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Exploiting first-principles simulations and x-ray absorption near edge spectroscopy (XANES) in high
magnetic fields, we investigated the magnetic properties of thin films of zirconia doped with Fe impurities. In
our Zr,_,Fe,O,_, samples, grown by atomic layer deposition (ALD), the Fe dopants are uniformly distributed,
ranging from diluted (x >~ 2-3%) up to high (x >~ 25%) atomic concentration. By x-ray magnetic circular
dichroism (XMCD), we carefully analyzed, for samples having different Fe concentration, the magnetic moments
as a function of temperature, in the range from 5 K up to 150 K, studying the best dopant concentration range
maximizing the magnetic signal. Surprisingly, the iron magnetic moment measured for diluted concentrations
degrades as the concentration of magnetic dopant increases. On the basis of ab initio simulations, we propose that
the microscopic mechanisms responsible for the peculiar magnetic properties of this compound can be explained
by oxygen-mediated superexchange mechanism between the Fe dopants producing, at high dopant concentration,
an antiferromagnetic coupling between two Fe atoms. We identify and discuss the role of O vacancies to control

such microscopic mechanisms.
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I. INTRODUCTION

The synthesis of magnetic semiconductors promises the
realization of innovative devices in which the spin of the
carriers is exploited as a further degree of freedom in ad-
dition to their charge, allowing efficient (and scalable) data
storage and transfer [1]. In this context, the availability of
room-temperature magnetic semiconductors strongly dictates
the possibility to realize commercial spintronic devices that
will revolutionize the semiconductor industry in the following
years. In the search for room-temperature magnetic semi-
conductors a significant amount of effort has been dedicated
towards the study of diluted magnetic oxides (DMO) [2], i.e.,
compounds with diluted concentration of magnetic impurities
uniformly and randomly distributed in the oxide matrix. In
particular, the identification of the microscopic mechanisms
responsible for magnetic properties in DMO is of paramount
importance because it will pivot the research to novel forth-
coming spintronic devices.

Since the prediction that Mn-doped zirconia can sup-
port room-temperature ferromagnetism [3], the attention of
material scientists has been focused on magnetically doped
zirconia [4-7] and hafnia [8,9], two similar oxides already
extensively studied by the semiconductor industry for their
high-dielectric properties [10]. Several works attempted to
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determine the magnetic nature of transition metal doped zir-
conia (or hafnia). However, the experimental studies produced
contrasting results, suggesting the presence [11-14] or the
absence [15] of room-temperature ferromagnetism. Further-
more, the magnetic nature of these compounds is still debated
(i.e., ferromagnetic (FM) [16], antiferromagnetic (AFM) [17],
paramagnetic (PM) [18], or super-PM (SPM)). During the
past years, the interpretation of results in the field of diluted
magnetic oxides was hindered by some reports about ferro-
magnetic behavior at room temperature that lately turned out
to be originating from spurious signals and artifacts in the
measurements (see, for example, Ref. [19] for a more detailed
discussion of this issue).

To avoid possible artifacts encountered with supercon-
ducting quantum interference device vibrating sample mag-
netometry (SQUID-VSM), we employed state-of-the-art x-
ray magnetic circular dichroism (XMCD) to investigate the
temperature dependence of the magnetic properties of Fe-
doped zirconia, for different dopant concentrations. Our mea-
surements show that at low temperature and diluted concen-
trations, a magnetic field can induce a big (up to 1.8 up)
magnetic moment on the Fe ion while the magnetic moment
decreases as the Fe concentration increases. This surprising
behavior is explained by ab initio simulations, in terms of
superexchange interactions, which, for peculiar Fe config-
urations at diluted doping, can cause a FM coupling on
a finite portion of the crystal, thus producing the detected
magnetic moment. At variance, at high doping regime, the

©2020 American Physical Society


https://orcid.org/0000-0001-9465-1063
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.4.054417&domain=pdf&date_stamp=2020-05-27
https://doi.org/10.1103/PhysRevMaterials.4.054417

R. CIPRIAN et al.

PHYSICAL REVIEW MATERIALS 4, 054417 (2020)

superexchange mechanism produces an AFM coupling be-
tween two neighbor Fe dopants substitutional to Zr, mediated
by an O in a “bridge” position between the two magnetic
impurities.

II. EXPERIMENTAL RESULTS

The samples consist of thin film of Fe-doped fluorite
zirconia grown by atomic layer deposition. Fe is uniformly
distributed at substitutional Zr sites in the zirconia matrix,
as demonstrated in previous publications [20-22]. For overall
charge neutrality, the Fe doping induces the formation of O
vacancies (Vp), thus forming the compound Zr_,Fe,O,_,,
with y very close to x/2 [20], i.e., one V, every two Fe
(y = x/2) corresponding to the case with Fe’' oxidation
state. In the opposite limiting case of Fe’", y is expected to
be close to x, while intermediate values of y correspond to
different Fe’* /Fe* ratios. The samples were measured at the
BESSY synchrotron radiation facility in Berlin, Germany, by
x-ray absorption near-edge spectroscopy (XANES) and x-ray
magnetic circular dichroism (XMCD) at Fe L,3 and O K
edges. The elemental sensitivity of XMCD ensures that the
actual magnetic signal is coming from the elements inside the
sample, and not from spurious sources such as impurities or
the sample holder. Furthermore, elemental sensitivity is useful
in the debate around the origin of magnetism in diluted oxides.
Indeed it was also proposed that the magnetic moment may
reside not only in the dopants [19]. Details of the sample
characterization and measurement conditions are reported in
Appendixes A and B, respectively.

Figures 1(a) and 1(b) show the XANES spectra acquired
at O K and Fe L,3; edges for the ZrO, samples doped
with different concentrations of Fe at 5 K. The O K edge
spectra [Fig. 1(a)] can be subdivided into three main regions.
Region I, for energies lower than 531 eV, is characterized by
a low intensity peak ascribed to O 2p states hybridized with
Fe 3d states [23,24], in particular it originates from O atoms
with a Fe atom in their first coordination shell [25]. Region II,
corresponding to energies in the range from 531 to 541 eV,
shows spectral features mainly due to the transition from the
O 1s and the O 2p states hybridized with the Zr 4d states
[26,27]. Region III, above 541 eV, shows features due to O
2p states mixed with Zr 5s states. The well-resolved shape
of the edge-peak (~537 eV) indicates that the samples are
crystalline, while the increase in broadness as a function of
the dopant concentration is related to the chemical disorder
produced by Fe substitutional impurities randomly distributed
at the Zr sublattice sites [25,27,28].

