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  1   .  Introduction 

 Many complex oxides, including ceramics and minerals, have 
the potential to exhibit cation disorder over different crystallo-
graphic sites. In particular, ternary spinel oxides of the compo-
sition A 2 BO 4 , [  1  ]  are known to exhibit a large degree of cation 
disorder over the two types of lattice sites, those tetrahedrally 
( Td ) or octahedrally ( Oh ) coordinated by the oxygen. [  2,3  ]  In a 
“normal” spinel, the B ions are found in the  Td  sites and the 
A ions in the  Oh  sites. In an “inverse” spinel, half of the A 
ions occupy the  Td  site and the other half occupy the  Oh  sites 
while the B ions occupy the remaining  Oh  sites. As a conse-
quence, properties of spinels such as conductivity depend 
considerably on the level of disorder as the cations (often 

transition metals) can behave very differ-
ently depending whether they are octahe-
drally or tetrahedrally coordinated. [  4,5  ]  This 
makes spinel oxides ideal materials for 
studying structure-property relationships, 
and the understanding of the effects of 
the disorder could enable the controlled 
engineering of functionalities in device 
applications. 

 While often disorder results in 
decreased conductivity, theory has pre-
dicted that cation-site-occupancy disorder 
(hereinafter referred to as “cation dis-
order”) should have a net hole producing 
effect for a special class of II-III  normal  
spinels typifi ed by Co 2 ZnO 4  and denoted 
Doping Type 2. [  6  ]  Ni was predicted to 
be one of the best extrinsic dopants of 

Co 2 ZnO 4  by Perkins et al., [  7  ]  with Ni equilibrium solubility pre-
dicted to be only about 4%. Surprisingly, with increasing Ni 
content from Co 2 ZnO 4  (0% Ni) to Co 2 NiO 4  (100% Ni) electrical 
conductivity increased monotonically by more than four orders 
of magnitude. Co 2 ZnO 4  a “normal” spinel and Co 2 NiO 4 , an 
“inverse” spinel that exhibits a large p-type conductivity [  8  ]  have 
raised considerable interest for potential applications in pho-
tovoltaics, [  9,10  ]  photodetectors, [  11  ]  oxygen reduction, [  12  ]  electrode 
catalysis, [  13  ]  and batteries. [  14,15  ]  

 The objective of the present work is to establish the relation-
ship between cation  Td / Oh  site disorder and conductivity in 
both Co 2 ZnO 4  and Co 2 NiO 4 , to elucidate the electronic struc-
ture origin of the doping mechanism, and to develop a thermo-
dynamic model that allows to describe, and ultimately control, 
the non-equilibrium disorder. In order to achieve this objective, 
we employ non-equilibrium fi lms growth using pulsed laser 
deposition, [  16  ]  induce cation-site occupancy changes by post-
deposition annealing, [  3  ]  and perform before and after annealing 
resonant elastic X-ray diffraction (REXD) [  17,18  ]  and conductivity 
measurements. In the theoretical part of this work, we use den-
sity functional calculations to determine the dependence of the 
electronic structure and of the formation enthalpy on the degree 
of disorder. In order to model non-equilibrium disorder, we 
combine experimental (site-occupancy measurements) and the-
oretical (enthalpy of disorder) information, and defi ne an effec-
tive temperature, [  19,20  ]  i.e., the temperature at which a material 
in equilibrium would have the same degree of disorder as the 
fi lm grown under non-equilibrium conditions. This concept 
provides a way to quantify the disorder due to non-equilibrium 

 Control of the Electrical Properties in Spinel Oxides by 
Manipulating the Cation Disorder  

    Paul F.     Ndione   ,*      Yezhou     Shi    ,     Vladan     Stevanovic   ,      Stephan     Lany    ,     Andriy     Zakutayev    , 

    Philip A.     Parilla    ,     John D.     Perkins    ,     Joseph J.     Berry    ,     David S.     Ginley    , and     Michael F.     Toney    *  

     In this work, the impact of cation disorder on the electrical properties of 
biaxially textured Co 2 ZnO 4  and Co 2 NiO 4  thin fi lms grown by pulsed laser 
deposition are investigated using a combination of experiment and theory. 
Resonant elastic X-ray diffraction along with conductivity measurements both 
before and after post-deposition annealing show that Co 2 ZnO 4  and Co 2 NiO 4  
exhibit opposite changes of the conductivity with cation disorder, which can 
be traced back to their different ground-state atomic structures, being normal 
and inverse spinel, respectively. Electronic structure calculations identify a 
self-doping mechanism as the origin of conductivity. A novel thermodynamic 
model describes the non-equilibrium cation disorder in terms of an effective 
temperature. This work offers a way of controlling the conductivity in spinels in 
a quantitative manner by controlling the cation disorder and a new design prin-
ciple whereby non-equilibrium growth can be used to create benefi cial disorder.      

