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Selected members of the Ndr-,Sr,NiO 4+s solid solution series were fluorinated by a low temperature 
ion-exchange reaction. NdZNi04.r6 is orthorhombic at ambient temperature and shows an increase in 
the orthorhombic distortion as a result of fluorination. The a unit cell parameter of Nd2Ni04.16-xFy 
decreases while the b and c cell parameters increase relative to the oxygen rich sample NdZNi04.16. 
The unit cell volume of the fluorinated sample relative to the oxygen rich sample increases. Nd2Ni04.r6 
undergoes a structural phase transition at 575”C, and the fluorinated analogue shows no evidence of a 
structural phase transition up to 700°C. The Nd2Ni04.16-xFy phase decomposes at 700°C into 
NdzNi04+s, NdOF, NdFs, and NiO as determined by differential thermal analysis and X-ray diffrac- 
tion analysis. The significant changes in the electrical and magnetic properties of fluorinated 
Ndz-xSr,Ni04+8 compared to the oxide are discussed in terms of structural properties of the Ni-0 
basal planes. Q 1992 Academic Press, Inc 

Introduction 

Rare earth transition metal mixed oxides 
of the type A2B04 (A = rare earth, B = 
transition metal), with the tetragonal K2Ni 
Fd-type structure, are composed of alter- 
nating perovskite (AB03) and rock salt 
(AO) layers along the tetragonal c-axis (Fig. 
1). The B-O octahedra share corners in the 
ab plane forming a two-dimensional array 
of B-O-B bonds which give these com- 
pounds quasi-two-dimensional magnetic 
and electrical properties (1-4). It is well 
known that the physical properties of 
perovskite-related compounds can be ma- 
nipulated by adjusting the valence of the 
transition metal ion. For example, the anti- 
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ferromagnetic semiconductor La&u04 can 
be made superconducting by either the sys- 
tematic substitution of divalent cations, 
such as Sr2+ and Ba2+, into the La3+ sites or 
by the introduction of oxygen interstitials 
into the crystal lattice (5). In both cases 
electrons are partially removed from the 
Cu-0 plane which results in a formal 
CU~+‘~+ mixed valency. The antiferromag- 
netic semiconductor Nd2Cu04, which has a 
modified K2NiF4 structure, can also be 
transformed into a high temperature super- 
conductor by the partial substitution of 
Ce4+ for Nd3+. Substitution of Ce4+ for the 
Nd3+ adds electrons to the Cu-0 plane 
which partially reduces the oxidation state 
of copper and result in a formal Cu2+‘*+ 
mixed valency. Superconductivity has been 
reported in Nd2Cu04-,F, (6). Fluorination, 
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FIG. 1. Unit cell of the Nd,NiOa structure. 

like Ce4+ substitution, leads to partial re- 
duction of the copper valence. The struc- 
tural similarity between LnzNi04 (Ln = 
La3+, Pr3+, Nd3+)-type compounds and the 
superconducting LazCuO4 types, coupled 
with recent reports of possible supercon- 
ductivity in the La2-,Sr,Ni04+8 system (7, 
8), has generated considerable efforts to 
evaluate the physicochemical properties of 
the Ln*NiOA class of compounds. 

Rare earth nickelates show a range of ox- 
ygen nonstoichiometry depending upon 
their synthetic preparation and this is mani- 
fested in various structural distortions from 
the ideal tetragonal symmetry. The pres- 
ence of excess oxygen in these structures 
and a strong correlation between structural 
stability and oxygen content have been es- 
tablished by several investigators (9). 
Moreover, the electronic and magnetic 
properties of Ln2Ni04+8-type compounds 
are extremely sensitive to deviations in the 
oxygen stoichiometry (10-12). For exam- 
ple, stoichiometric Nd2Ni04 is unstable in 
air and reacts with atmospheric moisture to 

