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Atomic scale computer simulation based on energy minimization techniques has been used to study excess
oxygen accommodation and migration in La,NiOy4 5. The activation energy for migration in the ac plane is
predicted to be 0.29 eV, while the activation energy outside the ac plane, in the b direction is predicted to be
2.90 eV. The activation energies within the ac plane are unaffected by the presence of compensating Ni**

defects.

1 Introduction

The crystal chemistry underlying the existence of oxygen
interstitials in La,NiOy4_ s is currently of interest due to the
high mobility of these defects. Attractive transport properties
have led to doped lanthanum nickelates being considered as
potential membrane materials in solid state electrochemical
devices.' High oxygen ion mobility is also of significance to
solid state catalytic processes and Read et al.* have conducted
preliminary simulations of bulk La,NiOy,, correctly predicting
the position of the oxygen interstitial and that the oxidation
reaction is exothermic.

Originally, La,NiO4,; was investigated because it is
isostructural with the superconducting phase La,CuOy4 ;. In
La,CuOy, 5, holes injected into the CuO, sheets by the excess
oxygen ions make the material superconducting®® and it was
hypothesized that if La,NiO,4, ; behaved similarly, it would
also become superconducting.”® Although La,NiO, s is not a
high temperature superconductor,'® it does accommodate
highly mobile excess oxygen up to 6=0.2. However, the
manner in which the holes are accommodated remains unclear,
with evidence having been presented for both O~ and Ni*~.!'-13

The aim of the present study is to establish how the excess
oxygen is accommodated. Furthermore, we wish to predict the
most favourable migration mechanism and pathway for
oxygen ions and the associated activation energy.

1.1 Crystallography

La,;NiO,4 forms as a distorted variant of the tetragonal K,NiF,4
structure, which is closely related to the perovskite structure.
The La,NiQy structure is formed by stacking alternate rocksalt
La,0, layers and perovskite LaNiO; layers (see Fig. 1).
However, the ideal tetragonal structure only occurs if the
lattice parameters of the two layers match, otherwise a
distortion occurs. The mismatch present in La,NiO4 is
minimized through an expansion of the La,O, layer, possibly
aided by the insertion of oxygen ions, and a compression of the
perovskite block through a tilting of the NiOg octahedra.
The structure of stoichiometric La,NiO,4 at room tempera-
ture has been refined in the orthorhombic space group Cmca
(no. 64).!41% We have chosen the standard Cmca setting
adopted by Kajitani er al'* rather than the Bmab setting
adopted by other authors'>!® (see ref. 17 for more details). The
lattice parameters are reported in Table 1 and the atoms
occupy the following special positions: La in 8f (y=0.3633,
z=-—0.0084), Ni in 4a, O(1) in 8¢ (y=—0.0102) and O(2) in 8f
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(y=0.1776, z=0.0380). This structure can accommodate excess
lattice oxygen as interstitial defects, O(3), placed at (0.25, 0.25,
0.25). The defect site is located in the La,O, rocksalt
interlayer and is coordinated tetrahedrally by both La** and
apical oxygen sites (see Fig. 1). Jorgensen et al.'* found that the
presence of oxygen interstitial defects forces the apical oxygen
ions to be split into two sites, one at the normal O(2) position
and the other in a displaced site, O(4), at (—0.06, 0.17, —0.06).
The present study successfully predicts the displaced oxygen
site to be at (—0.10, 0.17, —0.07).

It is worth noting that this material exhibits a number of
different structures, depending on temperatures and small
changes in stoichiometry.'® Calculations will be performed on
the stoichiometric La,NiOy structure with space group no. 64,
which also has the lowest lattice energy. The close lattice
energies of the various polymorphs are certainly consistent
with their transformation temperatures, although subtle
changes in oxygen content may also have a significant influence
on the transformations.'® Table 1 shows that the potential
model can reproduce the structures of the various polymorphs
and the constituent binary compounds. This is an essential
starting point for any reliable computational model.
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Fig.1 The La,NiO4 unit cell without octahedral canting. The
interstitial defect site is shown along with an outline of the tetrahedral

La coordination environment. The interstitial site is also tetrahedrally
coordinated by apical oxygen ions.
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Table 1 Comparison of predicted and experimental lattice properties