  DOI:  10.1002/adfm.201302535  

     Dr. P. F. Ndione, Dr. V. Stevanovic, Dr. S. Lany, 
Dr. A. Zakutayev, Dr. P. A. Parilla, Dr. J. D. Perkins, 
Dr. J. J. Berry, Dr. D. S. Ginley  
  National Renewable Energy Laboratory  
   Golden  ,   Colorado  ,   80401  ,   USA    
E-mail: paul.ndione@nrel.gov
     Y. Shi, Dr. M. F. Toney
SLAC National Accelerator Laboratory  
   Menlo Park  ,   California  ,   94025  ,   USA    
E-mail: mftoney@slac.stanford.edu
     Dr. V. Stevanovic
Colorado School of Mines
Department of Physics  
   Golden  ,   Colorado  ,   80401  ,   USA        

Adv. Funct. Mater. 2014, 24, 610–618

http://doi.wiley.com/10.1002/adfm.201302535


FU
LL P

A
P
ER

611

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

consequence, it was not possible to provide direct experimental 
evidence of site occupancy change in these materials after 
annealing. Hence, we fabricated biaxially textured spinel fi lms 
on single crystal SrTiO 3  using PLD to ensure suffi ciently high 
signal-to-noise ratio for REXD. 

 After deposition, the Co 2 NiO 4  and Co 2 ZnO 4  fi lms are cut 
into half. The fi rst half of the fi lm is maintained in its as-
deposited condition, while the second half of each sample 
is subjected to annealing in air at 650  ° C (higher annealing 
temperature leads to phase segregation) for 1 h. We observe 
that annealing changes the conductivity of both materials. As 
reported in  Table   1 , for Co 2 NiO 4 , the conductivity increases 
from 33 ± 2 S/cm to 53 ± 3 S/cm after annealing, whereas 
for Co 2 ZnO 4 , the conductivity decreases from 10.5±0.8 S/
cm to 3.2 ± 0.6 S/cm. All fi lms exhibit positive Seebeck coef-
fi cients, confi rming p-type conductivity for both Co 2 NiO 4  and 
Co 2 ZnO 4 . Specifi cally, the measured Seebeck coeffi cients are 
13.1 and 143.0  μ V/K for as-deposited Co 2 NiO 4  and Co 2 ZnO 4 , 
respectively, and 8 and 124.9  μ V/K for annealed Co 2 NiO 4  and 
Co 2 ZnO 4 , respectively, with an experimental uncertainty of ±0.8 
 μ V/K for all measurements.  

 The REXD results for the as-deposited Co 2 NiO 4  fi lm are 
shown in  Figure    1  . We fi t simulated energy-dependent REXD 
spectra to experimental diffraction intensities in order to deter-
mine site occupancies and degree of inversion. The open cir-
cles are integrated diffraction peak intensities corrected for 
absorption and the solid lines are the best fi t calculated REXD 
spectra. The error bars to the integrated intensity are accumu-
lated errors from correcting the fi lter attenuation and the beam-
line background, which is estimated as 1% of the integrated 
intensity in the raw data, by measuring the above-mentioned 
attenuation multiple times. The experimental data and simu-
lation show a very good agreement, in both the “dip” at the 
absorption edges and in the regions that are a few hundred eV 
above or below the edges. Moreover, our simulation based on 
anomalous scattering factors captures the fi ne structures in the 
REXD (visible around 7800 eV in the Co edge data and around 
8400 eV in the Ni edge data). The data analysis scheme is 
applied to all four samples studied here (see Supporting Infor-
mation). Table  1  shows the summary of results related to the 
degree of inversion, chemical composition, electrical conductiv-
ities and site occupancies of all four samples. The results of the 
degree of inversion investigation in as deposited and annealed 
Co 2 NiO 4  and Co 2 ZnO 4  are presented in  Figure    2   (also shown in 
the Supporting Information). Three important points emerge 
from the analysis.   

growth techniques and offers the route for controlling the con-
ductivity in spinels in a quantitative manner by controlling the 
cation disorder.  

  2   .  The Order Parameter Describing Inversion 
in Spinels 

 The stoichiometric spinel chemical formula can be written 
as [A 2– λ  B  λ  ](A  λ  B 1– λ  )O 4 , with the two types of cations, A and 
B, occupying two types of interstitial sites in the slightly 
deformed fcc oxygen sublattice. Brackets denote octahedrally 
coordinated cation sites, whereas the tetrahedral sites are 
written in parentheses. The concentration of A cations on tet-
rahedral sites  λ  is referred to as the inversion parameter and 
takes values between 0 and 1. At low temperatures, spinels 
tend to order in either  normal  spinel structure (cubic Fd3m 
space group with  λ  = 0) in which all A cations occupy the octa-
hedral and all B cation occupy the tetrahedral sites, or  inverse  
spinel structure (tetragonal P4 1 22 with  λ  = 1) with half of A 
and all B cations distributed over the octahedral sites, while 
the tetrahedral sites ones are populated exclusively by the A 
cations (second half). 

 A deviation from these ground state confi gurations occurs 
with cation disorder – A and B cations exchange their sites. 
The disorder can be intrinsic (driven by entropy at increased 
temperatures) or due to non-equilibrium growth where the 
cations are more randomly distributed than in equilibrium. 
The point of maximal cation site randomness leads to an 
inversion parameter  λ  = 2/3 (see below). Thus, the inver-
sion parameter can be expected to lie in the range 0 ≤  λ  ≤ 
2/3 for “normal” spinels and in the range 2/3 ≤  λ  ≤ 1 for 
“inverse” spinels. It is also important to note, that while the 
degree of cation disorder grows with  λ  in normal spinels (e.g. 
Co 2 ZnO 4 ), the trend is exactly the opposite, i.e. the cation dis-
order decreases with  λ  in spinels that are nominally inverse 
(e.g. Co 2 NiO 4 ).  

