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Structure of the interstitial oxygen defect in LazNiO4+s

J. D. Jorgensen, B. Dabrowski, Shiyou Pei, D. R. Richards, and D. G. Hinks
Materials Science Division, Argonne Nationa/ Laboratory, Argonne, Illinois 60439
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Using Rietveld refinement of neutron powder diffraction data, we show that the excess oxygen in
LazNi04+z (0. 13&6&0.18) is incorporated as an interstitial oxygen defect. The defect is located
near the (—', —', —') site in the orthorhombic Fmmm structure, which provides a favorable coordina-
tion to four La atoms but requires four nearby oxygen atoms to, be displaced from their normal posi-
tions. The defect concentration determined from structural refinement agrees well with the overall
oxygen stoichiometry determined by hydrogen reduction. For intermediate oxygen contents
(5=0.07) the system separates into two phases with different defect concentrations. Structural data
suggest that the nearly stoichiometric phase, 0 & 5 &0.02, incorporates excess oxygen by forming a
different defect. Except for large differences in the solubility of the oxygen defect, I.a,Ni04+|; exhib-
its behavior remarkably similar to superconducting La2Cu04+z, suggesting that the oxygen defect
structures are the same in both systems.

It has recently been shown that in superconducting
La2CuO4+& excess lattice oxygen is the doping mecha-
nism responsible for metallic behavior. ' In that system,
the excess oxygen is usually incorporated by annealing in
high-pressure oxygen at temperatures near 500 'C. '

Since the solubility for the excess oxygen defect is rather
low (typical values are 5(0.05 for oxygen pressures
below 3 kbar), detailed studies of the structure and be-
havior of this defect have been hampered by difhculties in
sample preparation. Samples made in oxygen pressures
below 3 kbar are, in fact, two-phase mixtures of an
oxygen-rich sup erconducting phase and a nearly
stoichiometric (i.e., 5 =0) nonsuperconducting phase
with almost identical structures. ' This phase separation
suggests a miscibility gap in the oxygen-concentration
phase diagram and implies that much higher oxygen
pressures are required to synthesize single-phase samples
of superconducting La2Cu04+ &.

As an alternative approach to studying the structure
and behavior of the excess-oxygen defect, we have syn-
thesized and examined samples of the isostructural com-
pound LazNiO4+&. It has been known for a number of
years that La2NiO4+& exhibits a wide range of oxygen
stoichiometry. A review of the work on La2NiO4+& has
recently been given by Buttrey et a/. In the earlier
literature, this nonstoichiometry was usua11y attributed to
the presence of Ruddlesden-Popper phase intergrowths
or deviations in the metal-ion ratio (i.e., metal site vacan-
cies). However, more recent work has conclusively
shown that the observed nonstoichiometry cannot be at-
tributed to the presence of intergrowth phases or devia-
tions in the metal-atom ratio and that the system can, in
fact, accommodate a large concentration (0(5 (0.2) of
excess lattice oxygen.

These reports of a large amount of excess lattice oxy-
gen in La2Ni04+& led us to believe that the behavior was
similar to that observed in LazCuO~+& except that the

former compound exhibited a greater solubility for the
oxygen defect. Because of this, we were hopeful that in
the La2Ni04+z system it would be possible to synthesize
single-phase samples with excess oxygen that could be
used to learn the structure of the oxygen defect by neu-
tron powder difFraction. En this paper we show that,
indeed, single-phase samples with 5=0.18 can readily be
synthesized in 1 atm. of oxygen, and we report the struc-
ture of the oxygen defect. Although it is not the purpose
of this paper to fully investigate the oxygen composition
phase diagram of La2NiO~+&, we also show that at lower
oxygen concentrations (5=0.07) a sample made by the
same technique is separated into two phases, 6=0.02 and
0.13, due to a miscibility gap in the oxygen-concentration
phase diagram. This observation suggests an overall
phase behavior similar to that observed for La2Cu04+&, '

and gives us some confidence in speculating that the
excess-oxygen defects in these two systems have similar
structures. Our results for the structure of the interstitial
oxygen defect take on added significance in light of the
recent announcement of traces of superconductivity in
the La2 „Sr Ni04+& system.

SAMPLE PREPARATION

A 15-g powder sample of La2Ni04+z was synthesized
from stoichiometric mixtures of the oxides La2O3 and
NiO. The mixed powders were first ball milled with
isoamyl alcohol and air dried at 150 C. The mixture was
then dry ball milled to remove any inhomogeneity pro-
duced during the drying process. The loose powder was
then placed in a platinum crucible and fired in Aowing
oxygen at 1120'C for 12 h and slowly furnace cooled.
The sample was again dry ba11 milled and fired in Aowing
nitrogen at 1035'C for 4 h and furnace cooled. The re-
sulting sample was a dark brown and/or black powder.
One half of the 15-g sample was then annealed in fIowing
oxygen at 450 C for 12 h and slowly cooled in oxygen to
room temperature, resulting in a black powder. This pro-
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FIG. 2. Structure of the oxygen interstitial defect in
La2NiO„+z. Atoms La, Ni, O(1), and O(2) occupy the normal
lattice sites for the orthorhombic Fmmm La2Ni04 structure.
O(3) is the interstitial oxygen defect, which is coordinated to
four near-neighbor La atoms. Four near-neighbor O(2) atoms
are displaced from their normal sites into new sites, O(4), which
provide an acceptable O(3)-O(4) distance. At (a) one interstitial
defect is shown in one unit cell (plus oxygen atoms coordinated
to Ni) of the host structure. At (b) the local structure of the de-

0
feet is shown, with interatomic distances labeled in A.