Experimental/A Predicted deviation (%)
Space group a b c a b c Lattice energy, UleV Ref.
NiO 225 4.0168 4.0168 4.0168 —0.53 —0.53 —0.53 —41.34 18
La,0; 164 3.937 4.937 6.130 —0.45 —0.45 1.37 —127.15 19
La;NiO4 139 3.855 3.855 12.652 —0.85 —0.85 1.71 —168.22 20
La,NiO4 138 5.500 12.505 5.500 —0.60 1.89 —0.60 —168.27 16
La,NiO4 64 5.467 12.541 5.534 -1.27 -0.09 1.66 —168.27 14

2 Methodology
2.1 The perfect lattice

Atomistic computer simulation techniques, based on energy
minimization with a Born-like description of the lattice,?! were
used to generate the various structures. The procedures are
based upon a description of lattice forces in terms of effective
potentials. The perfect lattice is described by defining a unit cell
which is repeated throughout space using periodic boundary
conditions, as defined by the usual crystallographic lattice
vectors. The total energy of the crystal is minimized by allowing
the ions in the unit cell and the lattice vectors to relax to zero
strain. We considered interactions due to long range Coulom-
bic forces, which were summed using Ewald’s method,?? and
short range forces that were modeled using parameterized pair
potentials, Sj;. The short range term accounts for the electron
cloud overlap and dispersion interactions, which are negligible
beyond a few lattice spacings. Thus, in order to reduce the
computational time, the short range interactions were set to
zero beyond 20 A. In this study, the Buckingham potential
form was used;

Sj=dA e —C/rs (1)

where A, p and C are three adjustable parameters (see Table 2).

2.2 The defective lattice

In addition to studying the perfect lattice, this approach can be
used to predict how the lattice accommodates defects. To do
this, the energy-minimized perfect lattice is partitioned into two
regions: a spherical inner region, I, at the center of which the
defect is introduced, and an outer region, II, which extends to
infinity. In region I, interactions are calculated explicitly so that
the response of the lattice to the defect is modeled by relaxing
the positions of all ions to zero force using a Newton—Raphson
minimization procedure.

The response of region II is treated using the Mott-Littleton
approximation.”> To ensure a smooth transition between
regions | and II, we have incorporated an interfacial region,
ITa, in which ion displacements are determined via the Mott—
Littleton approximation, but in which interactions with ions in
region I are calculated by explicit summation. In the present
calculations, the radii of regions I and I1a are approximately 13
and 34 A, respectively. Region sizes were chosen so as to be
large enough to ensure that no appreciable change in defect

Table 2 Short range potential parameters

Species AleV plA CleV A®
0> -0*" 9547.96 0.2072 32.0
La’t-0*" 2119.79 0.3459 23.25
NP+ -0*" 1279.23 0.2932 0.0
Ni2t-0*" 905.40 0.3145 0.0
0 -0~ 38671.37 0.1376 13.72
0>-0~ 38671.37 0.1376 21.23
La’*-0 1764.93 0.2724 18.26
Ni*t-O~ 1104.29 0.2062 0.0
Ni2*-0 713.65 0.2207 0.0
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formation energy occurred if the
further.

The polarizability of the ions may be accounted for via the
shell model originally described by Dick and Overhauser.?*
This consists of a massless shell with charge Y]e| that is allowed
to move with respect to a massive core of charge Xle|; the
overall charge state of each ion is therefore equal to (X+ Y)|e|.
The core and shell charges are connected by an isotropic
harmonic spring of force constant k. Displacement of the shell
relative to the core gives a good description of electronic
polarization. In all calculations, O® is treated as polarizable
using the shell model: Y=-2.04, k=6.3eV A™2%

The type of calculation employed here is usually referred to
as “‘static”, since lattice vibration entropy contributions are not
included in the model. Furthermore, configurational entropy is
also ignored and the effective positions of ions in the outer
region II are held fixed. The energies calculated are therefore
changes in the internal energy of the system and relate, via the
quasi-harmonic approximation, to the temperature of the
lattice to which the potential parameters were fitted; in this
case, room temperature. For solids, changes in internal energy
are generally very similar to changes in enthalpy.?® Entropy
contributions are usually small at room temperature, but,
nevertheless, this introduces some uncertainty into any analysis
that relies on enthalpies as the sole basis for determining defect
structures. For further details of the computational methods,
see ref. 27 and 28. In all cases, calculations were carried out
using the CASCADE code.”

region sizes were increased

2.3 Migration calculations

To establish the most favourable migration pathways, it is
necessary to calculate activation energies for each migration
path. This is defined as the difference between the energy of the
defect at the saddle point and the energy of the defect at
equilibrium. The saddle point energy is calculated by introdu-
cing a fixed defect at the saddle point location and then relaxing
the surrounding lattice. The configuration of the saddle point
can be identified by evaluating the potential energy surface
both parallel and perpendicular to the diffusion path.