  3   .  Cation Disorder Measurements and Electrical 
Properties 

 Polycrystalline samples of Co 2 NiO 4  and Co 2 ZnO 4  materials 
have previously been fabricated using sputtering. [  10  ]  However, 
the polycrystalline nature of the sputtered thin fi lms on glass 
made it diffi cult to determine accurately the value of  λ  and as 

 Table 1.   Summary of fi tted site occupancies and electrical properties of four samples. For Co 2 NiO 4  (or Co 2 ZnO 4 ), a higher Ni  Oh   (or Zn  Oh  ) 
corresponds to a higher conductivity. 

sample     composition      Td  Site     Oh  site     Oh  site   
Degree of inversion  

Conductivity 
[S/cm]   

Co  Ni/Zn  Co  Ni/Zn  

Co 2 NiO 4  as-deposited  Co 2.01 Ni 0.99 O 4   0.88  0.12  0.57  0.43 ± 0.02  0.86 ± 0.04  33 ± 2  

Co 2 NiO 4  annealed  Co 1.99 Ni 1.01 O 4   0.98  0.02  0.52  0.48 ± 0.02  0.98 ± 0.04  53 ± 3  

Co 2 ZnO 4  as-deposited  Co 2.0 Zn 1.0 O 4   0.44  0.56  0.78  0.s22 ± 0.05  0.42 ± 0.09  10.5 ± 0.8  

Co 2 ZnO 4  annealed  Co 2.09 Zn 0.91 O 4   0.32  0.68  0.91  0.09 ± 0.045  0.2 ± 0.1  3.2 ± 0.6  
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energy necessary to overcome kinetic barriers, thereby driving 
the sample closer to thermodynamic equilibrium. For biaxi-
ally textured Co 2 NiO 4 , the annealed sample shows a slightly 
higher Ni  Oh   (48%) than the as-deposited (43%) sample. Since 

 First, the biaxially textured Co 2 ZnO 4  shows decreased Zn  Oh   
upon annealing (from to 22% to 9%). Co 2 ZnO 4  is known as 
a normal spinel in its equilibrium state because Zn prefer-
entially occupies the  Td  sites. [  7  ]  Annealing provides thermal 

      Figure 1.  Fitted REXD results for the as-deposited Co 2 NiO 4  sample. Open circles are experimental results corrected for absorption, whereas solid lines 
are calculated values based on the best fi t. a) Data for (222) refl ections near Co absorption edge, which indicates amount of Co occupying the  Oh  sites; 
b) data for (222) refl ections near Ni absorption edge; c) (422) refl ections near Co absorption edge, which indicates the amount of Co occupying the 
 Td  sites; d) (422) refl ections near Ni absorption edge. 

      Figure 2.  Opposite trends of the electrical conductivity as a function of the degree of inversion  λ  (green dots) in Co 2 ZnO 4  and Co 2 NiO 4  spinel oxides. 
Numerical values for the as-deposited and annealed fi lms are provided in Table  1 . Red curve shows the dependence of the confi gurational entropy on 
the degree of inversion as calculated from Equation  (1) . Arrows denote directions of the changes of  λ  parameter with annealing and T* are the effec-
tive temperatures quantifying the equilibrium conditions at which  λ  values equal those in the as grown and annealed samples (see text for details). 
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produces no holes and not contribute to p-type conductivity. 
Our fi rst principles calculations below show that Ni  Oh   forms 
only a rather deep unoccupied gap state—which can be inter-
preted as Ni(III)—up to fairly large values of about  λ  = 0.75. 
Thus, up to the corresponding site Ni  Oh   occupancy of  λ  = 0.38, 
one does not expect signifi cant conductivity. However, at high 
degree of inversion approaching unity, the unoccupied gap 
states merge with the valence band forming a half-metallic state 
(see below). The conductivity is expected to increase strongly 
around this metal-insulator transition, explaining the observed 
non-proportionality between the Ni  Oh   site occupancy and the 
conductivity.  

  4   .  Theoretical Description of Cation Disorder 

  4.1   .  Energetics 

 To understand and explain the opposite effect of the cation dis-
order on the conductivity of Co 2 NiO 4  and Co 2 ZnO 4  spinels, we 
performed a set of fi rst principles, density functional theory 
(DFT) calculations for these two compounds at different atomic 
confi gurations, i.e. as a function of  λ , the degree of inversion. 
We examine the dependence of the total energy (or enthalpy of 
formation) for Co 2 ZnO 4  and Co on  λ  in the following way. For 
both compounds calculations are performed on normal ( λ  = 0), 
half inverse ( λ  = 0.5) and the tetragonal P4 1 22 ordered inverse 
( λ  = 1) structures. The latter two structure types are constructed 
by performing one and two cation inversions (exchanging one 
octahedral A cation for one tetrahedral B cation) on the 14-atom 
primitive unit cell of the normal spinel structure, respectively. 
The tetragonal P4 1 22 ordered inverse has been shown by the 
point-ion electrostatics to be the likely ground state structure 
of inverse spinel oxides. [  22  ]  To model the effect of disorder we 
constructed a set of random structures using a 56-atom cubic 
supercell Co 16 (B) 8 O 32 , with B = Zn or Ni. For Co 2 ZnO 4  we 
choose three random confi gurations at each  λ  = 0.5 and  λ  = 1, 
whereas for the inverse Co 2 NiO 4  we do the same only for  λ  = 
0.75 and  λ  = 1. The reason is that for inverse spinels, structures 
with  λ  < 0.67 are not important as previously discussed and 
shown graphically in Figure  2 . All calculations are performed 
within the GGA+U approach [  23  ]  and the projector augmented 
wave formalism [  24  ]  as implemented in the VASP code [  25  ]  Further 
details on the theoretical approach can be found in section 6.2. 