La2NiO4 was later reported by Ram et al. ,
' although nei-

ther author has reported a structure refinement based on
a monoclinic model.

Our raw neutron-diffraction data for LazNiO&, 8 ap-
peared to index on a tetragonal I4/mmm cell. However,
when refinements were attempted with this model, it was
realized that systematic peak broadening consistent with
a &2a X/2a Xc orthorhombic distortion was present.
Thus, subsequent refinements were done in the corre-
sponding orthorhombic space group Fmmm, resulting in
significantly lower R values. The Fmmm space group
was chosen by analogy to the La2CuO4 structure" and
correctly indexes all of the peaks observed in the neutron
powder diffraction data. In particular, no additional
peaks which would suggest Bmab (the equivalent setting
of Cmca) or lower orthorhombic symmetry were ob-
served and we find no evidence for the closely related po-
lar space group Fmm 2 reported as the structure of
Sm2Co04. ' '

Initial refinements for the La2NiO4 &8 sample at 295
and 10 K were done with atoms only in the normal lattice

sites. When oxygen site occupancies were allowed to
refine, a large vacancy concentration was observed at the
apical oxygen site O(2) [see Fig. 2(a)]. This suggested
that the excess oxygen was forming a defect which re-
quired the displacement of O(2) from its normal position.
The most logical nearby interstitial site which could
cause such a displacement is located near ( —,', —,', —,

'
) in the

orthorhombic Fmmm structure. Occupancy of this site
by a peroxide ion has been proposed by Ganguly as a pos-
sible mechanism for the incorporation of excess oxygen.

Based on this concept, refinement of a defect model
was attempted. The oxygen interstitial defect, O(3), was
placed at ( —,', —,',z; z= —,') and the apical oxygen was split
into two sites, one at the normal position, O(2), (0,0,z;
z =0.17) and the other at a displaced site, O(4),
(x,y, z; x =y = —0.06, z =0.17) as shown in Fig. 2. The
initial values for x(O(4)) and y(O(4)) were chosen to
provide a sensible distance between O(3) and O(4) with a
displacement directly away from O(3). Initial refinements
where the O(3) and O(4) atom positions were constrained
showed positive occupancy at both sites. Final
refinements were then done with variable atom positions
and site occupancies for both O(3) and O(4) and with no
overall constraint on oxygen site occupancies. Although
the values of other parameters, including the site occu-
pancies, did not change, a significant improvement in R
values was achieved by assigning an anisotropic tempera-
ture factor to the basal-plane oxygen O(1). As was also
observed in La2CuO~+s, ' O(1) exhibits large (thermal or
static) displacements perpendicular to the basal plane. It
was found to be necessary to constrain the temperature
factors of the defect oxygen atoms; 8(0(3))=1 A and
8(O(4) )=8(O(2) ). The final refinement included 413
Fmmm Bragg reAections extending over d spacings from

0
0.52 to 3.18 A. The results of this refinement are given in
Table I and a plot of part of the refinement profile is
shown in Fig. 3.

The data for LazNi04 &~ at 10 K were also refined in
the Fmmm space group. Refined parameters are given in
Table I. As expected, the same defect is present. The
small variations in site occupancies probably result from
the fact that [except for O(1)] the temperature factors are
not refined anisotropically. Thus, any anisotropic behav-
ior, which would be expected to vary with temperature,
may appear as a correlated error in the site occupancies.
This effect would be especially significant for the apical
oxygen O(2), which is known to exhibit an anisotropic
Debye-Wailer factor with the largest displacements per-
pendicular to the c axis. '

The internal consistency and agreement of the defect
concentration with that measured by hydrogen reduction
are remarkable. Such a refinement in which the site oc-
cupancies are not constrained provides a strict test of the
validity of the defect model. Occupancy of one O(3) de-
fect position would be expected to displace four neighbor-
ing O(2) atoms into the O(4) site. Thus, the model is
judged to be valid if n(O(2))+n(O(4))=2 and
n(O(4))=4n(O(3)). The refined defect occupancy at
O(3) is 0.16(2) at 295 K and 0.18(1) at 10 K in excellent
agreement with the hydrogen reduction value, 0.18(1).
Additionally the occupancies at O(3) and O(4) are in a
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TABLE I. Refined structural parameters for La2Ni04+z, 5=0.00 and 0.18. The data are refined in

orthorhombic space groups Bmab and Fmmm, respectively. Numbers in parentheses are standard de-

viations of the last significant digit. Where no standard deviation is given, the value was not refined.

