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Ir doped ZrO 2 gradual atomic change
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This paper presents the structural, magnetic properties, and spin moment cancelation phenomenon of the zirconium oxide with a gradual
change of zirconium for Iridium. The density functional theory (DFT) is shown to be a key feature of magnetic properties of solid materials
treatment. It’s shown that a small adjustment of the spin moment (less than 6%) is allowed. The Zr1−xIrxO2 crystal structure deformation
leads to a magnetic compensation which occurs atx = 0.06. Spin and orbital moments behaviors are discussed. The stability of the alloys
compounds is confirmed by energy calculations. The material presents ferromagnetic stability and an indirect exchange coupling with a
hybridization effect that permitted the evolution from a non-magnetic to a host material with magnetic properties. The Ir orbitals are set at
the Fermi level and are spin polarized which indicates a half metallic behavior then makes the material a good candidate for spintronics’
applications.
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1. Introduction

Dilute magnetic semiconductors (DMS) [1] have been widely
considered and still attracting much interest in the field of
spintronic applications in the last decades [2,3], to find oper-
ational electronic materials with spin effect properties that
can be obtained by atomic substitution or doping the host
semiconductor with a magnetic element like Transition Met-
als (TM). These materials exhibit important properties among
them the possibility to manipulate the electron charge as well
as that of spin, which in turn can be used in spintronics ap-
plications to be used in quantum computers; [4-6] both in
the use in spin-based polarized transistors and non-volatile
RAMs [4]. And when doped with transition metal (TM),
the dislocated magnetic moments can present ferromagnetic
states at room temperature and good thermal equilibrium sta-
bility [7], which can give the possibilities of optimized spin-
tronic’ applications and devices. Several investigations were
made these last years about doping diluted magnetic semi-
conductors and oxides like TiO2, SnO2, and ZrO2, to predict
high-temperature ferromagnetism in some DMS, which gave
these materials enormous interest concerning spintronic de-
vices [8,9].E.g., spin-orbit interaction and the interface con-
tribution of the spin-orbit coupling in such materials [10,11].
Zirconium dioxide (ZrO2) has a wide band gap semiconduc-
tor with potential technological applications like gas sensors,
solid fuel cells, high durability coating, and catalytic agents
[12,13]. These make it a candidate in gate stack, dynamic ac-
cess memory devices, and optical applications, thus, replac-
ing SiO2 as an advanced metal oxide semiconductor [14].

ZrO2 is one of the ceramic materials with a large band gap
and due to its suitable physical properties, is a good candi-
date for electronic and optoelectronic devices like red, blue,
and green lasers and light-emitting diodes (LED), which are
widely used for producing the full-color visible optical de-
vices [15,16]. And its dielectric properties have diverse ap-
plications such as in gas sensors, solid fuel cells, high dura-
bility coating, and catalytic agents [14], in addition to possi-
ble uses due to its structural and optical characteristics in red,
green, blue lasers, and light emitting diodes LED [17]. Previ-
ously in the study on the doping of Zirconium Dioxide with
zirconium interstitial (Zri), antisite of zirconium (ZrO), zir-
conium vacancy (VZr), oxygen interstitial (Oi), oxygen an-
tisite (OZr), and oxygen vacancy (VO), it was shown that
only oxygen interstitial (Oi), and oxygen antisite (OZr) pro-
vide magnetic moments in ZnO [14]. However, this paper
presents the first principal calculations about pure ZrO2 ma-
terial, and the doping with Iridium element to show the effect
of this non-TM defect on the magnetic properties of the zir-
conia. The phenomenon that loads to the magnetism in our
material is discussed as also those responsible for the can-
celation of the magnetic interactions at certain delocalized
defect concentrations. The concentration variation of doping
also is studied in this research paper to show the magnetic sta-
bility and estimate the Curie temperature of the compound.

2. Computational method and details

ZrO2 has a cubic crystalline unit cell structure belonging to
the space group number 216 Fm3m from the X-Ray Crys-
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FIGURE 1. The unit cell of the Zirconium oxide ZrO2.

tallography international table, with a lattice parameter of
5.09Å [18]. The inter-sites defects are represented by empty
spheres Z=0. The atoms’ positions are 4a Wyckoff (0,0,0) for
zirconium and 8c Wyckoff (1/4,1/4,1/4) and (3/4, 3/4,3/4) for
the oxygen atoms. The zirconium oxide unit cell is presented
in Fig. 1. The dislocated defects of Iridium are incorporated
into the host material by atom change doping where Ir atoms
replace Zr ones.