 In  Table   2  enthalpies of formation ( Δ H f ) calculated using the 
fi tted elemental-phase reference energies (FERE) approach [  26  ]  

the Co 2 NiO 4  spinel is more stable in its inverse confi gura-
tion, we can attribute the change to the same thermodynamic 
driving force that changed the site occupancies in Co 2 ZnO 4.  
Specifi cally, annealing decreases the degree of inversion in 
normal Co 2 ZnO 4 , whereas it increases the degree of inversion 
in Co 2 NiO 4 . 

 Second, the samples with higher Zn concentration on the  Oh  
sites show a larger conductivity in Co 2 ZnO 4 , consistent with our 
previous experimental results [  7  ]  and with theoretical prediction 
that classifi es Co 2 ZnO 4  as a “doping-type 2” spinel; [  6  ]  namely, 
Co 2 ZnO 4  is representative of a class of materials that can be 
self-doped p-type due to the unusual property that the cation 
disorder over the octahedrally and tetrahedrally coordinated lat-
tice sites creates charge carriers. The classifi cation of Co 2 ZnO 4  
as “doping-type 2” implies that Zn retains its +II oxidation states 
when replacing Co(III) on the octahedral site, thereby forming 
a hole-producing acceptor state. The Co  Td   cation defects, in con-
trast, do not form an electrically active defect, since Co assumes 
a +II oxidation state on the tetrahedral site, thereby causing an 
isovalent substitution of Zn. [  6,7  ]  Thus, the conductivity reduc-
tion from as-deposited to annealed Co 2 ZnO 4  is interpreted 
as resulting from the decreased Zn  Oh   concentration, and the 
expected p-type (hole-carrier) conductivity is confi rmed by posi-
tive Seebeck coeffi cients. The dependence of the conductivity 
on the Zn  Oh   concentration (reduction of Zn  Oh   from 0.22 to 0.09 
and reduction of conductivity from 10.5 to 3.2 S/cm) is close to 
a direct proportionality. This fi nding could be explained by the 
prediction that Zn  Oh   forms a shallow acceptor state, [  7  ]  implying 
that the hole carrier concentration increases proportionally with 
the Zn  Oh   concentration. 

 Third, annealing Co 2 NiO 4  increases Ni  Oh   concentration, as 
expected from the fact that the ground state structure is an 
inverse spinel where all Ni cations are located on the  Oh  site. 
In contrast to the case of Co 2 ZnO 4 , the reduction of disorder 
due to annealing increases the conductivity in Co 2 NiO 4 . This 
observation suggests that Ni  Oh   might act as hole producing in 
Co 2 NiO 4  acceptor similar to Zn  Oh   in Co 2 ZnO 4 . However, the 
dependence of the conductivity on the site occupancy is now 
rather far from a direct proportionality: Whereas the  Oh  site 
occupancy of Ni increases only moderately by 11% from 0.43 ± 
0.02 to 0.48 ± 0.02, the conductivity increases by 60% from 
33 ± 2 to 53 ± 3 S/cm (see Table  1 ). In this context, it is inter-
esting to fi nd that a previous investigation of site occupancy 
on Co 2 NiO 4  samples using extended X-ray absorption fi ne 
structures (EXAFS) shows that the Ni on  Oh  sites has a mixed 
valence state of II and III. [  21  ]  Indeed, Ni(III) on  Oh  sites would 

  Table 2.   Calculated enthalpies of formation  Δ H f  (in eV per formula unit) of Co 2 NiO 4  and Co 2 ZnO 4  for different atomic confi gurations corresponding 
to a given value of the degree of inversion  λ  and different supercell sizes (see text for details). Ground-state  Δ H f  values are shown in bold. Last two 
columns list the  α  and  β  parameters of the O’Neil–Navrotsky modelf. [  30  ]  that are fi tted to the calculated  Δ H f .   

Compound         Δ H f  [eV/f.u.]    O’Neil–Navrotsky model    

    λ  = 0   λ  = 0.5   λ  = 0.75   λ  = 1   α  [eV/f.u.]   β  [eV/f.u.]  