R„„and R,„~ are the weighted profile and expected R values, respectively.

a
b
C

V

T (K)
Space group

(A)
(A)
(A)
(A')

6=0
295

Bmab

5.4656(1)
5.5327(1)

12.5547(3)
379.66(2)

5.4614(2)
5.4723(2)

12.7138(2)
379.96{3)

5=0.18
10

Fmmm

5.4469(1)
5.4569(1)

12.6637(2)
376.40(2)

La x

Z

B (A. ')
n

Ni x=y=z
B (A')
n

O(1) x =y
Z

U11 (A )

U22 (A )

U33 (A )

U„(A')
U» ——U» (A')
n

O(2) x

Z

B (A')
n

O(3) x =y
Z

B {A')
n

O(4) x
y
Z

B (A')

R„p (%)
R„p (%)

0
—0.0099(5)

0.3636(1)
0.14(3)
2
0
0.19(4)
1

—0.0087(5)
0.002(1)
0.004(1)
0.018{2)

—0.004(1)
0
2
0
0.0364{7)
0.1793(3)
0.99(8)
2.04(4)

1

4

0.23
1

0.01(2)
—0.064
—0.064

0.173
=B(O(2) )

0.02(4)
7.48
5.26

0
0
0.3600(1)
0.44(3)
2
0
0.30(3)
1

0
0.000(2)
0.006(2)
0.030(1)

—0.002(1)
0
2
0
0
0.1733(5)
0.7(l)
1.14(4)

1

4

0.232(4)
1

0.16(2)
—0.060(3)
—0.069(3)

0.172(1)
=B(O(2))

0.84(5)
7.95
4.89

0
0
0.3601(1)
0.25(2)
2
0
0.19(2)
1

0
0.001(1)
0.004{1)
0.025(1)

—0.000(1)
0
2
0
0
0.1731(3)
0.45(6)
1.22(2)

1

4

0.235(3)
1

0.18(1)
—0.065(2)
—0.069(2)

0.1717(7)
=B(O(2))

0.76(2)
6.15
2.61

With constraints
n(O(4)) =4n(O(3))
and n(2)+n(4) =2

O(3) n

R„p {%)
With no defect

R„„(%) 7.51

0.200(7)
7.96

8.68

0.189(4)
6.15

7.34

nearly perfect 1:4 ratio, especially for the 10-K data, and
n(O(2))+n(O(4)) is equal to 2 within the standard devi-
ations. For comparison, the refined defect concentrations
for a model in which the site occupancies are constrained
as described above is also given in Table I.

The 295-K data for La2Ni04 oo were refined in the or-
thorhombic Bmab space group analogous to La2Cu04. '

In this case, the orthorhombic stain is much larger and is
easily visible in the raw data. Additionally, the Bragg

peaks arising from the lower, Bmab, symmetry are readi-
ly observed. (The Bmab setting was chosen rather than
the standard Cmca setting in order to allow a direct com-
parison with the Fmmm results. ) The Bmab refinement
included 739 Bragg reAections over a d spacing range of
0.52 —3.18 A. The refined parameters are included in
Table I and a plot of part of the refinement profile is
shown in Fig. 4. As shown in Table I, inclusion of the
same interstitial oxygen defect in the refinement led to
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FIG. 3. Portion of the Rietveld refinement profile for orthorhombic (Fmmm ) La2Ni04 &8 at 295 K. Plus marks (+) are the raw
data. The solid line is the calculated profile. Tick marks below the profile mark the positions of allowed rejections. A difference
curve (observed minus calculated) is plotted by the bottom. Background has been fit as part of the refinement but subtracted prior to
plotting.

near-zero occupancies for both O(3) and O(4) and essen-
tially full occupancy for O(2). It should be noted that be-
cause of the differences in symmetry, the description of
the defect is not strictly the same in the Bmab and
Fmmm space groups. However, we refined the
I.a2Ni04, 8 data in Bmab symmetry and obtained the

same defect concentrations as for Fmmm, giving us
confidence that inclusion of the same defect model in
Bmab symmetry was a valid test of the existence of the
defect. Thus, the LazNiO4 oo refinement provides an ad-
ditional satisfying confirmation of the validity of the de-
fect model.
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FIG. 4. Portion of the Rietveld refinement profile for orthorhombic (Bmab) La2Ni0400 at 295 K. Format is the same as for Fig.
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TABLE II. Refined structural parameters for the two phases of the mixed-phase sample with bulk
composition La,Ni0407 The two phases are in the orthorhombic Bmab and Fmmm space groups, as
in Table I. The refinements are stabilized by constraining 8( 3 )~,b = 8( A )F for
A =La, Ni, O(1},O(2), and by constraining the oxygen site occupancies to match our physical model of
the defect, i.e., n{O(4))=4n{O(3)) and n{0(2))+n(O(4))=2.

