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Abstract. In this study we explore, both from theoretical and experimental side, the effect of Fe doping
in ZrOs (ZrOa2:Fe). By means of first principles simulation, we study the magnetization density and the
magnetic interaction between Fe atoms. We also consider how this is affected by the presence of oxygen
vacancies and compare our findings with models based on impurity band [J.M.D. Coey, M. Venkatesan,
C.B. Fitzgerald, Nat. Mater. 4, 173 (2005)] and carrier mediated magnetic interaction [T. Dietl, H. Ohno,
F. Matsukura, J. Cibert, D. Ferrand, Science 287, 1019 (2000)]. Experimentally, thin films (/20 nm) of
ZrOs:Fe at high doping concentration are grown by atomic layer deposition. We provide experimental
evidence that Fe is uniformly distributed in the ZrOs by transmission electron microscopy and energy
dispersive X-ray mapping, while X-ray diffraction evidences the presence of the fluorite crystal structure.
Alternating gradient force magnetometer measurements show magnetic signal at room temperature, how-
ever, with low magnetic moment per atom. Results from experimental measures and theoretical simulations

are compared.
1 Introduction

Dilute magnetic semiconductors (DMS) are materials in
which magnetic impurities are introduced in order to pro-
duce a magnetic ground state. These systems have re-
ceived great attention in recent years, since the discov-
ery of carrier induced ferromagnetism in (In, Mn)As [1]
and (Ga,Mn)As [2], and are believed to be fundamental
to fabricate spin-based electronic devices. Recently, a new
class of DMS has been investigated, namely DMS based on
high-k oxides, i.e. dilute magnetic oxides (DMO), after the
experimental evidence of room temperature magnetism in
transition metals (TMs) doped zirconia [3-6] (ZrOz), haf-
nia [7,8] (HfO3), and titania [9,10] (TiO2) and the theo-
retical prediction of high 7. in TMs doped ZrOs [11,12].
The understanding of DMS/DMO physical properties
constitutes a challenge for the theory as the fundamen-
tal mechanism leading to ferromagnetic (FM) interaction
between the dopants cannot be explained in terms of sim-
ple exchange mechanisms, at least at low doping concen-
tration, being the latter often too short-ranged. Among
the other, two theoretical models have been proposed to
describe FM effects: the first is based on the presence
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of impurity states in the crystal, impurity band model
(IBM) [13], the other on carriers in spin polarized bands,
carrier mediated model (CMM) [14] which is indeed a re-
fined version of the Zener model.

From the experimental side the inclusion and influence
of magnetic dopant, such as Fe, Co, Ni and Mn, is not
clearly understood. Indeed, while several DMS/DMO have
been predicted to have a Curie temperature (T;) above
room temperature, no experimental report of T, > 300 K
has been left unchallenged by other studies [15]. More-
over, some results suggest that magnetic impurities act as
paramagnetic (PM) centers with unusually long relaxation
time [16], at least at very low doping concentrations.

In this manuscript, we study iron doped zirconia
(ZrOg:Fe) focusing our attention on the magnetic prop-
erties of the system. In Section 2, we provide a structural
characterization of thin films grown by atomic layer de-
position (ALD). In particular, we show that the doping
is uniform, with high iron concentration and no segrega-
tion, and that zirconia is in the tetragonal/cubic struc-
ture. Thus, theoretically, we focus our attention on the
tetragonal structure of zirconia with substitutional iron
doping uniformly distributed in the sample. In Section 3,
we study the magnetization of the system and how it is
influenced by defects, i.e. oxygen vacancies (V(;.), com-
paring our results with the IBM and the CMM. Indeed,
in a recent work, we showed that iron doping induces VO",
with a ratio Yvse e = 0.5, for charge compensation, and
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Fig. 1. Structural properties of iron doped zirconia. (a): XRD patterns show that the film presents the cubic/tetragonal
phase [28]. A representation of the fully relaxed theoretical structure is also pictured with Fe atoms in red, Zr atoms in blue
and oxygens in black (we used the Xcrysden software [29]). (b): HAADF image and HREM inset showing the layered geometry
of the sample. The EDX chemical maps show a uniform doping distribution with no segregation.

that ZrOsq:Fe films growth by ALD presents a ratio close
to one half [17]. We finally investigate the magnetization
of the films growth by ALD. From the magnetization at
saturation, we extract the magnetic moment per atom
which is discussed in view of the results from theoretical
simulations.