form hydroxy-carbonates under ambient 
conditions (13). Nonstoichiometric LazNi 
04+s is tetragonal at ambient temperatures 
while the nearly stoichiometric sample (6 = 
0) shows an orthorhombic distortion. Elec- 
trical conductivity studies on La2Ni04+6 re- 
veal a semiconductor-to-metal transition 
between 500 and 620 K (3,14). Recently we 
have reported on the Nd2-,Sr,Ni04+s solid 
solution series (25). For x < 0.2 the samples 
are orthorhombic and undergo a structural 
phase transition to tetragonal symmetry as 
the Sr2+ content exceeds x = 0.2. The 
orthorhombic samples incorporate excess 
oxygen into their structures, which presum- 
ably helps to stabilize the orthorhombic 
phase; the tetragonal samples are always 
found to be stoichiometric in oxygen (6 = 
0). For Nd2Ni04+a the 6 value is 0.16 ? 0.03 
(15). The excess oxygens can occupy inter- 
stitial sites located between two rock salt 
NdO planes, similar to that observed for 
La2Ni04.is (9). Nd2Ni04+& can be easily re- 
duced to Nd2Ni04,0 under mild reducing 
conditions at 275°C and reversibly oxidized 
back to the oxygen rich sample in air at 
100°C (13). It is apparent that the excess 
oxygen in Nd2Ni04+s is fairly mobile and 
can be reversibly removed and incorpo- 
rated. 

Substitution of fluorine for oxygen in rare 
earth transition metal oxide materials is not 
as extensive as one might expect consider- 
ing the similarity in size of the 02- (1.400 A) 
and F- (1.333 A) ions. In order to main- 
tain charge neutrality, replacement of 02- 
by F- in LnzNiO4 must be accompanied by 
either a change in the cationic charge or the 
proper ratio of F- for 02- substitution. If 
the B cation can exhibit variable oxidation 
states then a one-to-one F- for 02- substi- 
tution is possible; otherwise, the substitu- 
tion ratio must be two F- for one 02-. Typi- 
cal preparation techniques employed in the 
synthesis of oxyfluorides with perovskite- 
related structures involve a direct solid 
state reaction between the metal oxides and 
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fluorides (16-18). Recently there have been 
reports on the preparation of La*-,Dy,Cu 
OdmxFti using a simple ion-exchange reac- 
tion (19, 20). We report here the fluorina- 
tion of Ndz-#-,Ni04+8-type compounds by 
a similar low temperature ion-exchange re- 
action. 

Experimental 

Pellets of the parent compounds Nd2Ni 
04.16, Nddh+JiO4.o, and NdSrNi04.0 
were prepared as reported earlier (15). Sin- 
gle-phase Ndz-xSr,Ni04+s-,F, samples, as 
determined from powder X-ray diffraction 
(PXD), were prepared by a procedure pre- 
viously reported with modification (19, 20). 
Typically, the pellets of Nd,-,Sr,Ni04+, 
were placed into a glass tube containing Zn 
Fz in molar ratios of sample to ZnF2 of 4 : 1. 
The samples were separated from ZnFz by 
glass wool. Special care was taken to con- 
trol the volume and pressure inside the 
sealed glass tube in order to ensure that the 
reaction conditions were identical for dif- 
ferent preparations. The ampoules were ini- 
tially outgassed to a final pressure of P = 
0.10 atm prior to sealing and were heated at 
295°C for 48 hr. Following this treatment 
the ampoules were opened and the samples 
were annealed in air at 400°C for 24 hr. The 
structural and thermal properties of the re- 
sultant black pellets were examined by 
PXD and differential thermal analysis 
(DTA). The total fluorine content of the flu- 
orinated samples was analyzed eiectro- 
chemically by Schwarzkopf Microanalyti- 
cal Laboratory with a fluorine-ion-selective 
electrode. Oxygen-deficient samples of Nd2 
Ni04.16-x were prepared by annealing Nd2 
Ni04.,6 under 5% Hz/He at 285°C for 
2-4 hr. 