T (K)
+wp /+ expt

Phase

295
0.0630/0. 0353

Bmab Fmmm

200
0.0707/0. 0446

Bmab Fmmm

a
b
C

V

(A)
(A)
(A)
(A )

5.4714(3)
5.4799(3)

12.6228(5}
378.47(4)

5.4863(3)
5.4953(2)

12.5768(4)
379.18(4)

5.4590(2)
5.4879(2)

12.6098(5)
377.77{4)

5.4844(3)
5.4973(3)

12.5548(5)
378.51(4)

Ni

O(1)

3'

z
8 (A')

x =y=z
B(A )

0
—0.0076(7)

0.3635(2)
0.43(2)
2
0
0.49(2)
1

0
0
0.3619(2)

=B(Bmab )

2
0

=B(Bmab)
1

0
—0.0092(8)

0.3631(2)
0.21(2)
2
0
0.28(3)
1

0
0
0.3620(3)

=8(Bmab)
2
0

=8(Bmab)
1

z
8 (A')

O(2)

z
B{A )

n

z
8 (A')
n

3'

z
B(A )

Scale only factor
Faction (%%uo)

—0.0010(4)
0.65(3)
2
0
0.031(1)
0.1778(5)
1.03(5)

=2—n{O(4))
1

0.235
1

0.0029(1)
—0.064
—0.064

0.177
=B{O(2))
=4m {O(3))

0.79(2)
52(2)

0
=B(Bmab)

2
0
0
0.1782(6)

=B(8mab)
=2—n {O(4))

4

0.235
1

0.110(7)
—0.064
—0.064

0.176
=8{0(2))
=4n {0(3))

0.73(2)
48(2)

—0.0095(5)
0.45(4)
2
0
0.032(1)
0.1786(6)
0.82(6)

=2—n{0(4))
I
4

0.235
1

0.0029(1)
—0.064
—0.064

0.177
=8{0(2))
=4n {O(3))

0.40{1)
53(2)

0
=8(Bmab)

2
0
0
0.1778(7)

=8(Bmab}
=2—n{o(4))

1

4

0.235
1

0.108(9)
—0.064
—0.064

0.176
=-8{0(2))
=4n {Q(3))

0.36(1)
47(2)

The 12-K data for La2Ni04 oo could not be refined in a
Bmab model. From the raw data, it is clear that the sys-
tem is either partially or fully transformed to a difI'erent

structure. Rodriguez-Carvajal et al. observed an unusual
phase transition in LazNi04 near 70 K and interpreted
their data in the same Cmca (Bmab ) space group, but
with a reduced orthorhombic strain and a discontinuous
change in the internal atom displacements. ' Our data,
which are taken at higher resolution and over a much
broader range of d spacings, confirm the existence of this
phase transition but disagree markedly with their con-
clusions. Based on the raw difFraction data, we suspect
that La2Ni0400 exhibits the same complex phase transi-
tion behavior observed in La2 Ba Cu04 at low temper-
ature. ' Originally, that system was also reported to
undergo an unusual transition involving a sudden reduc-
tion in the orthorhombic strain. However, recent ex-
tensive work reported by Axe et al. shows that the actual

transition involves the sequential softening of lattice pho-
nons resulting in transitions from I4/mmm to Cmca and
then (near 70 K) to P4zlncm, and that interpretation of
the low-temperature data is, unfortunately, confused by
the fact that the latter transition is often sluggish, result-
ing in a partial transition. Such a conclusion is con-
sistent with our raw data, but since this point is not
relevant to the subject of this paper, we have not pursued
it further.

Our data for La2Ni04 07 show clear two-phase behav-
ior at all temperatures. This observation suggests a phase
separation similar to that observed in La2Cu04+&. ' The
separations between Bragg peaks from the two phases
grow with decreasing temperature such that below 200
K, many peaks from the two phases are clearly resolved
and it was straightforward to conclude that the raw data
could be indexed on the basis of two orthorhombic
phases, one of which exhibited a larger orthorhombic
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TABLE II. (Continued ).

T (K)
~ wp /+ expt

Phase

100
0.0713/0.0449

Bmab Fmmm

10
0.0651/0.0319

Bmab Fmmm

a
b

V
La

Ni

(A)
(A)
(A)
(A )

Z

8(A )

x=y=z
8(A )

5.4535(2)
5.4885(2)

12.5927(5)
376.92(2)

0
—0.0105(8)

0.3628(3)
0.06(2)
2
0
0.21(3)
1

5.4839{3)
5.4978{2)

12.5326(4)
377.85(2)

0
0
0.3624(3)

=B(Bmab )

2
0

=8(8mab)
1

5.45 16(2)
5.4892(2)

12.5863(5)
376.64(2)

0
—0.0110(6)

0.3630(2)
0.01(2)
2
0
0.14(2)
1

5.4839(3)
5.4981(2)

12.5553(5)
378.56(2)

0
0
0.3623(2)

=B(Bmab)
2
0

=8(Bmab )

1

X=y
z
B(A )

O(2)

Z

8 (A')

O(3)

O(4)

x =y
z
8(A )

n

y

8(A )

n

Scale only factor
Faction (%)

4—0.0102(4)
0.37(3)
2
0
0.031(1)
0.1790(5)
0.72(5)