2 Structural properties of ZrO;:Fe

In order to describe the effect of iron doping in zirconia,
ZrO9:Fe thin films were grown on Si/SiOs substrates in a
flow-type hot wall atomic layer deposition reactor (ASM
F120) starting from [-diketonates metalorganic precur-
sors. Ozone was used as oxidizing gas in the reaction pro-
cess. The Fe concentration in ZrOs:Fe films can be tuned
tailoring the Zr/Fe precursors pulsing ratio. In the present
work, however, we focused our attention on the high dop-
ing regime keeping the pulsing ratio fixed. The growth
temperature was maintained at 350 °C. After the deposi-
tion the films were annealed at 600 °C in Ny flux for 60 s
to study their thermal stability. Further details on the
samples preparation can be found in reference [18].

Film crystallinity was checked by X-ray diffraction
(XRD) at fixed grazing incidence angle w = 1° and us-
ing Cu K, (A = 0.154 nm) monochromated and colli-
mated X-ray beam (Ttalstructure XRD 3000, details on the
measurements can be found in Ref. [19]). In the present
work, all measures shown are from the same film which
we chose as representative of the high-doping concentra-
tion samples. Figure la shows that the films present a
cubic/tetragonal crystalline structure with an estimated
cell parameter, assuming a cublc cell, a = 5.024 A with
a contraction of about (dexp — a2, /aezp ~ —1.0%; here
agxp = 5.074 is the lattice parameter measured for un-
doped ZrO; films. Theoretically, we found, at z = 25%,
(atheo — a2y..) /0% .. ~ —0.4%, with a?, = 5.11, the lat-
tice parameter computed for ZrO,, while the tetragonal
deformation reduces from 3.05% to <1.0%.

The samples were then characterized by transmission
electron microscopy (TEM), performed by a JEOL 2200FS
microscope equipped with a high-angle annular-dark-field
(HAADF) detector, in-column energy filter and energy
dispersive X-ray (EDX) spectrometer. The layered geom-
etry of the samples is shown in Figure 1b. The Fe atomic
concentration measured by EDX is 25%, in agreement
within few percent to the estimation done by X-ray photo-
emission (XPS). The EDX maps, taken in different regions
of the samples, showed that Fe is uniformly distributed
across the film and no clusters or segregation at the grain
boundaries have been found (see Fig. 1b, insets).

Thus, theoretically, we computed, from first-principles,
the ground state of the tetragonal phase of ZrOs:Fe
with uniform iron doping distribution. We used
the PWSCF [20] package considering a super-cell
with 96 atoms; for all systems the atomic positions are
fully relaxed!. The ground state was computed with
the generalized gradient approximation [21] (GGA) to
the density functional theory (DFT) scheme [22,23] with
ultra-soft pseudo-potentials [24,25]. We have, recently,
shown that iron, in the zirconia host lattice, behaves like
Yttrium (Y), which is among the most studied dopant
of this oxide: it replaces zirconium atoms in the ZrOs
lattice inducing VO" for charge compensation, with a ratio
Yve jre = 0.5, and stabilizes the tetragonal phase above
xpe ~ 11% [17,26]. Calculations have been done at dif-
ferent doping concentrations, zp. = 6.24, 12.5, 25.0%
and different VO" concentration, considering the VO" to
Fe ratios Yve jre = 0, 0.5, 1, focusing our attention at
the high doping concentration limit, i.e. the concentration
measured experimentally. In the inset of Figure 1b, a re-
laxed structure at Yvee pe = 0.5 and xp. = 25%, which

is the expected structure in our films [17], is shown.