The Fe L3 spectra [Fig. 1(b), see also Fig. 2(a)] are
due to transitions from 2p core level into empty 3d states
of Fe in the presence of a crystal field [29]. The presence
of localized states both at L3 and L, reveals a mixture
of Fe?t and Fe?t states (see, for example, Refs. [30,31]).
This can be stated by a comparison with crystal-field mul-
tiplet calculations, which predict a shift in the main peak
for different valence states of Fe (regardless of the crystal
field symmetry) [32]. Unfortunately, the energy separation
of the main peak between Fe’* and Fe?' closely matches
the crystal field splitting for Fe, O3, so the presence of such
a phase on the local scale cannot be ruled out completely.
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FIG. 1. XANES spectra acquired in Total Electron Yield mode at
T = 5K and at the (a) O K and (b) Fe L, 3 edges of the ZrO, samples
doped with different concentrations of Fe.

Following our main interpretation, for Fe concentration
<15 at.% the 3+ valence of Fe is the largely predominant
oxidation state [Fig. 3(a)], however, for higher dopant concen-
tration, the Fe** /Fe?" ratio drops. Indeed, the pre-edge peak
(~708.7 eV) increases in sharpness and intensity [Fig. 1(b)]
indicating a significant increases in the amount of Fe>*. Since
Fe replaces a Zr*t atom, the increase in Fe?t sites can be
related to a significant increase in the amount of O vacancies
(i.e.,inZr;_,Fe,O,_,, y grows from x/2 towards x). From the
O K edge spectra, the drop of the Fe’* /Fe?* ratio happens
to be correlated by a steep increase in the intensity of the O
pre-edge peak at about 530 eV [see Fig. 1(a) and Fig. 3(a)]
and to a decrease in intensity of the peak at 537 eV [25].

No magnetic contrast was found at the O K and Zr
L, 3 edges, while a very strong signal was found at the Fe
L, 3 edges. A representative example is shown in Fig. 2.
In particular, the highest XMCD signal was found for the
lowest dopant concentration, and it decreases monotonically
for higher content of Fe. At 24 at.% doping, it is almost zero
[Fig. 3(b)].

This signal reduction is in agreement with the increase in
the amount of Fe?" (having a smaller magnetic moment than
Fe*") in the highly doped samples. However, the observed
decrease of the XMCD signal cannot be explained only by
the difference in the Fe’*/Fe’" ratio. Supposing that the
magnetic moment of Fe>* is about 4/5 the one of Fe’*, a
change in the ratio from 8.5 to 2 [as quantified in Fig. 3(a)
for samples doped with 1 and 24 at.%, respectively] would
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FIG. 2. Absorption spectra taken with opposite photon helicity (red and blue), and corresponding XMCD spectra (green), measured at
(a) the Fe L edges and (b) O K edge. These measurements are referred to the sample with 3% Fe concentration, at 4.5 K with an applied field
of 6 T. The lineshape is representative for all the samples. The spectra were rescaled so that the isotropic XAS spectra (the sum of left- and
right-circularly polarized spectra, not shown in the figure) is normalized between O and 1.

produce a variation of the total magnetic moment by less
than 10%. Instead, the most diluted sample has a signal more
than three times bigger than the one with the highest doping
level. This suggests that a significant change in the magnetic
interaction between the Fe atoms should happen with varying
concentration. A mechanism to explain this aspect is proposed
in the next section.

While the spectral features of the XANES spectra are com-
pletely unaffected by the increase in the measuring tempera-
ture, the XMCD signal strongly changes. Figure 4 shows the
behavior of the XMCD signal at the Fe L3 edge as a function
of the measuring temperature for the different samples. The
XMCD signal asymptotically decreases with temperature to
reach almost zero for temperatures higher than 50 K. Compar-
ing different samples, we observe a slightly different behavior
in the low-temperature dependence of the XMCD signal. For
concentrations up to 11%, the measured XMCD increases
almost linearly between 10 and 4.5 K. Instead, in samples
doped with 15 to 24 at.% this increase is less pronounced and
resembles a saturation of the magnetic signal below 10 K. This
is shown in the inset of Fig. 4. This may be a symptom of
antiferromagnetic coupling between Fe atoms, in accordance
with the simulations presented in the next section. Frustrated
magnetic interactions due to disorder or competing FM/AFM
coupling may also be at the origin of the observed behavior.

The results obtained by fitting XMCD versus T curves
with a Langevin function are summarized in Fig. 3(c) and
are in good agreement with those obtained by applying the
sum rules analysis to the XANES/XMCD spectra [Fig. 3(d)].
Mgpin and mgy, are parallel [Fig. 3(d)], the mog, /mgpin ratio is

dominated by m,, While the total magnetic moment (my, =
Mgpin + Mory) [Fig. 3(c)] is governed by migpin. Mo, is almost
constant for all Fe dopant concentrations, while both mp;, and
my, decrease showing a plateau for Fe concentration in the 6
to 15 at.% range.