2.4 Defect clustering

In this study, defects are treated in two different ways. First,
they are assumed to be spatially isolated from each other. The
energy of a defect process is then determined by summing the
individual energies of each component defect participating in
the overall defect reaction. However, since defects in ionic
materials are often charged there will be a mutual Coulombic
attraction between them. Consequently, when there is sufficient
concentration, defect clusters will be formed. Under these
circumstances, the energy of the defect reaction is determined
by calculating the energy of the complete defect cluster.

2.5 Derivation of potential parameters

The values of the potential parameters were chosen to
reproduce the unit cell dimensions of the various polymorphs
of La,NiO,4 and of the constituent binary oxides (see Table 1).
By fitting to a variety of structures, the potentials reflect the



metal-oxygen and oxygen-oxygen interactions over a wider
range of inter-atomic separations than would be the case if the
fitting process were restricted to a single structure. This is
significant, since we shall be concerned with defects and the
ions surrounding the defect will relax away from their
equilibrium positions.

Due to the lack of experimental data, potential parameters
involving O~ and Ni** species were initially obtained using the
electron gas techniques of Wedepohl*® and Gordon and Kim.*!
These starting parameters were then empiricized to achieve a
consistent set of potentials.>® Finally, the lattice volume of
La,NiOy, ;5 as a function of 8, reported by Rice and Buttrey,>*
was used as a means to empirically fit O~ and Ni** potentials.
Oxygen interstitial ions were introduced into a 2a x2b x2¢
large unit cell (where a, b and ¢ are the lattice parameters of
La,;NiO4) to simulate non-stoichiometry. Charge neutrality
was maintained in the lattice by introducing either lattice O~ or
Ni** ions. The potential parameters for interactions involving
O~ and Ni** species were then adjusted to best reproduce the
observed lattice volume variation. We shall return to this issue
at the end of section 3.2.

3 Results and discussion
3.1 Intrinsic defects

The results are collected in Table 3. Anion Frenkel pairs,
composed of a vacancy on the 8e site and an interstitial at (0.25,
0.25, 0.25), are predicted to be the dominant type of lattice
disorder; similar results have been obtained for the isomor-
phous A,CuO, (A=La, Nd) compounds by Allan and
Mackrodt.>*3% As previously shown by Allan et al.,>® oxygen
vacancies at the equatorial sites (8¢) in the NiO, planes are
found to be more energetically favourable than those in apical
sites (8f).

Table 3 Intrinsic disorder defect energies for La,NiO,

3.2 Excess oxygen

It is known that La,NiO4, s undergoes an oxidation process
whereby additional oxygen ions are accommodated intersti-
tially in the lattice. Excess oxygen ions can potentially be
compensated for via several mechanisms, involving either
cation antisite, oxygen vacancies, oxidized lattice oxygen ions
or oxidized nickel ions. Defect energy calculations involving
the latter species (ie. O~ and Ni*™) are more difficult than
those involving only structural defects. Difficulties arise
because: (i) the holes may not be completely localized on
individual ions as we are forced to assume, (ii) since the 0%~
ions are only stable against dissociation when confined within a
Madelung potential well,’” their properties depend to some
extent on the crystallography (however, here we are able to
calculate this value from thermodynamic data—see Appen-
dix A) and (iii) in the case of Ni*", we have to include a
contribution due to the crystal field splitting of the d orbitals
(here, we are able to calculate this value from spectroscopic
data—see Appendix B).

The reactions considered in this study and the relative
reaction energies are summarized in Table 4. The O, dissocia-
tion energy is 5.116 eV, the first electron affinity of oxygen is
—1.461 eV, the second electron affinity of oxygen, calculated
using a Born—Haber cycle,* is 8.0 eV (see Appendix A) and the
third ionization energy of Ni is 34.41 eV,*® which includes an
octahedral site crystal field correction of —0.78 eV to form low
spin Ni** 4%# (see Appendix B). The most favourable reac-
tions are those where an interstitial oxygen ion is compensated
for, either by oxidized nickel ions, or by a combination of both
an oxidized lattice oxygen ion and an oxidized nickel ion.