1 We use a cut-off of 35 Ry for the wavefunctions and 400 Ry
for the augmentation density; a Monkhorst-Pack grid 2 x 2 x 2
for the Brillouin zone.
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Fig. 2. (a—) Theoretical density of states and (d—f) magnetization density isosurfaces at m = 0.01 a.u. for the ferromagnetic

configuration at yy,ee JFe
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splitting is visible with the e doublet, d.2» and d,2_,

=0, 0.5, 1. The density of states projected on the d atomic orbitals is also shown. The crystal field

2 in blue, at higher (lower) energy in the majority (minority) spin channel

respect to the t triplet, dyy, dz. and dy. in red. In panels d—f, Fe atoms are represented in red, Zr atoms in blue and oxygens

in black.

In the next section, we discuss in details how the mag-
netic properties of the system and its electronic struc-
ture are correlated. In particular, the density of states
(DOS) at the Fermi level can crucially affect the exchange
mechanisms in the system. The results presented here are
obtained within the GGA approximation which is known
however, to suffer of the self-interaction problem and thus
to de-localize too much the d electrons. Thus, the so-called
Hubbard U parameter (GG + U scheme) is often used.
Indeed in reference [17], we have discussed how this cor-
rection modify the DOS of the system. However, we have
also shown that the U = 0.0 eV choice better reproduces
the experimentally measured band structure. Accordingly,
in the present manuscript, we discuss the magnetic prop-
erties in this configuration, i.e. within the simple GGA
scheme, pointing out how the Hubbard U correction would
eventually modify the conclusions of our approach.

3 Magnetic properties of ZrO,:Fe

Starting from the fully relaxed structures considered at
Tre = 25%, we computed the local magnetization of the
system. In Figure 2, the magnetization density, i.e. the dif-
ference between the spin-majority and the spin-minority
density is represented for Yyt pe = 0, 0.5, 1. In order

to compare the present results with the IBM, also the

total DOS are plotted. The FM configuration is consid-
ered for better clarity as it helps to distinguish between
the minority and the majority spin channel. However, all
the conclusion we will draw in the following also hold for
the anti-FM configuration (see Figs. 3b and 3c for a com-
parison of the anti-FM magnetization density).

At Yvee pe = 0, the system shows holes in the va-

lence band (Fig. 2a) because iron acts as an acceptor;
the projected DOS shows that these are localized on the
Fe (dzy) level. As a consequence the majority-spin d band
is not completely filled, the magnetic moment per iron
atom is 4up and iron is forced in a +4 oxidation state.
This also breaks the spherical symmetry of the system
and the shape of the magnetization density close to the
oxygens is not isotropic, with a peculiar doughnut shape
oriented in the xy-plane.

Creating VC;., i.e. increasing Yvs® /pe > 0, electrons

are released in the system. These fill the empty d, levels
with a charge-transfer mechanism. At Yve pe = 0.5, the
majority d band is completely filled, the magnetic mo-
ment per iron atom is 5up and the magnetization has a
spherical shape. The system turns into a charge-transfer
semi-conductor (Fig. 2b). At Yvse e = 1, electrons fill the
minority d levels and the magnetic moment per iron atom
is reduced to 4up. However, the minority d electron does
not participate in the bonds, thus the anisotropy is only
weakly transferred to the p orbitals of oxygen (Fig. 2c).
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Fig. 3. (a) Magnetization hysteresis loop measured by alternating gradient force magnetometer at room temperature. The

JFe deviates from 0.5

of about 10%. The magnetization density for the anti-FM configuration at Yvse jpe = 0.5 is plotted in panels (b—c). (b) 2D

contour plot of the magnetization density along the plane (1 -1 0). (c) Positive (red) and negative (blue) isosurfaces of the

magnetization density at m = £0.02.