=2—n(O(4) )
1

0.235
1

0.0028(1)
—0.064
—0.064

0.177
=8(O(2))
=4n(O(3) )

0.401(8)
54(2)

0
=B(Bmab )

2
0-
0
0.1774(7)

=8(Bmab)
=2—n(O(4))

1

4

0.235
1

0.148(4)
—0.064
—0.064

0.176
=8(O(2))
=4n(O(3) )

0.344(8)
46(2)

—0.0105(3)
0.34(3)
2
0
0.034(1)
0.1735(3)
0.53(5)

=2—n(O(4) )
1

4

0.235
1

0.0028(1)
—0.064
—0.064

0.177
=8(O(2))
=4n(O(3) )

0.80(2)
54(2)

0
=B(Bmab )

2
0
0
0.1767(6)

=8(Bmab )

=2—n(O(4))
1

4

0.235
1

0.134(8)
—0.064
—0.064

0.176
=8(O(2))
=4n(O(3) )

0.68(1)
46(2)

splitting than the other. Refinements were, thus, at-
tempted with a two-phase, Bmab plus Fmmm, model us-
ing the La2Ni04oo and La2Ni04, 8 structural parameters
(Table I) as starting values. Unconstrained two-phase
refinements readily yielded accurate fits to the data at all
temperatures. However, the refined values for the oxygen
site occupancies were not stable enough to provide mean-
ingful physical conclusions. We conclude that this insta-
bility results from a high correlation between correspond-
ing parameters in the two phases [e.g. , correlations be-
tween B(La) for the Bmab phase and B(La) for the
Fmmm phase]. The situation is, undoubtedly, exacerbat-
ed in the present case by the fact that the two phases are
nearly identical structures in which many of the corre-
sponding peaks are overlapped.

Stable refinements of the two-phase data were achieved
by applying a small number of constraints. The ternpera-
ture factors of the Bmab phase were constrained to be
equal to the temperature factors of the Fmmm phase
[e.g., B(La)~,&=B(La)F, etc.]. Additionally, for

each phase the site occupancies defining the defect were
constrained to obey the physically expected behavior, i.e.,
n(O(4)) =4n(O(3)) and n(O(2))+n(O(4)) =2. Using
these constraints, the refinements quickly converged for
all temperatures. The refined structural parameters are
presented in Table II and part of the Rietveld refinement
profile (for the data at 200 K, where the peak splittings
can be more clearly seen) is shown in Fig. 5.

When combined with the bulk oxygen content mea-
sured by hydrogen reduction, the defect site occupancies
from the two-phase refinements for the LazNi04 O7 sam-
ple allow the miscibility gap to be approximately located
in the oxygen-concentration phase diagram for tempera-
tures below room temperature. The best estimates are
made by averaging the values for the four sample temper-
atures. In doing so, we assume that the phase separation
is essentially complete at 300 K, and that our data are
not of sufFicient accuracy to detect small changes in com-
position which could result from oxygen diffusion at
lower temperatures. For the oxygen-rich Emmm phase,



2194 JORGENSEN, DABROWSKI, PEI, RICHARDS, AND HINKS

La2Ni04. 07 at 200K
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FIG. 5. Portion of the Rietveld refinement profile for La2Ni0407 at 200 K refined with a two-phase model based on Bmab and

Fmmm orthorhornbic phases. Format is the same as for Fig. 3 except that the top row of tick marks is for one phase and the bottom
row is for the other.

the oxygen stoichiometry estimated from the Rietveld
refinements is 5=0.12—0. 13. For the Bmab phase, the
defect concentration (based on the same model) con-
sistently refines to zero. We will later argue that this
seemingly inconsistent result occurs because the
configuration of the excess oxygen defect is not the same
in the Bmab and I'mmm phases and, thus, the concentra-
tion of this particular interstitial defect is, indeed, zero in
the Bmab phase.

Other structural parameters, however, clearly show
that the Bmab phase does have a finite solubility for ex-
cess oxygen. For example, at 295 K the Bmab phase ex-
hibits a much smaller orthorhombic strain than
LazNi04 pp-. This result can be compared with the obser-
vation that the orthorhombic strain is also reduced very
quickly by doping La2Cu04 with Sr on the La site. In
that case La2 Sr Cu04 transforms from orthorhombic
to tetragonal near x =0.05 at 295 K and near x =0.2 at
10 K.

From our data, it is not possible to directly determine
the maximum solubility for excess oxygen in the Bmab
phase. However, an approximate value can be estimated
from the refined defect concentration in the I"mmm phase
(5=0.125 averaged over four temperatures) and the bulk
oxygen concentration measured by hydrogen reduction
(5=0.07). The relative abundance of the two phases in
the La2Ni04 Q7 sample is obtained from the refined scale
factors (Table II). Based on this approximation, the max-
imurn solubility for excess oxygen in the Bmab phase is
5=0.02. Unfortunately, because of uncertainties in both
the hydrogen reduction and structural results, the error
bars on this value are asymmetric and could be large—
perhaps —0.01/+ 0.03. Nevertheless, the general
features of the phase diagram are not in question.

