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Solid solutions of Lm,_ Sr,NiQ,., (Ln = Pr, $m) and GdSrNiO, were synthesized in air using conven-
tional solid state methods and were characterized by powder X-ray diffraciion, TGA, electrical resis-
tivity, DSC, Seebeck coefficient, and magnetic susceptibility measurements. A structural transition
from orthorhombic to tetragonal was observed at x ~ (.2 for Pr and 0.8 for Sm. For both series of
compounds (La = Pr, Sm), the tetragonal unit cell paramelers a, and ¢ as functions of x display sharp
minima and maxima, respectively, at x ~ (6. The tetragonality ratio, c¢/a,, shows a maximum at x ~
0.6. All the compounds are semiconducting from room temperature down to 25 K, except SmSrNiO,
and GJSrNiQ,, which exhibit a degenerate semiconductor to semiconductor transition at ~292 K and
~260 K, respectively. Seebeck measurements indicate that electrons are the dominant carriers of
conductivity at ambient temperature in ail the compounds. The magnetic susceptibility data for all
the samples. except Smy . S, NiQy,, fore = 0.8 and 1.0, lollow Curie-Weiss behavior in the tempera-
re range H0=300 K with no evidence of long range magnetic ordering. The effect of Sr*' substitution
on the structurd, clectrical, and magnetic properties of Lay o Sr,NiQy, s (f.n = Pr, Sm} is discussed
in lerms of the mixed-valent character of Ni2*** jons, the Ln-0 vs Ni-O bond competition along
the crystallographic c-axis, the size effect, the local distortion of NiQ, octahedra, and a configurational

transition in the d-manifold of nickel ions.

Introduction

Even before the discovery of supercon-
ductivity in the La,_,Ba,CuQ, system (f},
oxides crystallizing with the K,NiF, struc-
ture (Fig. 1) were of interest, because of
their interesting anisotropic transport prop-
ertics (2). Special atiention has been paid
to La,NiQ, due to the possibility of ap-
proaching a transition from localized to itin-
erant 3d,2_ . electrons of the Ni**. This
transition may arise from strong Ni—O-Ni
interactions due to the relatively short Ni-O
bonds (1.93 /?\) in the basal planes, compared
to the corresponding distance of 2.089 A in
the binary NiO (3, 4). As shown in Fig. |,
the structure of La;NiO, can be described
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as an ordered intergrowth of perovskite
LaNiO, and rock salt LaO layers stacked
along the crystallographic c-axis. The NiQ,
octahedra share corners in the ab plane
forming a two-dimensional network, which
is responsible for a variety of interesting
physical phenomena, for example, the an-
isotropic electrical transport and magnetic
exchange interactions (5-8).

Compounds of Ln,NiQ,,; (Ln = La, Pr,
Nd) show a considerable range of oxygen
nonstoichiometry depending on the syn-
thetic conditions. In a recent study, Jorgen-
sen et al. have reported that the excess oxy-
gen in La,NiQO,_ ;. occupies the interstitial
position (4,3, ~1) (9). Recently, two types of
homologous serics of superstructurcs were
observcd in the oxygen rich compounds of
La,NiO,, , by transmission electron micros-
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Fig. 1. structure  of

Tetragonal
LnNiQ,, Ln = La, Pr, Nd.

K;NiFtype

copy. The origin of these superstructures
has been attributed to the ordering of the
excess oxygen atoms (/). Furthermore, the
structural and physical properties of these
compounds have been reported to be ex-
tremely sensitive to oxygen stoichiometry
(6,8, {1-14). For example, nonstoichiomet-
ric La,NiQ,, ; is tetragonal at ambient tem-
perature, whereas nearly stoichiometric
La,NiQ, ; (8 ~ 0) shows orthorhombic dis-
tortions and long range magnetic ordering.
In addition, the suppression of the magnetic
ordering in Nd,NiQy, ; and Pr,NiO,_; with
increasing & was reported by Buttrey and
Honig (8).