Powder X-ray diffraction data were ob- 
tained with a Scintag Pad V diffractometer 
with monochromatized CuKcr radiation. 
Least-square refinement of the observed 
powder diffraction data was used to evalu- 

ate the unit cell parameters. The d spacings 
were corrected for systematic errors by cal- 
ibration with mica. Electrical resistivities of 
the samples were measured by a standard 
four-probe technique with a DE202 cryo- 
stat (APD Cryogenics) from room tempera- 
ture to 15 K. A Squid magnetometer (Quan- 
tum Design) was used to measure the mag- 
netic susceptibility of samples in the range 
2-370 K at an applied magnetic field of 1000 
G. The total oxygen content was deter- 
mined by iodometric titration and when ap- 
propriate by hydrogen reduction with a Du- 
Pont 951 thermogravimetric analyzer; the 
sample was placed in a silver pan and 
heated in flowing 5% H2 in helium gas (0.1 
liter/min) to 1000°C at lO”C/min. 

The morphology of the specimens was 
examined with an Amrek scanning electron 
microscope on as-prepared and fractured 
surfaces. Energy dispersive X-ray analysis 
was performed on randomly selected grains 
to verify compositional homogeneity, 
across the grains. Samples were also exam- 
ined using a JEOL 1OOCX transmission 
electron microscope at an accelerating volt- 
age of 100 kV. The powdered samples were 
ground well and sprinkled onto 200 mesh 
Formvaricarbon-coated copper grids. The 
grids were gently tapped to remove excess 
material. Selected area electron diffraction 
patterns were obtained for several crystal- 
lites. The diffraction constant of the micro- 
scope was calibrated using a Moo3 stan- 
dard. 

Results and Discussion 

Structure 

Initial evidence that fluorination of Ndz 
Ni04,16 was occurring by the low tempera- 
ture ion-exchange reaction was indicated 
by the conversion of ZnFz to ZnO as deter- 
mined by PXD. The total fluorine content in 
each of the samples studied is presented in 
Table I. The distribution of F- was found to 
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TABLE I 

STRUCTURAL PROPERTIES OF Nd2~,$rINi04+s AND Nd2-,Sr,vNi04-,F, 

Compound a (A) v (&, cla, 

Nd~Ni04.1bi0.03U 

NdzNiOI 16-xFv 
(y - 0.018) 
NdW04.08f0.03 

NdzNiO& 

Nddm N~ZM 03(1 
Nd, &-. 5Ni03.98-xFb 
(y - 0.024) 
NdSrNi04.M)+0 & 
NdSrNi0400-,F, 
(y - 0.08) 

5.378(l) 5.441(l) 12.355(l) 361.52(7) - 

(3.825)b (180.76)< (3.230)< 
5.287(l) 5.548(l) 12.41 l(3) 364.01(g) - 

(3.83l)b (182.13)‘ (3.240)1 
5.383(l) 5.445(l) l2.342(2) 361.74(7) - 

(3.828)b (180.88)’ (3.224)< 
5.3814(2) 5.5850(2) 12.1 l43(4) 364.09(3) 

(3.8772)b (182.05)’ (3.124)( 
3.776(l) 12.473(3) 177.81(4) 3.305 
3.773(l) 12.483(2) 177.70(5) 3.308 

3.796(l) 12.303(2) 177.28(3) 3.240 
3.794(l) 12.320(3) 177.33(5) 3.247 

d After Ref. (15). 
b The a, for the orthorhombic samples were calculated using the expression a, = (a + b)/Zd. 
c Values for the orthorhombic samples were calculated using cr, instead of a. 
d After Ref. (13). 

be uniform throughout the bulk of the sam- 
ple as determined by energy dispersive 
X-ray analysis. The electron diffraction 
patterns from several crystallites of both 
fluorinated and nonfluorinated composi- 
tions have been examined and a typical se- 
lected area diffraction pattern from a crys- 
tallite of NdSrNi04-,F,, is shown in Fig. 2. 
There was no evidence of amorphous re- 
gions in any of the compositions studied, 
which indicates that the crystallinity of the 
samples remains unaffected by the incorpo- 
ration of fluorine in the structure. This ob- 
servation contrasts with similar studies on 
the fluorinated compositions of YBa2Cu3 
07, in which substantial amounts of amor- 
phous phases have been detected by elec- 
tron diffraction (21). 