It is interesting to notice that the highest magnetic moment
measured is actually close in magnitude with that of metallic
iron (which is 2.2 up). In paramagnetism, the magnetic behav-
ior is determined by the ratio wH /kgT (the argument of the
Langevin function in the classical model of paramagnetism).
For a magnetic moment of 1 or 2 Bohr magnetons, with a field
of 6 T and at 5 K, the ratio would be still below 2. In these
conditions, thermal agitation is still significant and the average
magnetization should be less than half of its saturated value.
Moreover, the magnetization should be linearly dependent
from the applied field. The high magnetic response measured
suggests that the system shows a high susceptibility and/or a
high magnetic moment, not expected for a typical paramagnet.
Further, if we compare the data measured at 6 and 1 T in
Fig. 3(b) we see that the two data sets do not differ by just a
multiplicative factor [see Fig. 3(b), data at H = 6 T rescaled].
This is a hint of the fact that at low doping concentration, the
system may be in a regime in which the M (H ) relationship is
not linear, i.e., the system is somehow closer to the saturation
regime. This is something usually observed in super-PM sys-
tems due to the fact that the “elementary” magnetic moments
that behave paramagnetically are very big since they originate
from a large ensemble of interacting atoms. Hence in super-
PM systems the susceptibility is usually big and the system
can be saturated at reasonable fields.
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FIG. 3. (a) The Fe** /Fe?* ratio and the O pre-edge peak area (from Ref. [43]) and (b) the Fe L; XMCD signal as a function the dopant
concentration. T = 5 K. (c¢) Comparison of the trend of m,, obtained by applying the sum rule analysis to the XANES spectra and («H)/T
obtained by fitting the Fe L; XMCD signal as a function of the temperature with a Langevin function and (d) m, Mspin, and mig, /mgpin ratio

as a function of the dopant concentration.

III. COMPUTATIONAL RESULTS

To identify the microscopic mechanisms responsible for
magnetic coupling in Fe-doped ZrO,, we performed first-
principles simulations by plane-wave pseudopotential tech-
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FIG. 4. Fe L; XMCD signal, for the investigated Fe concentra-
tions, as a function of the temperature. The external magnetic field is
equal to 6 T.

niques of Zr;_,Fe,O,_,, with x = 6.25 at.%, a concentration
where both FM coupling (at diluted doping) and mechanisms
responsible for its degradation (at moderate/high doping)
are expected according to the experimental data. We used
a 95 atoms super-cell of ZrO, containing two Fe and one
O vacancy (Vp), which is located in the nearest-neighbor
(NN) O-shell of one substitutional Fe to Zr, denoted as Fe,
while the position of the other Fe atom, Fe,, varies over all
substitutional Zr sites of the supercell. After atomic relax-
ation, the Vi migrates in the next NN O-shell to Fe;, so Fe,
in the relaxed structure has a NN shell composed of four
O and has a Vg in the next NN O-shell that is composed
of three O. At variance, the Fe, is at the center of two
neighbor (NN and next NN) O-shells composed of four O
each, which is also the shell structure of O surrounding the
Zr in fluorite zirconia. In the simulations, the number of O
atoms in a given shell can be unambiguously determined, and
by comparison with the bulk case (without vacancies) the
number of O vacancy in one shell can be easily computed.
At variance, the assignment of an exact position to the O
vacancy in that shell can be questionable (since, in general,
none of the O present in the shell with a O vacancy has
conserved its original bulk position). For this reason, we do
not indicate a position of an O vacancy in left panels of
Figs. 6 and 8, where we display the relaxed atomic structure
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FIG. 5. First-principles simulation of Zr,_,Fe,O,_,/» with x =
0.0625. Shell average (mean and standard deviation) of the energy
difference between fully relaxed AFM and FM spin configurations.
The shell structure is defined according to Zr sublattice of bulk ZrO,
fluorite that is also used to express the distance (in crystal units a; )
of a shell from the central atom. Insert: Magnetic moment (in Bohr
magneton) per Fe atom as a function of temperature obtained by
solving a mean field model (solid black line) and by applying the
sum rule analysis to the XANES spectra (red stars)

for two different Fe-Fe configurations, but rather we limited
the discussion of the position and the role of O vacancies in the
text.

For each atomic configuration (Fe;, Fe;) we computed the
total energy of both the FM (ELJ") and AFM (E2Y) relaxed
structures. The difference, that to a first approximation can be

considered proportional to the exchange coupling parameter

Spin Up DOS (arb. units)

Spin Down DOS (arb. units)

J o« AE; = EX9N — EXQT, is a function of the Fe-Fe distance

and of the angle formed by Fe, with the Fe;-Vp complex.
In the following discussion, we will ignore the O sublattice
and consider only the Zr sublattice in which the Fe are
substitutional to Zr sites arranged according to the pristine
fluorite structure, which is taken as a reference to determine
the partition into shell and also the distance (reported in
Fig. 5) from an atom (Fe;) in a given shell to the central
atom (Fe;) [33]. In the chosen supercell, Fe; is surrounded
by 5 Zr-shells at increasing distance from the central Fe;.
Fe, is placed in one substitutional site of the nth shell (with
n=1,2,3,4,5). For each shell we averaged Ei0\; — ELJ"
over all the Fe, configurations; in Fig. 5, we display our results
for the mean and the standard deviation as a function of the
Fe,-Fe, distance.

When Fe, is placed in the first NN Zr-shell to Fe;, the
magnitude and the sign of the exchange interaction varies
significantly among all distinct 12 configurations, from FM
to AFM coupling, due to the presence of Vg close to both Fe
atoms, thus producing a large standard deviation. The atomic
configuration of the ground state, in which Fe; and Fe, are
NNs in Zr-lattice is displayed in Fig. 6 and presents a signifi-
cant AFM coupling of the two Fe with AE; = —105 meV.

Among all possible Fe;-Fe, configurations allowed by
the supercell size, the more energetically favored FM state
has an energy 0.15 eV higher than that of the ground state,
corresponding to the configuration we denoted as FAR, in
which Fe, is placed in the farthest shell of the supercell,
i.e., the distance between each Fe and its nearest Fe is the
maximum allowed by an uniform dopant distribution with
x = 6.25 at.%.

For Fe, in the intermediate shells (n = 2, 3, 4), AE}, pro-
portional to the exchange interaction, is very small, of the
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FIG. 6. Left panel: The atomic configuration of the antiferromagnetic ground state of Zr,_,Fe,O,_,,, with x = 0.0625. The symbol o*
labels the O in bridge position between two Fe. The isosurface (at 0.007 a.u.™> corresponding to ~1% of the maximum of the valence
spin-density) for the spin-up (yellow) and spin-down (blue) density of states is also displayed. Right panel: The corresponding total (black
solid line) and projected (colored solid line) density of states, normalized to the supercell. The zero of the energy scale corresponds to the

Fermi energy.
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the same spin-polarized electron (denoted by shadow red arrow)
occupying a hybrid bond shared by two nearest-neighbor atoms.

order of a few meV, thus providing a PM contribution, and
does not vary significantly within the same shell among the
different Fe, configurations.