Because of the similarities in the struc-
tures of La,NiQ, and La,Cu0O, (the parent
compound of the recently discovered high
temperature superconducting cuprate fam-
ily), as well as reports of possible supercon-
ductivity in La,_,Sr.NiO,.; (15), recently
several studies have been carried out on the
structural and physical properties of
Ln,_ M NiO,,, (Ln = trivalent rare earth
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ions, M = Ca, Sr, Ba) in order to better
understand the nature of these rare earth
nickelates, as well as that of the structurally
related superconducting cuprates. Although
a considerable number of studies have been
reported on the structural, electrical, and
magnetic properties of Ln,_ M NiOy.,
(Ln = La, Nd; M = Ca, Sr, Ba) ({6-21),
a systematic investigation with Ln = Pr,
Sm, Gd has not yet been reported. We were
also interested in the size effect of the rare
earth ions on the solubility range of Sr**
ion in Ln,NiQO,, s compounds. Therefore, a
systematic study of the structural, elec-
trical, and magnetic properties of Ln,_ Sr,
NiQ,.; (L.rn = Pr, Sm, Gd) has been under-
taken to investigate the effect of Sr substitu-
tien on the structural and physical proper-
ties in these systems.

Experimental

All the members of the Sr substituted
Ln,NiQy (Ln = Pr, Sm, Gd) were prepared
in polycrystalline form by conventional
solid state methods. Prior to use, PryO;; or
Ln,Oy, Ln = Sm, Gd (Aldrich, 99.9%), was
dried at 1100°C for 9 hr in air to remove any
carbonate impurities; Sr(NO,), (Aldrich,
99 + %) was dried at 160°C in a drying oven
overnight. NiO (Aldrich, 99.99%) was used
as obtained. Stoichiometric amounts of
Ln,Oy (Ln = Sm, Gd) or Pr;0Q,,, Sr(NO,),
and NiQ were thoroughly ground together
and calcined in air at 800°C in alumina cruci-
bles for 9 hr to decompose the nitrates. The
resulting black powders were then reground
and heated in air at 1300°C in the same cruci-
bles for 4 days, usually with one intermittent
grinding. The samples were cooled to 800°C
in the furnace before being quenched to
room temperature. The powders were fi-
nally cold pressed (~25 klb/in®) into pellets
and sintered in air at 1300°C for an additional
period of 24 hr. These pellets were later used
for all the measurements reported.

Powder X-ray diffraction (PXD} data col-
lected on a SCINTAG PAD V (iffrac-
tometer with filtered CuK« radiation were
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used to monitor the completion of the reac-
tion. The high temperature X-ray structural
investigations were carried out in a similar
diffractometer equipped with a hot stage.
Least-sguares refinement of the observed
powder diffraction data in the range of 10° =
26 = B80° was used to evaluate the unit cell
parameters. National Bureau of Standards
silicon powder (NBS-640B) was used as an
internal standard. The total oxygen content
of the samples was determined by hydrogen
reduction in a DuPont 951 Thermogravi-
metric Analyzer (T(GA); the material was
heated in a platinum pan, in flowing 5% H,
in helium gas (flow rate = 150 ml/min), to
900°C at a rate of 10°C/min.

Electrical resistivity measurements, in
the temperature range 25-300 K, were car-
ried out on sintered pressed pellets, by a
standard four-probe technique with a DE
202 cryostat (APD cryogenics}. The
Seebeck coefficients were estimated by
applying a thermal gradient (AT < 3 K)
across the pellet while measuring the poten-
tial difference (AV) between two ends of the
pellet with a Nanovoltmeter (Kethley Model
180). The high temperature resistivity mea-
surements were carried out in a standard
two-probe configuration. The DSC mea-
surements were made with a DuPont Differ-
ential Scanning Calorimeter (Model 910) in
the temperature range 210-773 K on 20 mg
samples; a heating rate of 5°C/min was used.
A SQUID magnetometer (MPMS, Quantum
Design) was used to measure the magnetic
susceptibility of sintered pellets in the tem-
perature range 5-370 K at an applied field
of 1000 G.

Results and Discussion
Structural Properties

The preparation of the solid solutions
Ln,_ Sr.NiQO,.; (Ln = Pr, Sm, Gd) was at-
tempted in the range 0.0 = x < 1.0. The
formation of X-ray pure single phase speci-
mens in these series is observed when x =
0.0-1.0 for Pr and 0.5-1.0 for Sm. For
Gd,_,Sr NiO,.,, single phase composition
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is achieved only with x = 1.0. SrLn,0,,
Lr,O; (Sm, Gd), and NiQ were commonly
observed impurities for x < 0.5 for Sm and
x < 1.0for Gd. Itis known that under normal
conditions the K,NiF, structure is not stable
for La,NiO, with small rare earth ions, so
Sm,Ni0Q, and Gd,NiQ, have never been pre-
pared. Thus the results presented show that
Srincorporation in the £.nO sublattice stabi-
lizes the ¥,NiF, structure for the small rare
carth ions; the smaller the rare earth ion, the
greater is the Sr content required to stabilize
the K,;NiF,-type phase.