Co 2 ZnO 4   14 atoms   −10.59    − 9.93     − 9.53  1.27   − 0.18  

Co 2 ZnO 4   56 atoms     − 10.00     − 9.50      

Co 2 NiO 4   14 atoms   − 9.08   − 9.16     −9.27    − 0.15   − 0.03  

Co 2 NiO 4   56 atoms       − 9.21   − 9.26      
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the number of confi gurations). For Co 2 ZnO 4 , local magnetic 
moments of octahedral Co 3+  ions are zero and only tetrahe-
dral Co which changes its oxidation state to 2+ carry magnetic 
moment as already shown in Ref.  [  7  ]  leading to  Δ S  m   = k B  λ  ln2. 
This is also the case for Co ions in Co 2 NiO 4 , with the difference 
that in our calculations both octahedral and tetrahedral Ni ions 
have nonzero magnetic moments. Therefore  Δ S  m  (Co 2 NiO 4 ) = 
k B (1+ λ )ln2.  

  4.3   .  The Effect of Cation Disorder on the Electronic Structure 

 Returning to relationship between the cation disorder and the 
conductivity and carrier densities, we analyzed their electronic 
densities of states (DOS) and the dependence on atomic con-
fi guration. In  Figure    3   we show in black, for both Co 2 ZnO 4  
and Co 2 NiO 4 , spin resolved electronic densities of states 
(DOS) of the 14-atom unit cell normal ( λ  = 0), half inverse 
( λ  = 0.5) and the ordered fully inverse (P4 1 22 with  λ  = 1) struc-
tures. The energy axes are referenced to the Fermi energy of 
the corresponding system. The DOS of both compounds in the 
normal spinel structure are similar. Co 2 ZnO 4  system is non-
magnetic (octahedral Co 3+  in the low spin confi guration and 
tetrahedral Zn 2+  is nonmagnetic) and has a band-gap of  ∼ 1.7 eV 
within the present DFT formalism, which generally tends to 
underestimate band gaps. Similarly, octahedral Co 3+  is also in 
the low spin state in Co 2 NiO 4 , while the tetrahedral Ni 2+  ions 
which carry magnetic moment of 2  μ  B  are antiferromagneti-
cally ordered. The calculated band gap is  ∼ 1.2 eV. After making 
one cation inversion in the 14-atom cell ( λ  = 0.5) both systems 
develop similar feature in their DOS. Namely, a defect-like 
empty state appears near the valence band maximum (VBM) 
which, as shown for Co 2 ZnO 4 , [  7  ]  is related to the acceptor-like 
Zn  Oh   antisite defect which creates a hole in the valence band 
and leads to p-type conductivity, without being compensated by 
the corresponding Co  Td   defect. This result explains the p-type 
conductivity of Co 2 ZnO 4  at lower degrees of inversion below 
 λ  = 0.5. In Co 2 NiO 4 , however, the empty state inside the band 
gap lies at higher energies (see Figure  3 ), forming a deep level 
that does not support conductivity.  

 After two inversions in the 14-atom cell ( λ  = 1.0), the elec-
tronic structures of the systems become qualitatively different. 
The two tetrahedrally coordinated Co 2+  ions in Co 2 ZnO 4  order 
antiferromagnetically leading to the zero net magnetization and 
the defect-like level just above the VBM becomes a defect band 
separated by  ∼ 0.5 eV gap from the VBM. Thus, fully inverse 
Co 2 ZnO 4  would be expected to be insulating. In Co 2 NiO 4  the 
moments of tetrahedral Co are parallel as are those of Ni cat-
ions, but in the opposite direction. The defect like feature also 
broadens, but in the case of Co 2 NiO 4  it merges with the valence 
band making the system half-metal. Thus, in Co 2 NiO 4  there 
occurs a metal-insulator transitions at higher degrees of inver-
sion between  λ  = 0.5 and  λ  = 1. These theoretical results also 
explain the observed opposite trends in electric conductivity. On 
the other hand, in Co 2 ZnO 4 , the conductivity decreases during 
annealing when the cation disorder is reduced towards the 
fully ordered  λ  = 0 normal spinel ground state which is non-
conductive. In Co 2 NiO 4 , the conductivity is increased during 
annealing when cation disorder is reduced towards the  λ  = 1 

for both Co 2 ZnO 4  and Co 2 NiO 4  in different atomic confi gura-
tions are presented. To our knowledge, the  Δ H f  values for these 
two compounds have not yet been reported. In case of 14-atom 
cell,  Δ H f  of the normal ( λ  = 0), half inverse ( λ  = 0.5) and the 
ordered inverse (tetragonal P4 1 22 with  λ  = 1) are provided. In 
the case of the 56-atom unit cell, the  Δ H f  are given averaged, at 
each  λ , over the three random cation confi gurations described 
above. In agreement with the existing experimental data, [  27,28  ]  
our calculated enthalpies of formation suggest that Co 2 ZnO 4  
adopts the normal spinel structure in the ground-state whereas 
Co 2 NiO 4  is predicted to be inverse spinel. [  27  ]  These calculations 
also agree well with the sorting into normal and inverse spinels 
provided by the electrostatic model of Ref.  [  29  ] . The average 
 Δ H f  values calculated on a 56-atom cell also support this result. 
Since in reality these systems are always disordered to a certain 
degree, the averaged  Δ H f  can be used to fi t the parameters  α  
and  β  in the O’Neil–Navrotsky model, [  30  ]  expressing the inver-
sion enthalpy  Δ H  I   =  α  λ  +  β  λ  2  to quadratic order. The resulting 
values of  α  and  β  are also given in Table  2 .   