800—

~600-
CD

(g 400—
CD

200—
CDI—

0 0 ~ 05 0. 1 0. 1 5 0.2

FIG. 6. Approximate structural phase diagram for
La2Ni04+z. 0' and 0" are orthorhombic Bmab and Fmmm
phases, respectively, with diAering solubilities for excess lattice
oxygen and T is a tetragonal I4/mmm phase. The shaded re-
gion is the approximate location of the miscibility gap as deter-
mined from a two-phase 6=0.07 sample.

An approximate phase diagram, based on our limited
data is shown in Fig. 6. The transition from orthorhom-
bic (0') to tetragonal ( T) at 5=0 and 700 K is based on
the work of Rodriguez-Carvajal et al. ' The temperature
at which the 0 -T transition intersects the miscibility gap
(near 5=0.02) is estimated from the temperature depen-
dence of the orthorhombic strain (b-a) for the Bmab
phase of the two-phase sample (see Fig. 7). At least three
phases are present: the orthorhombic (Bmab ) 0 phase,
which exhibits a solubility for excess oxygen up to about
0.02 at room temperature, the tetragonal (I4/mmm ) T
phase, to which the 0' phase transforms at high tempera-
ture, and the orthorhombic (Fmmm ) 0" phase, which
exists for 6)0. 13 at room temperature and which con-
tains the specific oxygen interstitial defect presented in
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the defect. In a single interstitial location, Fmmm sym-
metry defines one O(3) atom at ( —,', —',z) and a symmetry-
equivalent atom at ( —,', —,', —,

' —z) (z=0.23). Because of
their close proximity, only one of these two sites can be
occupied. Average Fmmm symmetry is achieved if the
choice is random. For the purposes of our discussion we
choose to place the defect at ( —,', —,', 0.23). Obviously, we

assume that the four O(2) atoms which are displaced into
O(4) sites are those which neighbor the defect at O(3).
Furthermore, even though the Fmmm symmetry defines
four O(4) positions near each O(2) site, we assume that
the O(4) site which is actually occupied in a given cell is
the one which achieves the longest O(3)-O(4) distance.
These assumptions have been used to define the local de-
fect structure sho~n in Fig. 2 and to calculate the intera-
tomic distances in Table III.

As a test of the validity of the proposed defect, it is
useful to look at interatomic distances in the structure.
The relevant distances are given in Table III, and illus-
trated in Fig. 2(b). Since the defect is located at z =0.23,

TABLE III. Interatomic distances in La2Ni04+z as deter-
mined from Rietveld refinement of neutron powder dift'raction
data. Numbers in parentheses are standard deviations of the
last significant digit. In the case of the distances involving the
interstitial defect at O(3), only the physically reasonable dis-
tances are given (see the text).

5=0
295

0
Interatomic distance (A)

5=0.18
295 10

Host structure
Ni-O(1)
Ni-0(2)
La-O(1)

La-0(2)

0(1)-O(1)

0(2)-0(2)

O(1)-O(2)

1.9486(2)
2.261(4)
2.538(3)
2.654(3)
2.324(4)
2.7891(8)
2.569(4)
2.7328(1)
2.7785(7)
3.283(4)
3.287{4)
3.612(5)
2.981(4)

1.9328(1)
2.202(6}
2.628(1)

2.375{6)
2.769(1)
2.7631(6)
2.7307(1}
2.7361(1)
3.362(7)
3.357{7)

2.930(5)

1.9275(1)
2.192(4)
2.6180(8)

2.369(4)
2.7606(6)
2.7556(6)
2.7235(1)
2.7284(1)
3,353(4}
3.349{4)

2.919(3)

Defect structure
Ni-0(4)
La-0(3)

0(2)-O(3)'

O(3)-O(4)"

2.25(1)
2.53(3}
2.26(2}
2.43(1)
2.42(2)
2.47(2)
2.07(2)
2.28(2)
2.54(2)
2.71(3)

2.24(1)
2.49(2)
2.28(2)
2.44(1)
2.41(1)
2.43(1)
2.08(1}
2.25{2)
2.57(2)
2.71(2)

'This distance is not physically meaningful since the presence of
the defect at O(3) displaces O(2) from its ideal positions (see the
text).
In the case of O(3)-O{4), only the long, physically meaningful,

distances are listed (see the text).

and not at z= —,', the local configuration has two short
and two long La-O(3) bonds and, likewise, two short and
two long O(3)-O(4) distances. We realize at this point,
that the assignment of equal displacements for the O(4)
atoms above and below the O(3) defect is only an approxi-
mation to the local defect structure. Moreover, small lo-
cal displacements of La are probably also present. These
small differences are, perhaps, what gives rise to the small
orthorhombic distortion of an otherwise tetragonal struc-
ture. However, the present defect model appears to be
adequate to characterize the basic features of the defect
structure and is probably the best approximation that can
be achieved within the Fmmm symmetry of the host
structure.