The magnetism is thus determined by two competing
mechanisms: the AFM coupling when two substitutional Fe
are NNs in the Zr-sublattice, and the FM coupling when two
substitutional Fe are far apart.

A. Antiferromagnetic ground state

At first, we analyze the AFM ground state, having Fe,
positioned in the first Zr-shell to Fe,. Since, according to our
analysis, the main contribution to magnetization relies on Fe
d-orbitals and O p-orbitals, in the following discussion and
in the scheme of the magnetic interaction (Fig. 7) we refer to
these orbitals only, while minor contributions from s-states are
neglected.

The relaxed atomic configuration of the AFM ground state
is displayed in Fig. 6. After atomic relaxation each Fe is
surrounded by a shell of four O atoms, one of these oxygens,
denoted as Opyigge, is shared by the two shell resulting in a
“bridge” position between the two Fe. The angle 6 formed
by the Fe|-Opigge-Feo bonds is 6 = 112°, compatible with an
AFM coupling that is proportional to [cos(6 )]? [34]. The AFM
coupling is due to the superexchange interaction among the
spin polarized d-states of Fe, mediated by the p-orbital of the
Obridge- The scheme for O-mediated superexchange interaction
among two Fe is displayed in Fig. 7; the Fe;-Opyigge-Fe:
structure reproduces the standard scheme coupling two Fe*"
[34,35]. It is worth noticing that, as a result of the differ-
ence in the oxidation state of the Zr and its substitutional
Fe, the four O surrounding the Fe are partially polarized, as
can be noticed in Fig. 6 (left panel) looking to the isosurface
of the spin polarized valence electron density. The Opyigge par-
ticipates to the exchange interaction, and its magnetic moment
(obtained by projecting the spin-resolved electron valence
density on atomic orbitals) basically vanishes (~0.08 up),
while the other three O of each NN shell present a small spin
polarization (~0.2 up) due to hybridization of the O (mainly

p) and Fe (mainly d) valence states. The spin polarization of
these O is the same of the Fe they surround and is due to a
partial charge transfer from O p-orbitals to Fe d-orbitals. The
charge transfer involves the nearest neighbor O to each Fe
resulting in global transfer of one electron to the Fe d-orbital
and the consequent partial polarization of the p-states of the
surrounding O, according to Hund’s rule applied to the hybrid
pd-orbitals. The scheme is illustrated by the six O (three O for
each Fe) not in the bridge position in Fig. 7. Since this charge
transfer mechanism (due to hybridization) does not change the
overall magnetization of the Fe and its nearest-neighbor O,
the Fe can still be considered in the Fe** oxidation state with
the advice that the corresponding five spin-polarized electrons
now occupy five hybrid pd orbitals (O-p and Fe-d states)
instead of the usual five Fe d-orbitals.

This superexchange interaction is clearly shown in the
projected density of states (DOS) displayed in Fig. 6 (right
panel) where is reported the energy range corresponding to
the upper part of the valence bands (a more complete plot of
the projected DOS is reported in Appendix C 2). The structure
at energy lower that —1.2 eV originates from the electronic
valence states of zirconia, while the peak structure at higher
energy (from —1.2 eV up to —0.4 eV) represents the occupied
electronic states in the bandgap of (undoped) zirconia and are
due to the interaction of each Fe with its four nearest neighbor
O, producing the above-mentioned orbital hybridization. By
looking to the spin up DOS of Fig. 6 (right panel), in the
energy range from —1.2 to —0.6 eV, the three peaks produced
by the p-orbitals (red line) of the three O (denoted as Oy,
with Oy # Opyigee) surrounding Fe; are superimposed to the
corresponding peaks produced by the d orbitals of Fe; (blue
line), resulting in an hybridization of pd-orbitals at the same
energy. In a similar way, by looking to the spin down DOS of
Fig. 6 (right panel), in the energy range from —1.1 to —0.4 eV,
the two peaks produced by the p-orbitals (magenta line) of
the three O (denoted as O,, with Oy # Oprigge) surrounding
Fe, are superimposed to the corresponding peaks produced
by the d orbitals of Fe,, resulting in a hybridization of pd-
orbitals at the same energy, as well. In the energy range
under consideration, the p-orbital DOS of Opyigge (green line)
presents the following. (i) Two peaks in the spin-up DOS
that are superimposed to the two peaks (at about —0.85 and
—0.68 eV) corresponding to the pd-orbitals of O; and Fe;.
(i1) Two peaks in the spin-down DOS that are superimposed to
the two peaks (at about —1.00 and —0.52 eV) corresponding
to the pd-orbitals of O, and Fe,. The asymmetry in the
spin-up and spin-down DOS as well as the presence of a
very small magnetization of the Oprgge can be attributed, at
least in part, to the asymmetry in the coupling due to the
presence of a O vacancy. The presence of both spin-up and
spin-down peaks in the p-DOS of Opgge couples AFM the
two Fe (and other nearest neighbor O of each Fe, trough
hybrid orbitals), enlightening the microscopic mechanism re-
sponsible of AFM coupling produced by the superexchange
interaction.

B. Ferromagnetic state for Fe uniform distribution

Now we analyze the FM coupling of the FAR configura-
tion, where the two Fe are placed at the maximum relative
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FIG. 8. Left panel: The atomic configuration of the ferromagnetic state with lower energy of Zr,_.Fe,O,_,,, with x =0.0625. The
isosurface (at 0.007 a.u.”> corresponding to ~1% of the maximum of the valence spin-density) for the spin-up (yellow) density of states
is also displayed. Right panel: The corresponding total (black solid line) and projected (colored line) density of states, normalized to the
supercell. The zero of the energy scale corresponds to the Fermi energy.

distance compatible with periodic boundary conditions, thus
corresponding to the configuration in which the Fe are uni-
formly distributed in the supercell (or in the whole crystal).