  4.2   .  Free-Energy Model for Cation Disorder in Spinels 

 Free-energy minimization can in general be achieved by sta-
tistical sampling of all possible atomic confi gurations, taking 
into account their enthalpy differences. This approach was used 
in the Monte-Carlo simulations of Ref.  [  22  ] , based on the elec-
trostatic model of Ref.  [  29  ]  for the enthalpies. If there exist no 
strong short-range order effects, one can approximately model 
the free energy using both enthalpies and entropies for random 
confi gurations. This approach is the basis of the O’Neil–Nav-
rotsky model [  30  ]  which employs the above mentioned quadratic 
expansion of  Δ H  I   and the confi gurational entropy

�SC /kB = − [8 ln8 + (1 − 8) ln(1 − 8)
+ 8 ln(8/2) + (2 −8 ) ln(1 −8 /2)]

  
(1)

      where k B  is the Boltzmann constant. The four terms in paren-
theses are nothing but the confi gurational entropies of two 
binary alloys, one on octahedral and the other on tetrahedral 
sublattice, with the degree of inversion  λ  defi ning their concen-
trations. As shown in Figure  2  by the  Δ S C /k B  dependence on  λ  
(red curve), fully ordered normal spinel (e.g., Co 2 ZnO 4  at low 
T) has zero confi gurational entropy, whereas the fully inverse 
spinel (e.g., Co 2 NiO 4 ) has  Δ S  C   = 1.2  k  B  per formula unit corre-
sponding to the entropy associated with random placement of 
the A and B atoms on the octahedral site. 

 Having a model for the energy (or enthalpy) of inversion and 
a model for the entropy of Equation  (1)  allows a simple estimate 
of the  λ (T) dependence by constructing the Gibbs free energy

�G = "8 + $82 − T(�SC + �Sm)
  

(2)
     

 with  Δ S  m   being the magnetic confi gurational entropy, and 
imposing the minimum condition at each temperature 
∂( Δ G)/∂ λ  = 0. There is an additional contribution to entropy 
 Δ S  m   that can be approximated by the expression for the fully 
random arrangement of magnetic moments (just counting 
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 These results show that the opposite trends in conductivi-
ties of Co 2 NiO 4  and Co 2 ZnO 4  with cation disorder, which are 
observed in experiments, are related to the difference of their 
atomic and electronic ground state structures. Indeed, the post-
deposition annealing treatment brings Co 2 ZnO 4  closer to an 
ordered and insulating ground-state normal spinel structure, 
whereas upon annealing Co 2 NiO 4  changes its cation distri-
bution toward an ordered, but in this case, more conductive 
ground-state inverse spinel structure. In addition the results 
provide an explanation on why Co 2 NiO 4  is more conductive 
than Co 2 ZnO 4 .  

  4.4   .  Determination of an Effective Temperature Describing 
Non-Equilibrium Disorder 

 Using the O’Neil–Navrotsky model with the parameters  α  and 
 β  fi tted from the fi rst principles calculations, and the confi gu-
rational and magnetic entropies  Δ  S  C  and  Δ  S m  , Equation  (2)  
describes the free energy as a function of temperature and the 
degree of inversion. Experimentally, the site occupancy meas-
urements presented above provide the inversion parameter  λ  
for both the as-grown (non-equilibrium) and annealed fi lms. 
Assuming that annealing brings the fi lms closer to an equi-
librium state with respect to the cation disorder, one would 
expect that the measured inversion parameter minimizes the 
free energy  Δ G (Equation  (2)  for the annealing temperature 

inverse spinel ground state which is conductive due to its half-
metallic character. 

 While the 14-atom cell used to model the different degrees of 
inversion incorporate the cation exchange between  Oh  and  Td  
sites, they do not fully account for the cation disorder on the  Oh  
sublattice. We therefore considered additionally 56-atom cells 
with random realizations of disorder. The spin and structure 
averaged DOS are also shown in Figure  3 , in blue for Co 2 ZnO 4  
and in indigo color for Co 2 NiO 4  for which we plot the  λ  = 0.75 
results instead of  λ  = 0.5 as these structures are closer to the real 
situation. In half inverted Co 2 ZnO 4 , the acceptor-defect feature 
close to the VBM becomes broader and extends to higher ener-
gies inside the gap, compared to the 14-atom model. However, 
at full inversion a deep state is formed similar as in the 14-atom 
model. These results corroborate the prediction that p-type 
conductivity in Co 2 ZnO 4  should be reduced at high degrees of 
inversion, i.e., the maximum of the conductivity should occur 
below  λ  = 0.5. In Co 2 NiO 4  the random structure with  λ  = 0.75 
shows a broad impurity band with a minimum in the DOS at 
the Fermi level, indicating that the system is close to the metal-
insulator transition mentioned above. For the fully inverse  λ  = 
1 structure with disorder on the  Oh  sublattice, the DOS resem-
bles to a large extent that of the ordered inverse spinel struc-
ture, specifi cally in regard of the half-metallic character. Thus, 
the randomized structures in the larger 56-atom cells confi rm 
that the conductivity of Co 2 NiO 4  should set in around  λ  = 0.75 
and become maximal at full inversion. 