These results (see Table 4) suggest that when defects are
isolated, true for very small values of ¢ in La,NiOy4_ s, the
charge compensating holes will reside on nickel sites, ie.
reactions F and G exhibit the lowest energies. At larger values
of 9, when defect clustering becomes more likely, holes may

Disorder mechanism

Defect energy/eV defect !

Schottky 2V, + Vi +4Ves. +La;NiO, 1 3.02
La,0; partial Schottky 2Vp, 43V, + Lax0s1 2.74
NiO partial Schottky Vi + Voige + NiOT 3.23
La’" Frenkel Vi, +Lajss 7.08
Ni** Frenkel Vi + Nt 4.62
0> Frenkel Vot +0i 2.27
O® Frenkel Vs +0; 2.59
Cation antisite La$, +Nip, 3.26
Table 4 Oxygen excess compensation mechanisms
Energy/eV

Compensation mechanism

Isolated defects Clustered defects

3Lay03—2La}; + O] +4Lay, +803
3Lay0;+ 1/20,—2Lay; +20; +4La, + 805
120,403 =20, + V32

1/20,+ 03 —0; + 0

1/20,+20g—0; +20¢,

1/20,+ Nig—O0; +Ni2.

1/20,+2Nig—O0; +2Nig;

1/20,+Nig; + 0 —0; +Nig, + 0%

T Q mmg QO w >

11.44 7.89
4.93 4.08
-1.96 —
-3.99 —5.00
—1.48 —6.28
—6.57 —6.87
—6.63 —7.56
—3.58 —7.92
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reside on a mixture of both nickel and oxygen sites, ie.
reactions G and H are lowest. In all such cases, the holes will be
in the NiO planes rather than the La,O, planes and the oxygen
interstitial ions may be either O~ or O?~. However, given some
uncertainty introduced by variables such as the second electron
affinity of oxygen, we cannot confidently discern between
reactions G and H, and even reaction F could remain of
significance at higher concentrations. In this regard there are
also conflicting experimental studies. For example, the
existence of O3 species as defects has been corroborated
by Buttery et al.,'> while other results suggest that nickel exists
in a mixed valence state and is the predominant charge
compensating defect. !> This disagreement may be due to
differences in the value of 6. Nevertheless, whatever the
eventual consensus, our predictions clearly agree that the
oxidation process is exothermic.'®

The predicted lattice volume of La,NiOy , 5 as a function of 6
also has a bearing on this issue. As stated in section 2.5, the
potentials associated with O~ and Ni** were empiricized* to
best reproduce the experimental variation. The results of this
process are presented in Table 5, which compares the experi-
mental variation in lattice volume as a function of ¢ to the
variation predicted for the various charge compensating
mechanisms calculated using the large unit cell approach.
The experimental variation appears to be linear up to
5=0.05."? Clearly, the models which include some participa-
tion from Ni* are far more successful in reproducing
experiment than models which assume only O™. This suggests
that the reduction in lattice volume upon incorporation of
oxygen is a consequence of the formation of low spin Ni**.

3.3 Oxygen migration

Migration of oxygen ions in the oxygen excess material was
found to occur via an intersticialcy mechanism. Resulting
migration energies within the ac plane and in the b direction are
reported in Table 6. In both cases, movement of 0% and O~
interstitial ions was considered. The effect of neighbouring
Ni** was also taken into consideration. Migration within the
ac plane occurs with a far lower activation energy than
migration in the b direction, implying that migration will be
highly anisotropic. Furthermore, oxygen migration is largely
unaffected by the presence of neighbouring Ni** ions within
the ac plane. This implies that migration may not be greatly
influenced by the presence of defects or possibly even
impurities.

The migration mechanism within the ac plane involves
oxygen interstitial ions moving into apical oxygen sites (8f),
which in turn become interstitial ions (see Fig. 2, mechanism a).
This would cause the migrating species to alternate between
0% and O, even though the transport of an O~ is more
energetically favourable. However, eqn. 2 shows that charge
transfer will readily occur.