The relaxed atomic configuration of the FM ground states
is displayed in Fig. 8 (left panel). After atomic relaxation,
each Fe is surrounded by a NN shell of four O atoms that are
partially polarized, as can be noticed by looking to the isosur-
face of the spin polarized valence electron density displayed
in Fig. 8.

We propose that FM coupling of the two Fe can be ex-
plained by a superexchange-like mechanism [35] by consid-
ering the hybridization of Fe d and s-orbitals with sp-orbitals
of the four O NNss to the Fe.

This hybridization produces semicovalent oriented bonds
that are filled according to the Hund’s rule. Since some bonds
participating to hybridization are empty, an electron with the
same spin-orientation of Fe magnetic moment occupies the
hybrid-orbitals formed by Fe and its 4-NNs O, resulting in a
polarized bond oriented according to the local disposition of
NN-O surrounding the Fe. The FM interaction is mediated by
O through superexchange mechanisms. An illustrative scheme
is displayed in Fig. 9, where the top left Fe (Fe;) presents
a semi-empty hybrid bond (of 4s nature) partially occupied
by a spin-up electron shared with the sp orbital of NN O,
according to the superexchange mechanism described above
(see also Appendix C 2). This spin polarization of the O bonds
can propagate through the crystal by means of the sp-orbitals
of other O, the latter orbitals do not present a net magnetic
moment, but rather a “spatial” polarization of orbitals of
opposite spin (represented by the O with two black arrows in
the middle of Fig. 9 and labeled as O>~) caused by the partial
hybridization with sp-orbital of O that are NN to the Fe. If
one of the (“propagated”) polarized O-bonds hybridizes with
the d-orbitals of an other Fe (Fe,), a FM coupling between the
two Fe occurs.

y .
¥ O\ t! “ ‘\'\
== [Jli 1 Y
Fe, 5 @
W,
02_
1]
8
¥ N [ “r <
S s i 1) :! T e
Fe, B8

Y

FIG. 9. The superexchange scheme of ferromagnetic coupling.
Light blue denotes Fe orbitals (squares: d-states; circle: s-states).
Light red denotes O orbitals (double ellipses: p-states; circle: s-
states). A red line connects the same spin-polarized electron (denoted
by shadow red arrow) occupying a hybrid bond shared by two
nearest-neighbor atoms.
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The FM coupling of d-states of each Fe with p-states of
its NN-O is visible in the projected DOS in Fig. 8, where the
contribution to the DOS originated from the orbitals forming
hybrid semicovalent bonds are superimposed at the same
energy, while for the role played by s-orbitals the reader can
refer to Appendix C 2. In the right panel of Fig. 8, O; and O,
denotes the sum of p-orbitals DOS of the four O in the NN
shell to Fe; and Fe,, respectively. In the energy range from
—1.2 to —0.9 eV, the Fe; d-states (blue line) can hybridize
with the O; p-states (red line) at the same energy, the same
is true also for Fe, d-states (turquoise line) and O, p-states
(magenta line). Further, the O in the next NN shell to Fe; and
Fe, have a similar, but smaller, p-DOS structure in this energy
range as the O in the NN shell. As a result, the polarization
of O p-orbitals induces a FM coupling between the two Fe.
As a fingerprint of the asymmetric coupling between Fe; and
Fe, (Fig. 9) we notice that the polarization, originated also by
the presence of Fe,-V complex, blue-shifts the semicovalent
bonds formed by Fe, with its NN-O (turquoise and magenta
peaks at —0.6 eV in Fig. 8) at an energy higher that the
one of the corresponding peak of semicovalent bonds formed
by Fe; with its NN-O (blue and red peaks at —1.0 eV
in Fig. 8).

Incidentally, the presence of space-oriented hybrid
bonds also explains the large standard deviation of AE;
in Fig. 5 for the first shell.

IV. DISCUSSION

In light of the theoretical results, we propose that the
measured magnetic behaviors can be explained, at least qual-
itatively, as follows. The chemical disorder, due to the ran-
dom Fe distribution in Zr-sublattice, produces fluctuations of
the Fe-Fe distance. So, for a random distribution of Fe in
the Zr sub-lattice the PM, FM, and AFM interactions can
coexist according to the different mutual Fe distances and
arrangements. In general, if two (or few) Fe are FM coupled
but their coupling with surrounding Fe is of PM nature, the
system macroscopically behaves like a paramagnet [36]. A
FM order, possible only assuming that a FAR configuration
is extended on a macroscopic scale, has a statistically van-
ishing probability to be realized, due to random distribution
of Fe. Furthermore, for a given concentration of randomly
distributed Fe, the different magnetic couplings, due to the
different Fe-Fe distances and arrangements, produce, also at
low temperature, an average Fe magnetic moment (defined
as the total magnetic moment divided by the number of Fe)
that is only a fraction of the magnetic moment of a single
Fe due to the presence of some AFM coupled Fe. Since the
arrangements of Fe atoms creating a configuration similar to
the FAR one are statistically possible only with configurations
involving few Fe couples FM-ordered in limited-size regions
of the sample, the formation of a long range magnetic order
is prevented, but the system is paramagnetic and magnetically
polarizable with a high magnetic moment per atom. Regions
of the sample in which a FAR-like configuration is statistically
generated by the random distribution of Fe can eventually
develop FM ordering at the nanometer scale, typical of super-
paramagnetism. The similarity with super-PM systems should

be investigated further with dedicated experiments. A hys-
teresis loop with finite coercivity should be detectable below
the blocking temperature. Susceptibility measurements as a
function of temperature should display significant differences
in the Curie constant for samples which are simply PM
and samples in which super-PM behaviors are present due
to the difference in magnitude of the “effective” magnetic
moments.