      Figure 3.  Calculated spin-resolved densities of states (black curves) for normal ( λ  = 0), half inverse ( λ  = 0.5) and P4 1 22 ordered inverse ( λ  = 1) spinel 
structure of Co 2 ZnO 4  (left) and Co 2 NiO 4  (right). The half inverse and ordered inverse structures are constructed by making one and two inversions on 
the normal spinel 14 atom primitive unit cell, respectively. Blue and indigo curves are the DOS averaged over the two spin channels and three random 
confi gurations with the same  λ  values, except the middle right box where the indigo curve represents the averaged DOS for  λ  = 0.75. Arrows denote 
the directions in which the structures transform in terms of the  λ  value due to annealing. 

Adv. Funct. Mater. 2014, 24, 610–618



FU
LL

 P
A
P
ER

616

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

density increases with the octahedral site-occupancy of the 
B atom (Zn or Ni), leading to a semiconducting behavior in 
the normal spinel Co 2 ZnO 4 , but to a half-metallic behavior in 
the inverse-spinel Co 2 NiO 4 . By using REXD and conductivity 
measurement on as-deposited and annealed p-type Co 2 ZnO 4  
and Co 2 NiO 4  grown on SrTiO 3  by PLD, we have established 
the relationship between cation disorder and the the conduc-
tivity, thereby confi rming the predicted site-occupancy and 
doping physics in A 2 BO 4  spinels. Due to the different (normal 
vs. inverse spinel) equilibrium ground states, the annealing 
leads to opposite effects in the conductivity of Co 2 ZnO 4  and 
Co 2 NiO 4 . This fi nding implies that the deliberate creation of 
non-equilibrium cation disorder during thin-fi lm growth is an 
effective means to control the conductivity in these materials. 
We also determine an effective temperature as a descriptor 
for the cation disorder in as-grown fi lms. The as-grown sam-
ples exhibit a disorder parameter corresponding to an effec-
tive temperature above 2000 K, much higher than the actual 
growth temperature of 350  ° C (623 K). For annealed sam-
ples, the effective temperature in the range of 646–776  ° C 
approaches the temperature of 650  ° C (923 K) at which the 
samples are annealed. This concept provides a way to quantify 
the disorder that results from non-equilibrium growth, and to 
establish a link between theoretical thermodynamic models 
and thin fi lm growth techniques.  

  6   .  Experimental Section 

  6.1   .  Material Fabrication and Characterizations 

  Materials and Fabrication : Co 2 NiO 4  or Co 2 ZnO 4  spinel oxide thin fi lms 
were grown on (100) SrTiO 3  substrates by pulsed laser deposition using 
a stainless steel high vacuum deposition chamber and a KrF excimer 
laser (Spectra-Physics operating at 248 nm with a pulse duration of 
25 ns). The laser was operated at 10 Hz and the beam was focused 
through a 40 cm lens onto a commercial 1 inch Co 2 NiO 4  or Co 2 ZnO 4  
rotating target (purity 99.99%) at a 45 °  angle, with a laser fl uence of 
2 J/cm 2  on the target surface. The target-substrate distance was fi xed 
at 5 cm. Prior to the depositions, the growth chamber was evacuated 
to a base pressure of 10 −7  Torr using a turbomolecular pump. The 
depositions were performed at a substrate temperature of 350  ° C 
under 2 mTorr of oxygen pressure. Subsequent to the depositions, the 
Co 2 NiO 4  and Co 2 ZnO 4  fi lms were cut into half. Half of each sample was 
subjected to annealing in air at 650  ° C for 1 h then cooled down to room 
temperature whereas the other half remained un-annealed. 

  Structural and Chemical Characterizations : The fi lms orientation 
and thickness of 130 nm were determined by X-ray diffraction, using 
a Cu  K  α  radiation (Rigaku Ultima IV) and spectroscopic ellipsometry 
(J. A. Woollam M-2000S) respectively. X-ray fl uorescence (XRF) 
measurements to determine the composition of the fi lms were performed 
on a Matrix Metrologies MaXXi 5 with W anode, 800- μ m collimator and 
300s scan time. The resulting spectra were modeled using the MTF-FP 
software to obtain the chemical composition of the samples. 

  Electrical Characterizations : The measurement of the electrical 
conductivity was carried out by using the four-point probe method. The 
current was applied by a Keithley 6221 DC and AC current source and 
the voltage measured with a Keithley 2182 voltmeter. To determine the 
conductivity type of the samples, Seebeck coeffi cient measurements 
were performed on a custom-built transport measurement instrument 
described previously [  33  ]  and designed to measure the resistivity, Hall 
mobility, Seebeck coeffi cient, and Nernst coeffi cient. 

 T  a  = 923 K. Evaluating the ∂( Δ G)/∂ λ  = 0 minimization condition 
from Equation  (2)  as a function of the temperature, we fi nd that 
the measured  λ  = 0.22 and  λ  = 0.98 values correspond to the 
effective temperatures  T*  = 776 K and  T*  = 646 K in Co 2 ZnO 4  
and Co 2 NiO 4 , respectively. These temperatures lie slightly below 
the annealing temperature (923 K), which is plausible, because 
the samples are not instantaneously quenched to room tem-
perature, so a certain amount of equilibration still takes place 
during the cool-down, until slow kinetics freeze-in the disorder 
at lower temperatures. Thus, the theoretical model based on 
fi rst principles formation energies describes well the observed 
cation disorder in the annealed samples close to equilibrium. 