The oxygen-rich Nd2Ni04.16 is an 
orthorhombically distorted variant of the 
tetragonal KzNiFrtype structure (22). The 
orthorhombic distortion manifests itself in 
the splitting of some of the reflections in the 
PXD pattern. Figure 3A shows that for Ndz 

Ni04.16 the (020)-(200) and (024)-(204) dou- 
blets are well resolved. After this sample is 
fluorinated the splittings of these reflections 
increase dramatically as shown in Fig. 3B. 
The (113) and (020) reflections slightly over- 
lap as do the (115) and (006) peaks. The 
(024) peak lies underneath the (115) and 
(006) peaks. Saez-Puche et al. reported 
similar observations when the oxygen-rich 
sample NdzNi04+s was reduced to stoichio- 
metric NdzNiOd.O (23). They attributed the 
observed increase in the splittings of these 
reflections to increased orthorhombic strain 
in the structure. The unit cell parameters of 
Nd2Ni04.16-xFy, as determined from the 
least-square refinement of the PXD data, 
are presented in Table I. Relative to the 
oxygen-rich sample Nd2Ni04.16, the a cell 
parameter of the fluorinated sample de- 
creases while the b and c cell dimensions 
increase. However, a comparison of the 
trends in cell parameter variations between 
the nearly stoichiometric Nd2Ni04.0 and the 
fluorinated Nd2Ni04.16 revealed significant 
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Frc. 2. Selected area diffraction pattern of NdSrNi04-,F, crystallite ([I 111 zone axis). 

differences (Table I). The orthorhombic 
strain (defined as s = 2(b - a)/(~ + b)), as 
calculated from the observed unit cell pa- 
rameters, shows that the strain increases 
fourfold from 0.012 for the oxygen-rich 
samples to 0.048 for the fluorinated sample. 
The NdzNiO4.o sample has a calculated 
orthorhombic strain of 0.037 (13). These 
observations strongly indicate that the in- 
corporation of F- ions in NdzNi04, i6 results 
in dramatic enhancement of the orthorhom- 
bit strain. 

As mentioned earlier, Nd2Ni04.i6 can 
easily be made stoichiometric under mild 
reducing conditions. It is conceivable that 
Nd2Ni04,i6 loses oxygen under reduced 
pressure; the extra oxygen released could 
react with ZnFz to form ZnO. This could 
also explain the increase in the orthorhom- 

bit strain and the observed peak splittings. 
To test this hypothesis, we have repeated 
the experiment with Zr in place of ZnF2, 
which is an excellent “oxygen-getter.” In 
fact, we were able to reduce Nd2Ni04.i6 by 
using Zr. The oxygen stoichiometry of the 
samples was very hard to control and 
ranged from Nd2Ni04.12-t0.02 to Nd2Ni 
04.08~0.02 as determined by iodometric titra- 
tion. However, the PXD of the samples did 
not show the large splitting of the (020)- 
(020) and (024)-(204) reflections observed 
for the fluorinated samples; moreover, 
these samples were easily converted back 
to NdzNiOd,i6 by annealing in air at 400°C 
for 24 hr. This is in contrast to the NdzNi 
04.16-xFY samples which were unchanged 
after heat treatment in air at 400°C for 24 hr 
as evident from their PXD patterns. Reac- 
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FIG. 3. Powder X-ray diffraction patterns of 
Nd2Ni04+* (A) as prepared and (B) after fluorination. 

tions of NdzNi04.16 in sealed tubes without 
ZnF2 showed no evidence of reduction. 

Nd2Ni04.16 undergoes a reversible struc- 
tural phase transition from orthorhombic to 
tetragonal symmetry at 575°C (1.5, 23). We 
have carried out detailed DTA and high 

temperature X-ray diffraction studies, and 
find no evidence for a phase transition of 
the fluorinated samples below 700°C. How- 
ever, Nd2Ni04.r6-xFy does show an irre- 
versible phase disproportionation at 700°C 
as determined by DTA and PXD. The PXD 
analysis of samples heated above 700°C 
showed the presence of NdzNi04+s, NiO, 
NdF3, and NdOF. This implies that the flu- 
orinated samples are inherently unstable at 
temperatures greater than 700°C. This is 
similar to what was reported for the com- 
pounds Nd&u04-xFy and Laz-,Dy,Cu04-, 
FLr (6, 20), which decomposed on heating 
above 900°C. 