It has been reported that LaSrNiQ, (Ln =
La, Nd, Sm, Eu, Gd) (22) adopts the tetrago-
nal K,NiF,-type structure, whereas Ln,
NiQy,; (Ln = La, Nd) (9, 23) crystallizes
with an orthorhombically distorted struc-
ture. A recent neutron scattering study on
the structure of nonstoichiometric Pr,
NiQ,. ; revealed that this compound is ei-
ther tetragonal or orthorhombic, depending
on the oxygen content of the samples (/7).
LnSrNiO,{Ln = Pr, Sm, Gd) and Pr,NiQ, &
prepared in this investigation are indexed as
tetragonal (S.G. f4/mmm) and orthorhom-
bic (8.G. Bmab), respectively. The ortho-
rhombic distortion of the K,NiF, structure
manifests itself by the splitting of some of
the ~k0-type reflections in the powder X-ray
diffraction patterns. The degree of diver-
gence in the k0 reflections served as an
indicator of the degree of distortion from
the ideal tetragonal geometry. The splitting
of the hk0 peaks in the PXD of Pr,_,Sr,
NiO,.; was observed for x < 0.2, and for
x < 0.8 in Sm,_,Sr, NiO,.,;. However, no
observable splitting of the £k0 class of re-
flections in the range 10° = 26 = 80° was
found for x = 0.2 in Pr,_, S NiO,,, and
x = 0.8 in Sm,_,5r,Ni0,,;. This obser-
vation suggests that a structural transition
from orthorhombic to tetragonal sym-
metry (O-T) in Pr,_ Sr,NiO4.; and Sm,_,
Sr,NiQ,_; occurs at x ~ 0.2 and 0.8, re-
spectively. The overall oxygen contents,
unit cell parameters, O-T structural transi-
tion temperatures (T,), and metal-semicon-
ductor transition temperatures (7,) of the
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TABLE 1
UniT CELL PARAMETERS OF Sr-SUBSTITUTED Ln,_ St NiO,.; (Lrn = Pr, Sm, Gd)

Compound a (&) b (A) c (A) Volume (A)? cla, T, CCY¥* T, °C)
PNy 90,001 5.3965(6) 5.4538(7)  12.434(1) 365.,96(5) 565(5)  347(2)
(3.8362)° (182.984) (3.241)¢
Pr oSt NiQymegos  5.3902(7)  5.4296(7)  12.452(1) 364,43(5) 3005)  33(2)
(3.8254)° (182,219)¢ (3.2551)¢
PrigSreaNiQOygezo00s 3.816003) 12,468(2) 181,56(3) 3.267 255(8)
PrSrpNiOqpienos  3.7970(3) 12.512(2) 180.38(2) 3.295 245(8)
PrisSrgsNiQiggeqy  3.7850(3) 12.550(2) 179.72(3) 3.316 228(8)
Pry StosNiQswengn  3.7836(2) 12.5435(7)  179.57(2) 1.315 205(8)
P SrpsNiOyseenm  3.7895(4) 12.466(2) 179.01(3) 3.290 130(8)
PrSrNiOy g 3.7972(3) 12.410(2) 178.93(3) 3.268 50(8)
Sm, St sNiQygse0m;  5.308909)  5.366(1)  12.331(2) 351317 613(5)

(3.774) (175.65)¢ (3.267)¢
Sm,SroNiQgizqes  5-3158(3)  S5.3407(6)  12.3467(4)  350.52(5) S67(5)

(3.7676)° (175.26)7 (3.277)¢
Sm,,SreNiOy gy 3-7667(3) 12,318(2) 174,77(3) 3.270
SmSINIO; g7:000 3.7804(3) 12.256(1) 175.16(3) 3.242
GdSINIO, g 000 1.7632(2) 12.2057(8)  173.03(2) 3.242

% Structural phase transition temperatures estimated from high temperature X-ray diffraction study.

4 Metal-semiconductor transition temperafures estimated from both high temperature resistivity and DSC
measurements (x = 0.0 and 0.1) and from DSC measurements alone (x = 0.2 ~ 1.0}

° The g, for the orthorhombic samples were calculated using the expression @, = (a + 5)/2 V2.

¢ Values for the orthorhombic samples were calculated using ¢ instead of a.

samples in the single phase region of
Ln,_ SrNiQO,.; (Ln = Pr, Sm, Gd) are
listed in Table I. These data show that a
rapid compression of the & unit cell parame-
ter occurs at the orthorhombic to tetragonal
phase transition in Ln,_ Sr NiQ, ,; (Ln =
Pr, Sm), while the a unit cell parameter re-
mains nearly constant.