 Whereas equilibrium is a well-defi ned condition by means 
of the free energy minimization criterion, non-equilibrium con-
ditions are generally more elusive. It is therefore important to 
defi ne descriptors of non-equilibrium conditions such as those 
in the present thin-fi lm growth. Thus, the present model and 
cation disorder measurements can be used to determine an 
effective temperature describing the non-equilibrium cation 
disorder in the as-grown samples (growth temperature: 623 K). 
Analyzing the measured inversion parameters  λ  = 0.42 and 
 λ  = 0.86 in the as-grown Co 2 ZnO 4  and Co 2 NiO 4  samples in the 
same way as above for the annealed samples yields the temper-
atures  T*  = 2487 K and  T*  = 2088 K, respectively. These effec-
tive temperatures describe the degree of disorder (inversion) at 
low-temperature non-equilibrium samples as being equivalent 
to the disorder under equilibrium conditions at the higher tem-
perature  T *. It is important to note that  T * is only a descriptor 
of the disorder, and does not imply the equivalency to crystal 
growth at  T *. In fact, due to the temperature dependence of 
the chemical potentials which is not described by  T* , Co 2 ZnO 4  
decomposes into Co 3 O 4  and ZnO around 1000 K, depending on 
the O 2  partial pressure. [  31,32  ]  The fact that growth of Co 2 ZnO 4  
above 1000 K is diffi cult in thermodynamic equilibrium, yet 
the as-grown samples have >2000 K effective temperatures, 
exemplifi es how synthesis of materials far from equilibrium 
and practical use of their non-equilibrium properties can be 
achieved using physical vapor deposition techniques such as 
PLD or sputtering. 

 Once one understands (through electronic calculations) how 
disorder affects the observed properties (opposite effects in 
the conductivity) and has a model (effective temperature) that 
affords a handle to describe the non-equilibrium disorder in as-
growth material, one comes into a position that allows to con-
trol the properties by manipulating the disorder. This paradigm 
shift away from the conventional situation where disorder is 
regarded as a complication or even nuisance defi nes the broad 
interest and high impact of our work, transcending by far the 
area of oxide spinels that served here as a test bed.   

  5   .  Conclusions 

 In this study, we have for the fi rst time determined and quan-
tifi ed the relationship between the cation disorder and car-
rier concentration in spinels, using a unique combination 
of experimental and theoretical tools. Using fi rst principles 
calculations for these two compounds at different atomic con-
fi gurations, we found that in either material the p-type carrier 
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  Cation Disorder Determination : The REXD measurements were 
performed on the six-circle diffractometer beamline 7–2 of the Stanford 
Synchrotron Radiation Lightsource (SSRL) at the SLAC National 
Accelerator Laboratory. The incident X-ray energy was varied with a 
double crystal Si(111) monochromator. A Vortex detector was employed 
to measure X-ray intensity. Phi scans for (222) and (422) refl ections were 
performed at various energies near the absorption  K  edges of Co, Ni, 
and Zn. Filters were inserted in front of the detector to protect it from 
the strong X-rays diffracted from the textured fi lms. The fi lter attenuation 
was recorded in a direct beam confi guration and these were used to 
correct the data before we fi t the site occupancies. The fl uorescence 
X-ray absorption spectrum (XAS) was obtained in order to experimentally 
extract the imaginary term  f  2  of the structure factor, measured over the 
same energy range in which REXD data were acquired (see Supporting 
Information).  

  6.2   .  Theory 

 In this work we use the GGA+U approach of Ref.  [  23  ]  employing 
the generalized gradient approximation (GGA) to density functional 
theory in the PBE functional form [  34  ]  with the additional Hubbard like 
term describing the onsite Coulomb interaction (U). This is required 
to overcome the limitations of the GGA alone and account, in an 
approximate way, for the electronic correlations present in compounds 
containing transition metals (oxides in particular). Concerning the choice 
of U, which is an external parameter in this approach, we follow Ref.  [  26  ]  
and use fi xed U = 3 eV value for both Co and Ni (U = 0 eV for other atom 
types). It is shown in Ref.  [  26  ]  that this is a good choice for calculating 
accurate compound enthalpies of formation. In all calculations spin 
degrees of freedom have been taken into account explicitly. In case 
of 14-atom structures, the results correspond to the lowest energy 
magnetic confi guration obtained by initializing all possible combinations 
of magnetic moments on the 14-atom unit cell and letting the system 
relax. In the case of random structures with 56 atoms, for each random 
atomic confi guration, magnetic moments are initialized in 10 different 
ways (ferromagnetic plus 9 random magnetic confi gurations) and all 
results are averaged over different atomic and magnetic confi gurations 
and both spin directions, but only structures with total energies in 
0.170 eV (temperature of  ∼ 2000 K) window above the lowest energy for 
a given  λ  are considered. This is an approximate way to account both for 
the atomic as well as the magnetic disorder present in these systems. 
Further details of our computational approach have been described 
previously. [  26  ]    
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