Lightfoot er al. (20) reported that Lar.25 
Dyo.&u04,a, which has a tetragonal T* 
structure (hybrid derived from the LazCu04 
(T) and Nd2Cu04 (T’) structure types with a 
square-pyramidal coordination of copper 
sandwiched between a rock-salt-like LazOz 
and a fluorite-like Ndz02 layer), undergoes 
an orthorhombic distortion upon fluorina- 
tion. The degree of orthorhombic distortion 
was a function of the amount of F- incorpo- 
rated into the structure. They assumed that 
the F- ions occupy the interstitial sites of 
the LazOz rock salt layers in a manner simi- 
lar to the extra oxygens in the related T 
structure of La2Ni04.re (9). LazNi04,tg ex- 
hibits an orthorhombic superstructure, 
6 x V’% x c, induced by the incorpo- 
ration of the interstitial oxygens between 
the two (001) rock salt La0 planes. The in- 
terstitial oxygen repels the four nearest 
neighbor apical oxygens and displaces them 
from the axial positions. Lightfoot ef al. 
have argued along similar lines to explain 
the orthorhombic strain in Lal.25Dy0.&u 
04-rFZr. However, they could not unam- 
biguously determine the origin of the 
orthorhombic distortion from neutron dif- 
fraction data due to the inability to distin- 
guish between 0 and F in the structure re- 
finement. They proposed that the distortion 
might be related to the cooperative twisting 
of the displaced apical oxygens about the 
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c-axis through their neighboring interstitial 
anions. This would minimize the anion- 
anion repulsions between neighboring oxy- 
gen ions and result in an orthorhombic dis- 
tortion. A similar argument may be applied 
to the present system. The F- anions in the 
interstitial sites could interact with and re- 
pel the apical anions of the Ni06 octahedra 
away from their ideal axial positions caus- 
ing a cooperative tilting of the NiOs octahe- 
dra. 

If in the present system the F- ions were 
replacing the oxygens stoichiometrically 
(i.e., one to one) in the interstitial sites be- 
tween the rock salt NdO planes of the Ndz 
02 layers of NdZNi04.t6, then the anion- 
anion repulsion between the interstitial 
anion and the apical anion would be ex- 
pected to decrease. Consequently, the 
orthorhombic distortion would also be ex- 
pected to decrease. On the other hand, as- 
suming that the replacement by F- is 
greater than one to one as reported for 
La2-,Dy,Cu04-xF2r, then the anion-anion 
repulsion should increase, resulting in an 
increase in the orthorhombic strain of the 
unit cell. 

Alternatively, the increase in the 
orthorhombic strain could also be under- 
stood in terms of Nd3+ defects in the struc- 
ture. The F- anions deposited on the sur- 

resulting compounds did not show large 
changes in the unit cell parameters (Table 
I). The a cell parameter does not change 
significantly while the c cell parameter in- 
creases slightly. Both samples decompose 
above 700°C. 

Electrical and Magnetic Properties 

The room temperature resistivity (pm) of 
all three fluorinated compositions increased 
relative to the corresponding parent com- 
pound. This can be explained in part by 
electronegativity considerations. The F- 
anion could act as a potential trapping site 
for electrons, thus impeding the flow of 
electrons; the incorporation of F- in the 
Ni-0 basal planes of the NiOd octahedra 
cannot be ruled out. The temperature de- 

lOOO/Temperature (K-1) 
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E 
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face of NdtNi04.i6 could leach out Nd3+ .,O,.L ’ d ’ ’ ’ ’ ’ 
from the structure by forming an amor- 
phous layer of NdOF on the surface. This 
would leave Nd3+ defects in the structure, 
which in turn might explain the observed 
orthorhombic strain. Attempts to prepare 
Nd3+-deficient compounds, Ndz-,Ni04+8 
(0 < x < 0.2), by conventional solid state 
reaction and/or the codecomposition of 
metal nitrates proved unsuccessful. This 
suggests that the Nd2-,NiOd phases are not 
stable. Hence, it is unlikely that Nd3+ de- 
fects are the source of the observed 
orthorhombic strain. 