(0":00°)Y—>0i+05 AE=0.01eV 2

Thus, oxygen migrates as O, then, as it approaches the lattice

Table 5 Comparison of experimental and predicted lattice volume
variation with non-stoichiometry at 6=0.05 (AV/V,)

Defects AVIV, (%)
Experiment?? —0.28
0'i+0g 0.08
0"i+20g 0.40
O'j+Niy, —0.21
O";+2Niy, -0.28
O"i+Niy; +0g —-0.33

Q La
@ Ni
Oo
Migrating Species

Fig. 2 Mechanisms for (a) ac plane and (b) » direction migration.

site, charge transfer occurs so that the lattice ion remains O*~
and the migrating species remains O . Migration in the b
direction also occurs via an intersticialcy mechanism, as shown
in Fig. 2, mechanism b. Although the presence of Ni** in the
vicinity of oxygen interstitial species is of little consequence for
migration within the ac plane, this is not the case for migration
in the b direction. This is probably due to the fact that when
oxygen migrates through the ac plane, Ni** ions can remain
associated to the interstitial species by migrating within a NiO
plane rather than through a La,0O, plane. When the oxygen ion
migrates in the b direction, the associated Ni*™" ion must either
become unassociated with the migrating oxygen or the hole
must migrate through a La,O, plane. This factor increases the
predicted anisotropy in the activation energy for migration.
Anisotropy in and out of the ac plane (i.e. the rocksalt layers)
was also predicted by Allan and Mackrodt in La,CuO4.*

In a recent study, Skinner and Kilner' measured the
activation energy for diffusion in La,NiO4, s (6=0.24) as
0.85 eV. Since the samples measured were polycrystalline, this
value represents a compromise between ac and b directions
and, therefore, falls between the values that we predict for
migration in the ac plane and the b direction. Nevertheless,
even in the polycrystalline state, the oxygen transport proper-
ties of La,NiOy , s were found to be almost as good as current
acceptor-doped perovskite mixed ionic electronic conductors,
such as Lag 3Srg7CoO3_s (LSC) and La;_,Sr,Co;_,Fe O3_;
(LSCF). Oxygen tracer diffusion studies in isostructural
Lal_gSro_ICuO4_y43 indicate that the activation energy for
diffusion in the b direction is 1.31eV, while that for
polycrystalline samples of the same composition ranges from
0.65 to 0.80eV. If it is assumed that diffusion in the
polycrystalline sample occurs primarily along the ac planes,
then there is considerable diffusion anisotropy in this material.
Thus, if anisotropy is as marked as we predict, migration would
be greatly enhanced if textured layers could be formed for
device applications.

4 Conclusions

Atomistic simulation calculations have been shown to
reproduce the various La,NiO4 polymorphs and the position

Table 6 Oxygen ion migration energies. Values in parentheses
incorporate the compensating Ni defects in the migration process

Energy/eV
Migrating species ac plane b direction
O 0.29 (0.29) 2.90 (3.25)
(04 0.88 (0.88) 3.15 (3.46)
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U (LaNiO,)

La,NiO, > 2la¥(g) + Ni'(g) + 40%(g)
AH, (La,0,) 2(aH,+x1) AH,*ZL, 2D+43Ea,
8H,(La,0,) + AH, (NIO)
La,0,(s) + NiO(s) T 2lais)  +  Nils) + 2049)

Fig. 3 Born-Haber cycle for the formation of La,NiO4 from its component oxides, where AH; is the enthalpy of formation, AH,; and D are the
enthalpies of atomization of the cation and oxygen, respectively, /,, is the nth ionization energy of the cation and E, is the nth electron affinity of

oxygen.

o °s A,
i A
”~ 0
e S
e
et 4
Ly

Fig. 4. Splitting of the ground state five d orbitals of a Na>* ion by an octahedral field.

of the split apical oxygen ion. Consequently, defect formation
and migration can be investigated, contributing to the under-
standing of this potential cathode material for the next
generation of fuel cells. In particular, this work has highlighted
the following features:

(1) An anion Frenkel pair, composed of a vacancy on the 8e
site and an interstitial at (0.25, 0.25, 0.25), provides the
lowest energy intrinsic disorder process.

An excess oxygen ion is incorporated into the lattice as
an interstitial 0>~ or O~ ion that can be compensated for
by Ni** ions or by a combination of an O~ and a Ni**
ion.