To verify that the mechanism proposed from first-
principles simulations is compatible with the experimentally
observed behavior, we can compare the Fe L; XMCD signal
for x =6 at.% at H = 6 T, shown in Fig. 4, with the cor-
responding theoretical magnetization as a function of tem-
perature, displayed in the insert of Fig. 5, which has been
computed, from our ab initio data for x = 6.25 at.%, by
solving a mean field model with an external magnetic field
of 6 T. As ingredients of the mean field model we used the
exchange coupling coefficients estimated by the total energy
approach, where the energy difference of the FM and AFM
states are determined by our first-principles results. There
are more sophisticated techniques to extract the exchange
coupling coefficients, they are based on linear response [37]
or frozen magnons [38]. However, such approaches — usually
used to compute the critical Neél or the Curie temperature
[39,40] — are beyond the scope of the present work aimed
to determine the magnetic interaction at low temperature. To
compute the trends of the magnetization as a function of
temperature, the total energy approach adopted here is suf-
ficient to bring out the principal features of the magnetic
interaction in DMO as previously reported in the literature
[39-41].

As can be noticed from the insert of Fig. 5 (see also
Fig. 4), experimental and theoretical data show very sim-
ilar behaviors. In spite of the simple model used (details
in Appendix C3), the computed average magnetization of
1.45 up per Fe atom at a temperature of 5 K and an external
magnetic field of 6 T, is in more than satisfactory agree-
ment with the experimental value of 1.3 up [displayed in
Fig. 3(d)].

The AFM superexchange mechanism is responsible for
the decrease in the magnetic signal as the Fe concentration
increases, as shown in Fig. 3(b) [see also Figs. 3(c) and
3(d)]. In fact, for a uniform dopant distribution, the increase
of Fe concentration produces a decrease of the average dis-
tance between two neighboring Fe. In particular, when the
concentration is so large as to produce a significant prob-
ability to have two Fe in NN position in the Zr-sublattice,
we expect a significant reduction in the magnetic signal.
Assuming a uniform random distribution of Fe substitutional
to Zr-sublattice, the critical site percolation concentration is
x. >~ 0.2 [42], i.e., for this and for higher Fe concentration,
the crystal is in an AFM state. In fact, if we imagine a
“link” connecting two AFM-coupled Fe placed in NN sites of
Zr-sublattice, then for x > x, the whole crystal can be imag-
ined connected by a (figurative) “chain” composed of such
links, producing an AFM. Significantly, for the sample with
24 at.%—thus having a concentration above the percolation
threshold—the experimental magnetization practically van-
ishes suggesting the possibility of a transition to a fully AFM
phase.
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V. CONCLUSION

By combining synchrotron data and ab initio simulations,
we identified the bond-oriented superexchange mechanism
as the responsible for the peculiar magnetic properties at
low temperature in Fe-doped ZrO,, producing paramagnetic
interaction at diluted concentration. On the contrary, as the Fe
concentration increases, the magnetic signal decreases, due
to the O-mediated super-exchange AFM interaction, which
prevails for a high Fe concentration in the range from 18 to
25 at.% i.e., a concentration at which a significant amount
of Fe impurities, substitutional to Zr, are expected to interact
through the superexchange mechanism mediated by an O
located in a bridge position (Fe-O-Fe) between two neighbor-
ing Fe atoms.
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APPENDIX A: SAMPLE CHARACTERIZATION

Our samples, grown by atomic layer deposition [43], are
composed of thin films of crystalline Fe-doped zirconia and
show the crystal structure of fluorite. In the cubic (tetragonal)
fluorite structure, the Zr cations are located in a face center
cubic (tetragonal) lattice, and are surrounded by one (two)
shell(s) of 8 (4) O located at the vertex of a cube (regular tetra-
hedron). At ambient condition, bulk zirconia usually presents
the baddeleyite structure, a monoclinic phase, but the fluorite
phase can be stabilized by doping [44] or by nanostructuring
or by both [45]. However, in the doping stabilized fluorite
phase, the two shells of four O surrounding the dopant in the
tetragonal fluorite phase remain substantially distinguished
also for high doping concentration in which the lattice param-
eters correspond to the cubic phase, a result well-established
for isovalent doping by first principles in hafnia [46], and
by combining ab initio calculation and synchrotron data in
zirconia [47]. In thin films, as in the present case, due to
surface effects, the grain size or the film geometry contribute
to stabilize the doped fluorite structure [45].

In our samples, the film thickness, determined by elis-
sometry, is about 19 nm [20,22]. Fe is uniformly distributed
in the samples also at the higher concentration, as proved
by transmission electron microscopy micro-analysis [21] and
time-of-flight secondary ion mass spectrometry depth profil-
ing [22,43]; the formation of Fe clusters can be excluded,
within TEM resolution [21].

In zirconia, Fe is a substitutional impurity to Zr*t, and
is commonly present in the Fe’* oxidation state [20,48]. At
diluted concentration, only a small fraction of Fe impurities
present the Fe’* oxidation state. For charge neutrality, the

Fe doping induces the formation of O vacancies (Vp), thus
forming the compound Zr;_,Fe,O,_,, with y very close to
x/2 [20], which corresponds to one Vg every two Fe. Due to
quenching, the magnetic moment of Fe ion is essentially the
one associated to total spin: for Fe’* is 5/2, while for Fe’*
is 2.

APPENDIX B: EXPERIMENTAL TECHNIQUES

X-ray absorption near edge spectroscopy (XANES) and
x-ray magnetic circular dichroism (XMCD) at Fe L, 3 and O
K edges have been collected at different temperatures ranging
from 5 up to 150 K at UE49-PGM1 Beamline of BESSY
synchrotron radiation source at Helmholtz-Zentrum Berlin
(Germany). The spectra have been acquired in total electron
yield (TEY) mode and normalized to the incident photon flux
Iy, measured on a grid placed at the experimental chamber. All
spectra were normalized by subtracting the signal background
at the pre-edge and setting to one the intensity of the most
intense peak.

The XMCD was measured applying an out-of-plane mag-
netic field of 6 T, the corresponding magnetic signals were
evaluated as the difference between the spectra acquired with
opposite photon helicities and taking into account the 75%
circular polarization degree of light. The spin and orbital
magnetic moment, mgpi, and mqy, respectively, as a function of
the measuring temperature and Fe dopant concentration, were
calculated by applying the sum rule analysis [49,50] after
subtraction of a two-step-function background from the raw
XANES spectra. For the electron hole number of 3dorbital of
Fe a value of 6.61 has been used [50,51]. The total magnetic
moment My = Mgpin + Moy, Was also evaluated by fitting
the Fe-L; XMCD signal as a function of temperature with a
Langevin function:

M(T)

1
XMCD(T) ~ ——~ = coth(a) — —, (B1)
MS a

where a = (uH)/(kT), H is the applied magnetic field, T
the temperature, k the Boltzmann constant, and @ the mag-
netic moment. The XMCD signal is directly proportional to
M(T)/My which is the ratio between the magnetization as a
function of temperature and the saturation magnetization of
the sample.