In all configurations, the magnetization is mainly located
around the Fe atoms and it is in part transferred to the
oxygen next nearest neighbor suggesting a short range
magnetic interaction (Figs. 2d—-2f).

It is worth to compare the DOS of our system with the
IBM. A crucial assumption of the IBM is that the pres-
ence of VO“ creates impurity states with poorly localized
electrons. These, already at low doping concentration,
would overlap to create an impurity band that can medi-
ate the FM interaction among nearby iron atoms. Indeed
VO“ are a common defect in pure ZrO, films where they
create impurity states close to the conduction band. How-
ever in the case for ZrOs:Fe the situation is different, as
shown in Figures 2a—2c. For low VO" concentration, i.e.
Yvse re < 0.5 no impurity states are associated to VO“
while for « > 0.5 impurity states appear but higher in
energy than the empty spin minority d-levels. Thus the
extra electrons are trapped in the Fe(d) levels and the im-
purity states remain empty. More in general, the majority
of magnetic transition metals (TMs), i.e. Fe, Co, Ni, Mn,
and Cr, have +2 or +3 as most stable oxidation state and
we expect a similar picture for all TMs doped XOs oxides,
at least for yyee p, < 0.5 (1.0), in the case of +3 (+2)
oxidation state. Thus, according to our results, the IBM
cannot be invoked to describe the magnetic ground-state
for ZrOy:Fe and for XO5:TM in general.

The situation depicted is much closer to the CMM
proposed for Gaj_,Mn,As. In Ga;_,Mn,As, Mn acts as
an acceptor which compensates the anti-site defects com-
monly present in GaAs giving a charge-transfer semicon-
ductor; in ZrOq:Fe, Fe acts as an acceptor compensating

the VO“- The main difference between the two systems is
the nature of the host lattice, a covalent semiconductor
the former and a polar oxide the latter. In Ga;_,Mn,As,
when x\, exceeds the anti site defect concentration, the
system behaves like a metal with holes in the valence band.
In ZrOs:Fe instead, at Yyse e < 0.5, the holes are local-

ized onto the d, states (see Fig. 2b); conduction could be
possibly obtained only at high doping concentration with
a hopping like mechanism.

The main effect of the Hubbard U term is to shift
down in energy the occupied d orbitals. In particular, at
Yvse jpe = 0, this tends to de-localize the hole in the va-
lence band from the iron d orbitals to the oxygen p levels.
At Yvse e = 0.5 no other qualitative change in the DOS
can be observed. Finally, at Yvse jpe = 1, the Hubbard
U correction opens a gap between the occupied and the
empty d orbitals in the minority spin channel. However,
all the consideration on the IBM and the CMM still holds.
The de-localization of the holes for Yvee yre < 0.5 could
possibly make the system more similar to standard DMS
as Gaj_,Mn,As. However, we remind that in the case of
Zr02:Fe, the Hubbard U correction does not improve the
description of the electronic properties of the system over
standard GGA [17]. Also, the de-localization of holes in
oxides is under debate [27].

We then focus our attention on the strength of the
magnetic interaction in our system. This in principle can
be understood computing the energy difference between
the FM and the PM phase. The latter however can be
hardly described within a periodic code, as the description



of random magnetic moment orientations would require
huge super-cells with a non-collinear description of the
wavefunctions. The energy difference per iron atom be-
tween the FM and the anti-FM configuration however can
be used as a reasonable approximation [15]. We found
that at lower doping, zp. = 6.25, 12.5%, the energy
difference is very low with AE/kp of the order of few
Kelvin?. The anti-FM configuration is slightly favored at
Yvet re = 0.5, while the FM one is slightly favored at