To study the ferromagnetism in the material alloy Ir-
doped ZrO2, the density functional theory (DFT) was taken
into consideration using the Korringa-Kohn-Rostoker (KKR)
method implemented with the Coherent Potential Approxi-
mation (CPA) where the corresponding wave functions in the
muffin-tin spheres may be expanded with the real harmonics
up tol = 2, wherel is the angular momentum defined at dif-
ferent sites. The Local Density Approximation (LDA) is one
of the most used approximations to calculate the exchange
and correlation potential with a slow fluctuation of the elec-
tron density. Thus, this approximation allows the replace-
ment of the exchange-correlation term at each point with
that of a uniform gas of interacting electrons which allows
high precision in the results [19,20]. The KKR-CPA and the
Green functions implemented in the MACHIKANEYAMA
electronic structure calculation code [21] used in the present
work are effective for studying the electronic properties of
disordered systems such as alloys because it takes into ac-
count (as described by Friedel fourteen years earlier [20]),
the influence on electrical conduction of the hybridization of
the s − p bands with thed bands as well as of the virtual
bound states.

3. Results and discussion

The density of states of our pure and Ir-doped ZrO2 was in-
vestigated to examine the electronic structure and the mag-
netism in the above-mentioned alloy. The oxygen atoms
around Zr ones form a crystal field that allows the3d zir-

FIGURE 2. The total and partial densities of states of Pure ZrO2.

conium orbitals to be split tot2g andeg successively upper
triply degenerate and lower doubly degenerate [22].

The total and partial density of states of pure zirconium
oxide shown in Fig. 2 indicate a non-magnetic material due
to the symmetry between minority and majority spins in up
and down states of orbitals in both valence and conduction
bands [23]. This is confirmed by a zero magnetic moment
computed for this material. A notable underestimation of the
band gap value found (about 3.01 eV) compared to the ex-
perimental results of 5.7eV [24], is due to the overestima-
tion of the interaction energy by the DFT method [25]. This
can be observed in the figure where the valence band has a
large width, with a main contribution of the oxygenp orbital
while the zirconiumd orbitals are mainly located at the con-
duction band. It was previously demonstrated that defects
induce states in the band gap where its locations concerning
the valence band maximum conduction band minimum can
help predict the contribution of the dislocated atoms and their
different magnetic aspects [26,27].

FIGURE 3. The total and partial densities of states of Iridium doped
ZrO2 at 3%.
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FIGURE 4. The total DOS evolution with Ir doping variation.

From Fig. 3, which presents the total and partial densi-
ties of states of ZrO2 doped with Ir at 3% of Zr atom change,
we can observe an Ir band located at the Fermi level. This
Ir(3d) spin polarization has a third party in the valence band
and the rest in the conduction band. This means that it’s a
t2g+ orbital containing one electron which gave the material
a half-metallic behavior. Theeg orbitals (eg+ andeg−) are
completely occupied and located in the valence band, while
thet2g− is empty and located in the valence band [28]. In the
valence band, we can notice a notable contribution of the oxy-
genp orbital atoms which is due to their interaction with the
new Ir dislocated defect. This hybridization of oxygen with
iridium atoms gave rise to magnetism in the material due to
the exchange atomic coupling [29]. The non-zero magnetic
moment of the new alloys confirms that the material is a di-
luted magnetic semiconductor.

Figure 4 shows an evolution of the density of states of
the compound as a function of Ir atoms doping. It can be
noticed a small shift of the valence band to higher energy in-
dicates that the doping elements introduce new partially oc-
cupied states in the band gap with the creation of new positive
charge carriers allowing the excitation of electrons from the
valence to the conduction band and then making the Ir-doped
ZrO2 and acceptor. The indirect coupling exchange character
in this material is because of the intervention of the oxygen

FIGURE 5. The double exchange coupling and Ir−d orbital behav-
ior.

atoms in the magnetic interaction between localized magnetic
moments carried by iridium charge carriers [30]. This also
led to a ferromagnetic aspect due to the exchange splitting
of Ir(3d) orbitals with a large variation that could lead to a
high tunnel barrier and then produce a spin-polarized current.
This ferromagnetic behavior is verified by an energy stability
comparison between the ferromagnetic state and a disordered
local state created by splitting half of the spins to simulate an
anti-ferromagnetic magnetic moment [27,31].