Fluorination of Ndl.&-o.~NiO~.o and NdSr 
Ni04.0 was also performed. PXD data of the 

2 4 6 8 10 12 14 16 
1 OOO/Temperature (K-1) 

FIG. 4. Arrhenius plots of the electrical resistivity 
for NdSrNi04 (A) as prepared and (B) after fluorina- 
tion. 
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FIG. 5. Magnetic susceptibility as a function of temperature for Nd, $3r0 SNiOl (A) as prepared 

(B) after fluorination. Inset shows the inverse susceptibility variations with temperature. 
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pendence of the resistivity of the fluori- 
nated samples shows semiconducting be- 
havior down to 50 K. It is interesting to 
note that the metallic behavior observed for 
NdSrNi04 (15) above 190 K disappears af- 
ter fluorination (Fig. 4). 

In the solid solution series Nd,-,Sr,Ni 
04+s, the magnetic susceptibility (x) shows 
Curie-Weiss behavior with the onset of 
long-range antiferromagnetic ordering 
(TN = 17 K) in some of the intermediate 
members (15). There is no evidence for 
long-range magnetic order down to 2 K in 
all three of the fluorinated samples. The 
long-range antiferromagnetic order of Ndi,s 
Sr0.5Ni04 appears to be frustrated upon flu- 
orination (Fig. 5). The x vs T plot of Ndl.s 
Sr0,SNi04-,FY begins to flatten out at 14 K 
and does not show any clear indication of 
long range magnetic ordering. However, a 
clear anomaly at 155 K in the l/x vs T plot 
of Nd&3-0.SNi04-,F, is seen in Fig. 5 (in- 
set). Similar observations were reported by 
Saez-Puche et al. for stoichiometric LazNi 
O4 (24), which they attributed to the pres- 

ence of weak ferromagnetic components 
due to the spin canting of the antiferro- 
magnetically ordered Ni2+ as a result of a 
reversible structural phase transition at 
about 80 K. The same phenomenon was 
also observed for stoichiometric Nd2Ni04 
and Pr2Ni04 at 90 and 120 K, respectively 
(23). This implies that the incorporation of 
fluorine reduces the correlation lengths of 
the exchange interactions causing severe 
distortion in the local coordination of the 
cations, which frustrate the antiferromag- 
netic ordering of the rare earth ions. This 
indicates that the F- is indeed being incor- 
porated into the Nd-0 rock salt layer and 
not the Ni-0 layer. Buttrey and Honig (4) 
showed that the magnetic order of the 
nickel sublattice in Pr2Ni04+& and Nd2Ni 
Od+& can be suppressed with a large excess 
of oxygen in the structure. It appears that 
F- in much smaller concentrations has a 
similar effect. Stoichiometric Nd2NiOd 
shows an increase in the susceptibility 
around 120 K, which was attributed to the 
canting of the Ni06 octahedra. 
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Conclusions 

In summary, we have prepared fluori- 
nated members of the solid solution series 
Nd,-,Sr,NiO,+s by a low temperature ion- 
exchange reaction. X-ray diffraction stud- 
ies reveal that Nd2Ni04.r6 undergoes con- 
siderable orthorhombic strain as a result of 
fluorination. Relative to the unfluorinated 
sample, the a cell parameter decreases 
while the b and c cell parameters increase. 
Energy dispersive X-ray analysis indicates 
that fluorine is uniformly distributed 
throughout the bulk of the sample. NdzNi 
O+F, decomposes above 700°C into NiO, 
NdFJ, and NdOF. Electrical resistivity 
measurements indicate that the room tem- 
perature resistivity of selected Nd,-,Sr,Ni 
04+8 increases upon fluorination. The me- 
tallic character seen for NdSrNi04 above 
190 K is absent upon the incorporation of 
fluorine. 
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