Yvse jpe = 0. Instead at zr. = 25%, in both cases, the

anti-FM configuration is favored with AE/kp ~ 150 K
for Yysae sre = 0.5 and AE/kp ~ 20 K for Yyae re = 0.
This suggests a short range interaction which becomes rel-
evant at rp. > xp, with xp the percolation threshold, i.e.
an anti-FM super-exchange mechanism which is dominant
in the Yvse e = 0.5 case. For the Yvse jpe = 0 configu-

ration, however, this super-exchange mechanism appears
to be in competition with a FM interaction which could
be explained in terms of the CMM model, though with a
weaker effect due to the low mobility of the holes. This
results in a weakly FM interaction at low doping and a
weakly anti-FM interaction at higher doping. In this case,
the predictions of the GGA + U approach are substan-
tially different. Indeed the U correction, de-localizing the
holes, strongly enhances the CMM mechanism and indeed
the systems turns out to be ferromagnetic at any doping
concentration with AE/kp ~ 150 K at zp, = 25%.
Experimentally, the magnetic properties of sample
with zp. ~ 25% were studied by means of alternated gra-
dient force magnetometry (AGFM). Magnetization mea-
surements, performed at room temperature by apply-
ing the magnetic field parallel to the film plane, show
a clear hysteresis loop characterized by a coercive field
poH. ~ 0.03 T (Fig. 3a). From the saturation magneti-
zation value a magnetic moment per Fe atom m ~ 0.6up
can be extrapolated. This is consistent with the values
reported in the literature but is one tenth of the theoret-
ically predicted value, m ~ 5up. Moreover, theoretically
we found that the anti-FM configuration is the most sta-
ble at least for Yvet re = 0.5, which is the expected sit-

uation in our films [17]. In Figures 3b and 3c, we plotted
the magnetization density in the anti-FM configuration
for Yvse e = 0.5. As in the case of FM ground state, the
magnetization is mainly located on the Fe atoms and the
next nearest neighbor oxygens.

The discrepancy between the theoretically and the ex-
perimental results could be possibly explained supposing
that experimentally Yvet jpe = 0.5 were not fulfilled by
few percent of the Fe atoms, which thus would be in the
Fe't /Fe*t oxidation state. If we assume that these ions
would couple with FM interaction, with a CMM like mech-
anism, the net results would be a weak magnetic system
with low magnetic moment per atom. Also in this case,
however, the energy difference between the FM and the

2 The ferromagnetic structure at xp. = 12.5% is frustrated.
Considering the closest Fe-Fe atoms we have in total, within
in the supercell, 6 anti-ferromagnetic “connections” and 2 fer-
romagnetic connections.
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anti-FM configuration is too low to explain the experi-
mental result. A possible mechanism to explain the room
temperature magnetism is suggested by the LDA + U ap-
proach where the de-localization of the holes strongly en-
hances the CMM mechanism. However, further investiga-
tions are needed, both experimentally and theoretically,
to clarify this point.

4 Conclusions

In conclusion, we have studied both theoretically and ex-
perimentally thin films of iron doped ZrOs. Experimen-
tally, we have shown that iron distributes uniformly at
high doping concentration with no cluster formation and
that the system is magnetic at room temperature. With
first principles simulations we have discussed the possi-
ble magnetization mechanisms comparing our results with
other model proposed in the literature. We showed that
the impurity band model cannot be invoked in the case
of iron doped zirconia while the carrier mediated model
could be possibly considered for uncompensated oxygen
vacancies concentration (i.e. Yvse sre # 0.5). The stan-

dard super-exchange mechanism however appears to be
dominant for Yvss jre = 0.5.

From magnetization measurements of highly doped
samples, we found a low saturation magnetization value
corresponding to low magnetic moment per Fe atom. We
tried to interpret the experimental results in view of our
theoretical findings. However, the difference between the-
ory and experiments suggest that other effects need to be
taken into account for a correct description of the mag-
netic properties of the system. The role of the Hubbard
U correction together with the deviation from the theo-
retically ideal Yvet pe = 0.5 configuration have been pro-

posed as possible candidates.
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