There is a hybridization between the oxygen and the irid-
ium bands that indicates an indirect coupling. And due to
the enlargement and the amplitude reduction of the Ir-d or-
bital peaks shown in Fig. 5, it can be concluded that the mag-
netic interaction has a double exchange behavior [32]. Ta-
ble I shows the variation of the total energy, total magnetic
moment, and partial magnetic moments of Zr, Ir, and O. it
can be seen that the total magnetic moment increases by in-
creasing the amount of the iridium impurities till it reaches
6% of Ir where it suddenly decreases then disappear at 7% or
more. This may be due to the solubility of the material and
its structural changes because of the atomic radius difference
between Ir and Zr where the atomic radius of Ir = 0.2 nm and
the one of Zr = 0.160 nm. This phenomenon of spin moment

TABLE I. The variation of the total energy and the total and partial spin moment as a function of the Ir doping concentration.

Total Energy Total magnetic moment Zr spin moment Oxygen spin moment Ir spin moment

Pure -7489.2214621 0 0 0

Ir at 1% -7649.5048476 0.0128 0.00053 0.00177 0.74409

Ir at 2% -7914.9012634 0.0225 0.00089 0.00318 0.65074

Ir at 3% -8180.2977255 0.0317 0.00123 0.00451 0.61039

Ir at 4% -8445.6942096 0.0402 0.00154 0.00574 0.58167

Ir at 5% -8711.0907072 0.0443 0.00167 0.00633 0.51290

Ir at 6% -8976.4847222 0.0184 0.00070 0.00263 0.17854
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cancelation due to a non-collinear magnetic arrangement pro-
duces a deformation of the structure of Ir-doped ZrO2 and
changes the interaction distance of the polaron of delocalized
and localized spins [33], thus reducing the magnetic interac-
tions and then the magnetic moment till its annulation.

The existence of the oxygen spin moment indicates the
indirect interaction and the contribution of the oxygen in the
magnetic interactions. Its variation is also increasing with
the Ir concentration till the cancelation of spin and orbital
moments [34]. The increase in the magnetic moment of Zr
and the decrease in the magnetic moment of Ir are due to the
phenomenon of magnetic moment compensation that leads to
an average interaction between different spins [35]. The Fer-
romagnetic state is the lowest in energy consideration. With
Ir atom doped compounds, the energy difference is going to
be smaller and still dominates the Ferromagnetic states. The
local spin moment per Ir atom seems to decrease which in-
creases the O and Zr spin moment, whereas the net magnetic
moment of a doped compound increases gradually till 5% of
the impurity concentrations. The ferromagnetic stable state is
confirmed by comparing the energy of the ferromagnetic and
the Disordered Local Moment state “DLM”, which is sim-
ulated by splitting the spin carriers and applying a succes-
sively UP and DOWN polarization of each half of them, then
calculating the total energy of each system. The Ferromag-
netic state shows lower total energy compared to the DLM
one, which makes it more stable. This allows us to estimate
the magnetic phase change Curie temperature using the Mean
Field Approximation and the following equation [36]: can be
introduced as numbered equations

KBTC =
3
2

∆E

c
, (1)

whereKB is the Boltzmann constant,TC is the Curie tem-
perature,∆E is the energy difference between the DLM state

and the ferromagnetic state,C is the Concentration of the Ir
atoms.

The results are 301 K for 1% atomic change Ir doping,
then goes decreasing, this makes the material a good can-
didate for spintronics and optoelectronics applications with
an energetically stable structure in comparison with the pure
host material indicated by the lower total energy values found
[37].

4. Conclusion

DFT was used to study the electronic structure and predict the
structural, electronic, and magnetic properties of zirconium
oxide with a gradual atomic change of Zr by Iridium atoms.
The material presents a high Curie temperature at a low con-
centration of the doping element. The gradual zirconium
change allows the adjustment of the material spin moment
until 6% of iridium. Then a complete spin and orbital mo-
ment cancelation phenomenon appears at 7% due to a non-
collinear magnetic arrangement caused by Ir and its radius
difference that leads to structural deformation. The magnetic
interaction in this material is a double exchange type because
of the indirect coupling with the oxygen atoms. The iridium
t2g+ orbital is partially occupied which makes it located at
the Fermi level with a 100% spin-polarized. This makes the
material have a half-metallic behavior, thus making it a good
candidate for spintronics and optoelectronics applications.
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