The shortest La-O(3) distance, 2.26 A is somewhat
shorter than the shortest La-0 distance in the host struc-
ture (2.32 A), but is not unreasonable based on expected
ionic radii, realizing that the effective radius of La varies
widely depending on coordination. The small discrepan-
cy could result from small local La displacements around
the O(3) defect which we have not included in our
refinement model. Likewise, the shortest O(3)-O(4) dis-
tance, 2.54 A, is not unacceptable, especially in light of
the fact that we have approximated the O(4) displace-
ments by assigning the same displacements to all O(4)
atoms. The interatomic distances of the host lattice, e.g.,
La-O(l), La-O(2}, Ni-O(1), Ni-O(2), are only marginally
perturbed by the incorporation of the defect. It is in-
teresting to note, however, that the Ni—O bonds are sys-
tematically shortened, consistent with the concept of
charge transfer from the oxygen interstitial defect to the
Ni-O layer.

Individual Ni—0 bond lengths probably provide the
most sensitive probe of the electronic effects of the oxy-
gen defects in the Bmab and Fmmm phases. Based on
observations in the YBa2Cu307 structure, we would
expect the bridging Ni—O(2} bond, which connects the
conducting two-dimensional layer to the double LaO lay-
er, to be the most sensitive to charge transfer. The
Ni—0 bond lengths versus 6 are shown in Fig. 9. As ex-
pected, the largest variations are observed for Ni-O(2).
Interestingly, the behavior is quite different for the Bmab
and Fmmm phases, in agreement with our conclusion
that different oxygen defects are formed. In the Fmmm
phase, the Ni—O(2) bond shortens significantly with in-
creasing 6, consistent with the expected charge transfer
from an 0 interstitial defect. In the Bmab phase, how-
ever, negligibly small bond length changes are observed,
suggesting that no charge is transferred. One possible ex-
planation for this behavior is that a charge-neutral defect
is formed in the Bmab phase.

Several authors have proposed the existence of a
peroxide or superoxide defect as a possible mechanism
for incorporating excess oxygen into La2Ni04+ & and
La2Cu04+&. ' ' ' These proposals have been based on
experimental evidence such as comparisons of thermogra-
vimetric analysis and iodometric titration, magnetization
data, and x-ray photoelectron spectroscopy. Zhou et aI.
have recently challenged these ideas by showing that the
experimental evidence for a superoxide species may be as-
sociated with "superficial oxygen" (e.g. , a surface species)
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FIG. 9. Ni—0 bond lengths vs 6 at 295 K as determined by
Rietveld refinement of neutron powder diffraction data.

rather than bulk excess oxygen in the LazCu04+& com-
pound. ' Our results offer another possible explanation
for the persistent indications of a peroxide or superoxide
species. The interstitial site near ( —', —,',z; z= —') is ap-
parently not large enough to accommodate a superoxide
ion or peroxide ion oriented along the z direction. To do
so would require both of the symmetry-equivalent
( —,', —,', z ) and ( —,', —,', —,

' —z ) sites to be simultaneously occu-
pied with z &0.2. Our data clearly show that for the
Fmmm phase with 0. 13 & 6 & 0. 18 the defect at this site is
a single interstitial oxygen atom. However, we are not
able to determine the structure of the oxygen defect in
the Bmab phase for 0&6&0.02. The variation of unit
cell volume with 5 (Fig. 8) suggests that a defect with a
substantially different structure is formed. Thus, the ex-
istence of a superoxide or peroxide defect in the Bmab
phase is not excluded by our data. Moreover, if such a
defect does exist, we are not able to specify its location in
the structure. While the ( —,', —,', —,') site appears to be ruled
out, it may be possible for a superoxide or peroxide ion to
substitute at one of the normal lattice oxygen sites, O(1)
or O(2), as proposed by Buttrey et al. For example, the
displacement of the O(2) oxygen atom into the O(4) site
which we observe (0.5 A) is nearly large enough to allow
the accommodation of such a defect substitutionally at
the O(2) site. We also note that a peroxide or superoxide
ion substitutional defect would produce a very difterent
electronic eftect, in agreement with our Ni—0 bond-
length data (Fig. 9). Such a proposal is, of course, entire-
ly speculative and must await experimental verification
when suitable structural data are avai1able for the oxygen
defect in the Bmab phase.

SUMMARY AND CONCLUSIONS

In summary, we have synthesized three samples of
La2Ni04+ & with widely different oxygen contents
(5=0.00, 0.07, and 0.18) and have used these samples to

study the structural mechanism by which excess oxygen
is incorporated into the structure and the general features
of the oxygen-concentration phase diagram. For the
LazNi04 &8 sample, which is single phase, we have been
able to determine the structure of an interstitial oxygen
defect which is located at the ( —', —,',z; z =0.23) site in the
orthorhombic Fmmm lattice. This defect allows the in-
terstitial oxygen atom to be favorably coordinated to four
neighboring La atoms, but requires four neighboring oxy-
gen atoms to be displaced -0.5 A from their normal lat-
tice sites.