To check the establishing of an antiferromagnetic cou-
pling among the Fe atoms, or the presence of a crystallo-
graphic texture, x-ray magnetic linear dichroism (XMLD)
were performed acquiring the XANES spectra with vertical
and horizontal linear polarization, changing the incidence
angle of the x-ray beam from 0° to 70° (or normal and grazing
incidence). Moreover, the samples have been subjected to a
field cooling treatment with an applied field of 1T to quench
the antiferromagnetic order, if present. The results ruled out
an antiferromagnetic contribution to the magnetic properties
of the system at any Fe dopant concentration.

Measurements performed on zirconia samples doped with
Al, an element having the same oxidation states of Fe, ruled
out the possibility of magnetic properties unrelated to the
presence of Fe dopant.
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APPENDIX C: FIRSTPRINCIPLES SIMULATIONS

1. Computational techniques

We performed first-principles simulations of Fe doped
zirconia in the framework of the density functional theory
(DFT), by using plane-wave pseudopotential techniques to
solve the Kohn-Sham equations and to compute structural
and electronic properties, as implemented in the QUANTUM
ESPRESSO (QE) package [52]. In our calculations we used
ultrasoft pseudopotentials [53,54] in the separable form in-
troduced by Kleinmann and Bylander [55], generated with
a Perdew-Burke-Ernzerhof (PBE) exchange-correlation func-
tional [56]. This generalized gradient approximation (GGA)
is capable to reproduce XANES [25], XPS [20] experimental
spectra, and oxidation states [20] of Fe-doped zirconia. The
pseudopotential for Zr includes semicore states. We chose a 40
Ry cutoff radius for the electronic valence wave function, and
400 Ry cutoff radius for the charge density. We used smearing
techniques with a broadening of 0.001 Ry. For comparison, all
DOS (and projected DOS) are normalized to the supercell.

To simulate the magnetic properties of Fe doped zirconia
we used a tetragonal supercell containing 95 atoms: 2 Fe,
30 Zr; 63 O; and one O vacancy. The Brillouin zone (BZ)
is sampled with a 2 x 2 x 2 Monkhorst-Pack grid [57] [to
properly describe the Fermi surface in the antiferromagnetic
(AFM) and in the ferromagnetic (FM) configuration] to have
an error on the energy difference between the FM and AFM
phase lower than 1 meV per formula unit. The error on the
total energy is estimated to be lower than 0.4 meV per formula
unit. The atomic positions and the lattice constant are fully
relaxed by a Broyden relaxation [58] with a threshold on the
forces of 0.25 meV/A. The convergence thresholds are the
same as the ones used in Ref. [43], where the interested reader
can refer for further computation details.

To identify the microscopic mechanisms responsible for
magnetic coupling in Fe-doped ZrO,, we performed first-
principles simulations of Zr;_,Fe,O,_, selecting the Fe con-
centration equal to 6.25 at.%. This choice of x combines
the needs for a computational affordable supercell size, with
the one for a Fe concentration where both FM coupling (at
diluted doping) and mechanisms responsible for the degrada-
tion of FM coupling (at moderate/high doping) are expected
according to the experimental data displayed in the main text.
The chemical disorder—i.e., Fe impurities substitutional to
Zr, in which the dopants are randomly distributed in the Zr
sublattice—and the geometric structure of the material are
simulated by means of the supercell method with periodic
boundary conditions. Fe atoms were placed at substitutional
Zr sites. We considered a supercell with 32 ZrO, formula units
in the undoped case, and simulating the doping with one O
vacancy (Vo) per two substitutional Fe. The Vg is assumed (for
the unrelaxed structure) in the nearest-neighbor (NN) O-shell
of one substitutional Fe to Zr, denoted as Fe;, while the po-
sition of the other Fe atom, Fe,, varies over all substitutional
Zr sites of the supercell. After atomic relaxation, the NN and
the next NN atomic shells to Fe, are composed of four O,
following the arrangement of tetragonal fluorite, while the
NN atomic shell to Fe; is composed of four O and the next
NN atomic shell is composed of three O since, during the

relaxation, the Vo moves from the NN to the next NN O-shell
to Fe;.

In the discussion presented in the main text, we found con-
venient to display the ab initio results by performing the shell
average of the quantity AE; = EX0F — EROT, as described
below. We place Fe,; as substitutional impurity in a Zr site of
the supercell and we consider the Zr shells surrounding Fey;
for each shell we compute AE; in all distinct configurations
obtained by placing Fe, in one Zr site of the shell, and perform
the average of AE; over all different configurations having
Fe; in the same shell. For simplicity, the average is computed
(and reported) considering the Zr site of the shell correspond-
ing to the cubic fluorite structure. In our simulations the Fe, is
positioned in the shell of tetragonal fluorite corresponding to
the sites in shell of cubic fluorite (i.e., neglecting the small
distortion of FCC lattice in tetragonal fluorite), in which
c/a = 1. Since, in the simulated tetragonal structure the c/a
ratio is about 1.03 (while in cubic fluorite c/a = 1 by def-
inition), in the distorted fluorite structure Fe, experiences a
slightly different distance from central Fe;, according to their
position in shell. For clarity, we find convenient neglect this
small difference in Fe;-Fe, distances, in our discussion.

