field. A
consequence of the appearance of the second line is the strong
scatter in the data of the extracted linewidth at higher frequen-
cies. From the frequency-dependent resonance fields of the
main peak, a g factor of g = 2.17 + 0.03 was determined by
using the Kittel fit [26]. In Fig. 5(d) the linewidth is plotted
over the same frequency range with the respective broadening
contributions. In addition to the Gilbert damping, which is
linear in frequency, another contribution has to be introduced
that considers effects caused by mosaicity (due to sample
inhomogeneity). Furthermore, a small frequency-independent
inhomogeneous damping has to be added to satisfyingly fit
the experimental data. Note that no contribution from two-
magnon scattering could be observed, which occurred in
NiZAF thin films as reported in Ref. [4]. Nonetheless, the ob-
tained Gilbert damping parameter of o = 9 x 1073 is higher
than for the sputtered Zn-rich NiZAF in Ref. [4]. This was
unexpected since the X-band FMR at 9.5 GHz indicated a
lower linewidth than previously determined. However, this
highlights the necessity of measuring broadband FMR above
30 GHz to be able to accurately determine the Gilbert damp-
ing parameter.

The same measurements were performed on the 25-nm-
thick samples, which showed no indication for a second
resonance line as can be seen in Fig. 6(a). This sample has
a g factor of g=2.146 £0.005 and the frequency depen-
dence of the linewidth including the different contributions
obtained by fitting are shown in Fig. 6(b). The experimen-
tal data can only be fitted with the linear Gilbert term plus
a mosaicity and a small inhomogeneous offset. A contribu-
tion of two-magnon scattering is again absent. The obtained
Gilbert damping parameter of o = 7.8 x 1073 is lower in
comparison to the 40-nm-thick sample and also mosaicity
and inhomogeneous broadening are reduced. Since 16 nm
is the proposed best thickness with the lowest damping in
case of NiZAF grown with PLD [3], a 16 nm sample was
analyzed as well. The results of the 2D grayscale plot and
the fitted linewidth contributions are shown in Figs. 6(c)
and 6(d), respectively. The quantitative analysis yields
g = 2.179 £ 0.009. The frequency-dependent linewidth could
be fitted without mosaicity; however the linear Gilbert term is
increased to o = 11.4 x 10~3 compared to the thicker sam-
ples; a small inhomogeneous offset also remains.

The broadband FMR showed that by reducing the thick-
ness, not only the structural but also the magnetic quality of
the samples could be retained confirming the reproducibility
of the sputter process with the found optimal preparation
conditions. The unsystematic change of the linewidth with
thickness is uncharacteristic to previous reports on NiZAF [3],
where a clear reduction with thickness was found. However, in
particular, for very thin samples, even a low amount of defects
already has a big impact on site occupancy. Additionally, for
16 and 10nm the higher strain inferred from XRD could
be another cause for the increased damping. Nonetheless,
the thickness series showed that a minimum in the Gilbert
damping is found for a thickness of 25 nm. In agreement with
Ref. [4], where RMS grown NiZAF with a similar thickness
exhibited a comparable Gilbert damping of o = 6.8 x 1073.
Furthermore, the even lower g factor of g = 2.146 £ 0.005

compared to g =2.29 £ 0.09 [3] would suggest a reduced
amount of Ni%jsince they contribute mostly by unquenched
orbital momenta. The g factor can be correlated with a ratio
of my, /mg = 0.075 determined from XMCD using Kittels for-
mula [27]. For Ni, a (my/mg)y; = 0.26 &= 0.02 was obtained,
similar to what was found for nickel ferrite thin films [22]. In
case of Fe the spin moment is typically very small leading to
large uncertainties in the determination of both the moments
themselves as well as the ratio [22]. Regardless of Fe, the val-
ues for Ni determined by XMCD already deviate significantly
from those extracted from the g factor from FMR. This was
recently attributed to the presence of spin mixing in metallic
multilayers [28]. However, in view of the large uncertainties
of the Fe XMCD in this oxidic system we cannot draw mean-
ingful conclusions regarding the discrepancy between XMCD
and FMR.