Oxygen ion migration is highly anisotropic and, within
the ac plane, relatively independent of surrounding Ni**
cation defects. This has obvious significance for device
fabrication.
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Table 7 Component energies for the Born—-Haber cycle, where AH; is
the enthalpy of formation, AH, and D are the enthalpies of
atomization of the cation and oxygen, respectively, I, is the nth
ionization energy of the cation and E, is the nth electron affinity of
oxygen. In all cases, the subscript o implies that the ion is in a state of
rest at infinity, i.e. removed from interaction with any other matter

Reaction Energy eV Reference
L3.203 + NIOHLaleO“ AHf(La,NiOJ 0.27 45
2Las+3/2(0,)—La0; Hi1a,0,) —18.59 46
La,—La, HaLa) 447 47
Nl>—>N1g AI{'A[(Ni) 4.45 47
(05).—20.. D 5116 38
0. +e;—0; E,, ~146 38
La,—Lal* 4e; Lo 5.58 38
La;* —>Lai+ +e., IZ(La) 11.06 38
Lal*—Lal* +e. Lyta) 19.18 38
l\le—ﬂ\Ilolc+ +€, Il(Ni) 7.64 38
Nil* SN2+ e Do) 18.17 38

Appendix

A Second electron affinity of oxygen

In free space, O 1is stable but 0% is not, the latter only
becomes stable within a crystal. In the crystal, O*~ is stabilized
because it sits in a deep potential well created by the other ions
of the structure (largely the Madelung potential well) (see, for
example, ref. 28 and 44). Consequently the electronic con-
tribution of the energy required to reduce O~ to O>~, known as
the second electron affinity, is a positive quantity, i.e. work
must be done to create O2~ from O plus an electron. Since
0% is only stable in the crystal, its properties, in particular the
second electron affinity, would be expected to depend on the
crystal environment. It follows, therefore, that the common
practice of using an average value of the second electron
affinity obtained by applying the Born-Haber cycle® to one
series of like compounds when making calculations for other
compounds is basically inconsistent. This may become
particularly significant when trying to model changes in
stoichiometry.

Here, due to the availability of appropriate thermodynamic
data, we have used the Born-Haber cycle to determine the
specific second electron affinity for oxygen in La,NiO4. The
Born—-Haber cycle in principle uses thermodynamic enthalpy
data referred to standard conditions. However, adjustments of
measured or calculated quantities (such as lattice energies)
appropriate to other temperatures, being of the order of
R(T—298) per mole, are generally negligible in comparison
with the second affinity and are no greater than the
uncertainties in the calculated lattice energies. Also, the
differences between the thermodynamic internal energies and
the corresponding enthalpies are of the same order for the
gaseous phase and much smaller for solid phases. These
corrections are, therefore, not taken into account. With the aid
of the data in Table 7 and the calculated lattice energy of
La;NiOy4, Uia,nio, (Table 1), we have obtained a value of
8.0 eV for the second electron affinity of oxygen in La,NiOy4
from the Born—-Haber cycle shown in Fig. 3. The enthalpy of
formation for La,NiO4 was extracted from the Gibbs free
energy of formation at elevated temperature (1123-1373 K)
determined by Sreedharan and Pankajavalli.*® DiCarlo et al.'?
found that the enthalpy of formation for La,NiOy is very close
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to zero (0.0240.05 eV), this value will, nonetheless, also yield a
second electron affinity of 8.0 eV.

Appendix
B Crystal field correction

When isolated, a gaseous Ni** ion does not experience an
electrostatic field and the five d orbitals are degenerate.
However, in a crystal, the symmetry of the field is less than
spherical and the degeneracy is removed. In La,NiOy4, Ni is in
an octahedral environment so that the d orbitals are split into 2
sets, a lower energy set (tog) consisting of three orbitals and a
higher energy set (e,) consisting of 2 orbitals (see Fig.4).
Therefore, a correction term from the splitting of the d orbitals
by the crystal field must be incorporated into the third
ionization energy of nickel. Due to the low spin nature of
Ni*+ 484 we assume that in ionizing Ni?" the electron is
removed from an e, orbital and the ionization energy of NiZ* is
lowered by 3/5A,=0.78 eV (see Fig. 4).4%%!
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