2. Superexchange mechanisms for FM coupling

Since the analysis of the ferromagnetic FAR configuration
in terms of the superexchange mechanism requires drawing
a more elaborate picture than the one used in the analysis of
the antiferromagnetic ground state, we will provide a detailed
description of a superexchange-like mechanism responsible
of ferromagnetic interaction at diluted Fe concentrations.
We explain the FM coupling obtained in the simulation of
the FAR configuration, by considering the hybridization of Fe
d- and s-orbitals with sp-orbitals of the four O NNs to the
Fe. Bulk zirconia presents ionic bonds, but the presence of
magnetic impurities causes partial hybridization of the orbital
of Fe with the orbitals of the four O surrounding the Fe, thus
producing semicovalent bonds. Since the semi-empty Fe s-
orbitals strongly overlap the semifull sp-orbitals of NN O, the
electrons occupying an O sp-orbital may spend some of their
time in the Fe orbital. Because Fe has an oriented magnetic
moment, these electrons will not have the same probability of
being shared by the Fe. Due to the presence of the exchange
interaction, the O electron whose spin is parallel to the Fe
magnetic moment spends more time on the Fe than the one
with the antiparallel spin. This behavior follows Hund’s rule
if one assumes that the shell of d orbitals is extended by the s
and p orbitals when hybrid orbitals are formed. As a result,
an electron with the same spin-orientation of Fe magnetic
moment occupies the hybrid-orbitals formed by Fe and its
4-NN O, resulting in a polarized bond oriented according to
the local disposition of NN-O surrounding the Fe.

In Fig. 10 we display our results for the projected DOS
on the s-orbitals for the two Fe and the corresponding NN O-
shells. We notice the presence of three peaks of Fe, s-states in
the energy range (—1.25 to —0.90 eV), i.e., at the same energy
where the peaks of the Fe|-d and O;-p states are present, thus
suggesting orbital hybridization also involving s states. The
presence of an almost empty Fe,-s orbital can support a FM
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FIG. 10. The projected (colored solid lines) density of states,
normalized to the supercell, corresponding to the ferromagnetic state
with lower energy of Zr,_,Fe,O,_,,, with x = 0.0625. The zero of
the energy scale corresponds to the Fermi energy.

coupling by O-mediated superexchange interaction, according
to the scheme displayed in Fig. 9 of the main text. This scheme
is supported by the presence in the same range, (—1.25 to
—0.90 eV), also of peaks of O; and O, s-DOS (see Fig. 10)
and of O; and O, p-DOS as well (see Fig. 8 main text),
suggesting a O-mediated coupling between the Fe; s-states
(Fig. 10), and the Fe, d-states, which present peaks in the
same energy range (Fig. 8 main text).

The peaks at —0.6 eV denote the hybridization of s-orbitals
of O, (Fig. 10) with O,-p and Fe,-d orbitals (Fig. 8 main text).
Note the absence of any peak structure for the s-orbital of Fe,
in the energy range (to 0.0 eV) both in spin up and spin down
DOS since this state does not participate to the hybridization
and this asymmetry in the hybridization process for Fe; and
Fe, (that we attributed to the presence of the Vp) and the
O-mediated interaction are responsible of the FM coupling of
the two Fe.

For reference, in Figs. 11 and 12 we display the projected
DOS of FM and AFM configurations displayed in the right
panel of Figs. 8 and 6 of the main text, respectively, over a
wider energy range.

3. Mean field model

To check the compatibility of our theoretical picture with
the temperature behavior of XMCD signal, we computed the
magnetization as a function of temperature, using our ab
initio data, by solving a mean field two lattice model. The
ingredients of this model are the exchange coupling parame-
ters simulated ab initio for Zr_,Fe,O,_,/» with x = 0.0625
[59]. For each configuration of Fe; and Fe, considered in the
supercell, the exchange coupling constant is obtained from the
ab initio data AEj that has been used to reproduce the energy
difference between the FM and the AFM configuration of the
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FIG. 11. The total (black solid line) and projected (colored solid
lines) density of states, normalized to the supercell, corresponding
to the ferromagnetic state with lower energy of Zr,_.Fe,O,_,/, with
x = 0.0625. The zero of the energy scale corresponds to the Fermi
energy.

model Hamiltonian at absolute zero. In our study, we used the
mean field two sub-lattice model, described, e.g., in Ref. [60]
in which the exchange is restricted to magnetic ions in the
nearest neighbor magnetic sublattice. In the present calcula-
tion, one magnetic sublattice corresponds to the periodically
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lines) density of states, normalized to the supercell, corresponding
to the antiferromagnetic ground state of Zr,_.Fe,O,_,» with x =
0.0625. The zero of the energy scale corresponds to the Fermi energy.
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repeated images of Fe; the other to the periodically repeated
images of Fe,. Due to quenching, the magnetic moment of
Fe ion is the one associated to total spin S, which in our
mean field model calculation is S = 5/2 corresponding to
Fe’* oxidation state in agreement with our ab initio results
and experimental finding. In the two-sublattice mean field
Hamiltonian, each magnetic moment of an ion in i-sublattice
is supposed to interact with an effective magnetic field B°
that includes the external magnetic field and the effect of the
average interaction with other magnetic ions, that should be
determined self consistently. The total Hamiltonian is: H =

Hy + Hy where H, = —2u015 S, - B (i = 1,2). The reader
interested in further details about the two-sublattice mean field
model and to a discussion of the physical approximations
involved and on the limit and capabilities of this method
can refer to Ref. [60] and references therein. Notice that,
due to periodic boundary conditions, the FAR configuration
corresponds to a supercell having Fe, in the center surrounded

by eight Fe; in the vertexes of the supercell (Fe; experiences
the same configuration for translational symmetry), this co-
operative effect generates the large observed FM coupling;
however, for the FAR case, the exchange coupling of each
Fe;-Fe, couple is thus proportional to AE;/8 = 24 meV by
assuming the interactions are additive and limited to nearest-
neighbor Fe.

We computed the magnetization as a function of tempera-
ture, for each Fe;-Fe, configuration considered. The Fe;-V,
complex is fixed in central position with respect to the 5
Zr-shells in which Fe; is placed according to the configuration
considered. In our model, we assume that Fe, can occupy
with equal probability each Zr site in the supercell. However,
for each configuration of Fe, in a given shell, we assign a
thermal weight (Boltzmann distribution), to take into account
the thermal re-arrangement of O surrounding Fe; due to the
presence of the O vacancy that can be caused by mobility of
O vacancy in zirconia [61].
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