On the 25 nm sample with lowest damping, additional mea-
surements were performed to check the anisotropy in plane
along the azimuthal angle in a range from 0 °to 360 ° and out
of plane along the polar angle in range from —20°t090°
at a frequency of 15GHz (not shown). To fit the angular
dependencies and determine the different contributions to
anisotropy, the resonance equation analogous to [4,29] was
used. The azimuthal angular dependence indicates a fourfold
symmetry as expected from a cubic system resulting in a cubic
anisotropy of 2Ky /M; = 2.2 mT, with an additional small
uniaxial contribution of 2K;/M; = 0.8 mT. These findings
are contrary to Refs. [3,4], which reported higher values of
10mT and a slight shift towards a tetragonal crystal symme-
try, respectively. The polar angular dependence revealed an
out-of-plane anisotropy of 3.5 T, which is considerably higher
than reported before and can be explained by the increased c¢/a
ratio. It is also in quantitative agreement with the SQUID mea-
surements at 300K in in-plane and out-of-plane orientation
(not shown). To further correlate the resonance position with
the M(T) and M(H) curves, the value of the perpendicular
component of K, was calculated using the saturation magneti-
zation determined from SQUID magnetometry with typically
10 % uncertainty. Within error bars no significant dependence
on the thickness could be found and the values range from
(—1.8to —2.5) x 10° erg/cm?® corresponding to a 2K, /M,
from 2.449-3.051 T. Note that a determination of the g factor
in the hard axis yielded the same results as in the easy axis.

Having now optimized the Zn content and thickness, the
remaining parameter is the strain of the NiZAF film, which
can be controlled by the Al content as discussed before [3]
and in bulk samples [14]. Therefore, the Al concentration is
varied in a next step using the optimized parameters from the
Zn series.

VII. DEPENDENCE OF Al CONTENT

The symmetric w — 26 scans measured by XRD of the
four samples from the Al series are shown in Fig. 7(a).
Three samples have a Zn amount of 3W with a varied Al
amount between 15 and 17 W and a promising sample where
both doping parameters were changed is analyzed as well.
The strongest changes in structure are apparent in the sam-
ple sputtered with 17 W, where the crystal quality seems
most disordered. Even though Laue oscillations are visible,
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FIG. 7. Static and magnetic analysis of the Al series. In (a) the symmetric @ — 26 scans and in (b) the M (H) curves at 300K and 5T for
each sample from the Al series are shown. (c), (d) Depict the XMCD spectra at 300 K in 20 ° grazing at the Fe L3, edges and Ni L5, edges,
respectively, for each sample from the Al series. The inset in (c) shows a comparison of the FRM lines of two samples from the Al series.

indicating a smooth surface, the crystal quality is greatly
reduced. The other three samples show a dependence of the
lattice parameter on the Al content. By increasing the Al
content, the (004) film peak moves to higher angles, decreas-
ing the lattice parameter and therefore reducing strain. The
sample in which both dopants were adapted (green line) has
an increased peak position of 42.65 °, corresponding to a; =
(8.47 £0.01) A. The M(H) curves at 300K of the samples
from the Al series are shown in Fig. 7(b). They show that the
best sample from the Zn series still has the lowest uoH. =
0.2 mT as well as the highest saturation magnetization of
Mg = (159 £ 16) kA/m at 300K. The 15W sample shows
the biggest deviation, where the coercivity considerably in-
creased up to uoH. = 15.0 mT as denoted in the figure. In
comparison, the most similar result to the best sample of the
Zn series (red line) is obtained from the sample where both
the Zn and Al content were adapted (green line). In the Al
series the M (T') behavior is comparable to the Zn series and
the Curie temperature remains well above 400 K (not shown).
However, the sample where both doping parameters were

changed (green line) retains a good structural quality as well
as coercivity, but has a decreased Curie temperature of Tc =
(385 £ 2) K similar to [4]. Additionally, the saturation mag-
netization is significantly lowered to M = (110 £ 16) kA /m.

In a next step, changes in the cationic occupation and/or
valence are to be researched. XMCD spectra were recorded at
the Fe and Ni L3, edges under the same conditions as for
the Zn series. The results of the Fe L3, edges are shown
in Fig. 7(c) and the discussion is again focused on the L;
edge. The elemental contributions of Fe are very similar in
the best sample from the Zn series as well as the sample in
which both doping parameters were changed (red and green
line). In the other two samples, the amount of octahedral Fe
is heavily changed, in particular for Fe>*. XMCD spectra at
the Ni L3, edges shown in Fig. 7(d) also reveal significant
changes upon variation of the Al content. The two samples
with higher structural perfection also have similar XMCD
spectra. In comparison, the 15 and 17 W samples exhibit an
increased Ni(z;g peak. Additionally, the 17 W sample has a
positive peak at lower energies as well, which indicates the
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TABLE II. Summary of the structural and magnetic properties of the samples from the Al series. The respective measuring errors are given

in the first row.