The La2Ni04 Q7 sample is separated into an oxygen-
rich orthorhombic Fmmm phase and a nearly stoichio-
metric orthorhombic Bmab phase. Changes in the lattice
constants for the Bmab phase, as compared to those ob-
served for a La2Ni04 pp sample, show conclusively, how-
ever, that the solubility for excess oxygen in the Bmab
phase is not zero. Our best estimates for the composi-
tions of the two phases near room temperature, based on
Rietveld refinements of neutron powder diffraction data
and hydrogen reduction, define a phase diagram (Fig. 6)
where the Bmab phase exists for 0&5&0.02 and the
Fmmm phase exists for 0. 13&6&0.18. Although the
quantitative assignment of stability ranges for these two
phases is subject to a number of errors, the general topol-
ogy of the phase diagram is not in question. An addition-
al important observation from this work is that the excess
oxygen which can be incorporated into the Bmab phase
(0(5(0.02) probably involves a different defect struc-
ture. Our observation of a very different dependence of
the unit cell volume on 5 for the Bmab and Fmmm
phases supports this conclusion. A solution of the oxy-
gen defect structure for the Bmab phase must await the
synthesis of single-phase Bmab samples with excess oxy-
gen and may, in fact, be possible only by single-crystal
techniques, owing to the small solubility.

These results for La2Ni04+& are remarkably similar to
those previously reported for La2Cu04+ &.

' In both
cases, phase separation occurs between an oxygen-rich
Fmmm phase and a nearly stoichiometric Bmab phase.
The La2Ni04+& system, however, exhibits a much larger
solubility for excess oxygen and does not require high ox-
ygen pressures to obtain single-phase Fmmm samples.
Thus, in the present study we have been able to syn-
thesize a single-phase sample with excess oxygen and
refine the structure of the interstitial oxygen defect.

In the case of La2Cu04+ &, temperature-dependent
diffraction studies above and below room temperature
showed that the phase separation occurred reversibly
near room temperature, leading to the remarkable con-
clusion that significant oxygen diffusion was occurring
near room temperature. In the present study, which
focuses on the structure of the defect rather than the de-
tails of the phase diagram, we have not extended our
measurements above room temperature. Thus, we are
not able to state the temperature at which the phase sepa-
ration begins or comment on the rate at which oxygen
diffusion occurs near room temperature. We did observe,



JORGENSEN, DABROWSKI, PEI, RICHARDS, AND HINKS 40

however, that a sample of initial composition La2Cu04 Oo

readily changes its bulk oxygen content [as determined by
thermogravimetric analysis (TGA) and neutron powder
diffraction] if exposed to air for several days at room tem-
perature. Thus, significant oxygen diAusion near room
temperature may also be possible in LazNi04+&.

Despite these similarities in the La2Cu04+ &
and

La2Ni04+& compounds, it is important to realize that the
quantitative details of the phase diagrams may not be
identical. In particular, the location and shape of the
miscibility gap may not be the same. For example, it ap-
pears that the phase separation occurs at higher tempera-
tures in the Ni compound than in the Cu compound. Ad-
ditionally, in the Ni compound, the oxygen content in the
mmmm phase of a two-phase sample is near 6=0. 13,
while in the Cu compound, the most recent work yields a
value near 5=0. 18—0. 10. ' In the case of supercon-
ducting LazCu04+&, these diA'erences, although small,
can have a dramatic eA'ect on the superconducting behav-
ior, since T, can depend critically on the number of car-
riers. Thus, future studies of the phase diagrams of
these compounds should focus on a more quantitative
determination of the phase boundaries.

Although it is not proven, the remarkable similarity
between the La2Ni04+& and La2Cu04+& systems suggests
that the same defect structure, with perhaps small atom
displacements to accommodate favorable interatomic dis-
tances, probably occurs in La2Cu04+&. Recent single-
crystal neutron diAraction studies of LazCu04+z do, in
fact, find a similar defect and support this assumption.
The formation of an oxygen interstitial (0 ) defect is
consistent with the occurrence of superconductivity in

La2Cu04+&. ' The analogy to the La& Sr Cu04 sys-
tern is informative. Assuming that the same degree of
charge transfer to the Cu02 layers occurs in both cases,
one interstitial 0 defect is equivalent to two substitu-
tional Sr + defects at the La + site. Thus, by comparison
with the La& Sr Cu04 system where T, is maximum
for x =0. 15—0.2, the optimum superconducting prop-
erties would be expected to occur near 6=0.08 —0. 1. Al-
though precise stoichiometry measurements have been
difficult due to superficial oxygen species, ' this predicted
optimum doping level is near that actually observed in
superconducting LazCu04+&. ' ' Such agreement can-1,31,32

not be obtained if other defect models, i.e., superoxide or
peroxide defects, are invoked to explain the superconduc-
tivity. With regard to the recent claims of superconduc-
tivity in La2Ni04+&, it is interesting to note that (at least
for the synthesis conditions described here) the same op-
timal oxygen concentration, 6=0.08—0. 1, may be unat-
tainable due to the topology of the phase diagram.
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