Growth RBS XRD SQUID FMR

Zn (W) AlLFe Al:Zn ALNi Ni:Fe (004)reflex (degree) M (kA/m)  poH. (mT)  poHes (mT)  poAH, (mT)
+0.5 (W) +0.02(°) +10(%) +0.2 (mT) +0.2 (mT) +0.2 (mT)
15.0 0.58 2.28 1.06 0.55 4242 190 0.8

16.0 0.62 2.69 1.06 0.59 42.50 159 0.2 31.3 39

17.0 0.63 2.34 1.12 0.56 42.41 142 15.0

18.0 (5 W Zn) 0.68 2.13 1.20 0.56 42.65 110 0.2 44.8 4.6

presence of a significant amount of Ni%’. The similarity of
the XMCD spectra at both edges of the best sample from the
Zn series and the sample where both dopants were changed
(red and green line) coincides with the structural and mag-
netic properties, which were significantly better compared
to the remaining samples of the Al series. Furthermore, the
deviating structural or magnetic properties apparent in the 17
and 15 W samples, respectively, can be explained as well.
The XMCD spectra at the Fe L3 edge have an increased
amount of octahedral Fe, in particular the 15 W sample. As a
result, the coercivity was drastically increased. Additionally,
the 17 W sample shows the presence of Ni%j, which leads
to strong changes in the XRD and in combination with the
higher amount of Fe%;g to an increased coercivity. The inset
in Fig. 7(d) shows a comparison of the FMR lines of the best
samples from the Al series. The sample where both doping
parameters were changed achieves a similar small linewidth
of uoAH,, = (4.6 = 0.2) mT as obtained for the best samples
from the Zn series. However, due to the reduced strain by
the higher amount of Al the anisotropy decreased and the
resonance moves to higher fields of 44.8 mT. The 15 and
17 W samples are not discussed further since the first shows an
increased coercivity while the second has a drastically reduced
crystal quality in addition to the presence of Ni?dr.

A summary of the parameters obtained from the analysis of
the Al series can be seen in Table II. In the table the elemental
ratios determined by RBS using a 10MeV '>C** ion beam
are depicted as well. However, a distinct dependence of the
ratios on the Al content as seen for the Zn series is not as
apparent. The Al : Fe ratio increases with increasing sputter
power of the Al target from 0.58 to 0.68. Also, the Al : Ni
ratio shows similar results with an increase from 1.06 to 1.20.
No dependence for the Al : Zn ratio could be determined.
The Ni : Fe ratio is rather constant around 0.56, similar to the
Zn series.

The analysis of the Al series experimentally confirmed that
the strain in the material can be controlled by adjusting the Al
amount, as predicted from theory [13]. More importantly, a
comparison of the best sample from the Zn series with a sam-
ple where both Al and Zn were varied showed a decrease in
saturation magnetization and Curie temperature. However, the
release in strain led to a decreased anisotropy while retaining
a similar small linewidth. The comparison suggests that due
to the complex interplay of the elements in NiZAF, several
favorable combinations in the parameter space of the growth
conditions can be found to achieve ferromagnetic insulators
with low magnetic damping for spintronic applications.

VIII. CONCLUSION

In this work the systematic variation of the Zn and Al
concentrations in Zn/Al doped nickel ferrite lead to unique
insights regarding the interplay of cation distribution, site oc-
cupancy, and magnetic damping. Three different sample series
were investigated to identify the effects of Zn and Al content
as well as thickness, due to its reported correlation to magnetic
damping [3].

Interestingly, the Curie temperature was found to be very
robust towards changes in the Zn content and above 400 K
throughout the whole series. By increasing Zn the anisotropy
decreases, while the magnetic damping increases as seen in
FMR. XMCD spectra reveal that this is accompanied by an
increase in the tetrahedral Fe* and the presence of Nif} at
higher Zn concentrations. Since the stoichiometry did not
change much, this suggests the presence of octahedral Zn>*.
The samples from the thickness series had equally promising
structural and magnetic properties suitable for a ferromagnetic
insulator with a low magnetic damping.

A comparison of the results from the structural and mag-
netic analysis of the Al series showed that the best sample
of the Zn series could not be further improved by varying
the Al concentration. From the XMCD spectra it could be
concluded that only changing both the Zn and Al amount
keeps the site occupancy of the Fe and Ni cations relatively
unaffected.

The investigation of the new series in comparison to pre-
vious publications [3,4] augments previous findings of the
site occupancy being the main driving force in determining
the magnetic damping in NiZAF thin films. Furthermore, the
comparison showed that there exists more than one stoichiom-
etry for the fabrication of a ferromagnetic insulator with a
low magnetic damping suitable for spintronic applications.
From this publication, a Zn-deficient NiZAF with the so far
highest reported strain yielded a Gilbert damping as low as
o = 7.8 x 1073, Despite the heavy strain, the Curie temper-
ature was found to be as high as 450K, unprecedented in
sputtered NiZAF thin films.
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