The oxygen contents of the samples were
determined by TGA studies under a hydro-
gen atmosphere. The total oxygen stoichi-
ometries were estimated from the integrated
peak intensities of the first derivatives of the
weight changes with Ln,O;, SrO, and Ni
as final products. As shown in Table I, the
oxygen content of the Pr,_,Sr, NiO,.; solid
solutions remains close to the ideal value
of 4 for the tetragonal compositions, while
significant deviations from 4 were observed
in the orthorhombic compositions. This in-
dicates that the orthorhombically distorted
K,NiF,-type structure in Pr,_ Sr,NiO,.,

{x < 0.2), which most likely arises from the
mismatch between the NiQ, and the
Pr,_ Sr. 0O, layers, is stabilized by the in-
corporation of extra oxygens in the struc-
ture. Similar effects of oxygen stoichiome-
try were also observed in Nd,_ Sr NiO,.,
(19); however, the tetragonal structure (x >
0.2) is stabilized with higher Sr’* and Ni**
content in the Pr’* phase. In general, the
amount of excess oxygen (8) in Ln,NiQ,,;
(Ln = La, Pr, Nd) appears to increase with
decreasing size of the rare earth ion; for
example, 8 ~ 0.04 for La (/7), 0.09 for Pr,
and 0.16 for Nd (/9). In contrast, oxygen
contents close to the stoichiometric value
(8 ~ 0) are seen in orthorhombic structures
of Sm,_ Sr,NiO,.5, albeit with consider-
ably higher Sr contents (x = 0.5 and 0.6);
this trend implies that extra oxygens (5 >
0} are not required for the stabilization of
the K,;NiF, structure with an orthorhom-
bic distortion.
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In the case of Ln,_ Sr.NiQ,.; with Ln =
Sm, Gd, the apparent instability of com-
pounds with x < 0.5 for Sm and x < 0.8 for
Gd implies that the size of the interstitial
site created by tilting the NiQ, octahedra
{8) may be too small to permit the incorpora-
tion of the extra oxygen atoms, owing to the
relatively smaller unit cell size. Thus a high
Sr content is usually required to stabilize
the K,NiF, type structure in Ln,_ Sr,
NiQ,., (Lrn = Sm, Gd). These arguments
are consistent with the tolerance factor con-
sideration to be discussed later.

Figure 2 shows that in Pr,_ Sr.NiO,.;
(00 < x < 1) the formal valence of nickel ion
(estimated from oxygen content analysis) in-
creases nearly monotonically with the Sr
content. The variation of the unit cell param-
eters a, (a, for the orthorhombic samples
were calculated from the expression a, =
(a + £)2V/2), ¢, volume, and the tetrago-
nality ratio, ¢/a,, with x for Ln, _ Sr.NiQ,.,
(Ln = Pr, Sm) are illustrated in Figs. 3a-3d,
respectively. The tetragonality ratio, c/qa,,
and the unit cell parameters (a,, ¢, and vol-
ume) decrease with decreasing size of the
rare earth ion (Figs. 3a-3d, Table I). In cach
solid solution (Ln = Pr, Sm), the variation
of the unit cell parameters with x displays
a sharp minimum in ¢, and a maximum in
c at x ~ 0.6; consequently, ¢/a, shows a
maximum at x ~ 0.6. These trends are essen-
tially the same as those observed for
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Ln,_ M\NiOy, s (Ln = La, Nd; M = Ca,
Sr, Ba) (16-21). Gopalakrishnan ef al. (16),
in their study of La,_,Sr,NiO,.,, attributed
the initial increase of ¢/a, for samples with
0 = x = 0.5 to the Jahn-Teller distortion
of the NiQ; octahedra with increasing Ni**
concentration. They interpreted the de-
crease in cfa, for samples with x > 0.5 in
terms of a crossover in the electronic con-
figuration of Nv’* ions from $,dLd%_p to
fhdi_pd.

Recently, a Rietveld analysis of the room
temperature PXD data of La,_ Sr,NiOy.
(17) indicated that a maximum in ¢/a, ap-
peared at x ~ 0.6, while distortion of the
NiO; octahedron, Ni-O(2) (|c-axis)/
Ni-O(1) (|a-axis), decreased monotonically
with increasing x for 0.0 = x = 1.4, In addi-
tion, the Ni—O(1) (la-axis) bond length dis-
played a minimum at x ~ 0.6; the Ni-0(2)
(|c-axis) bond length generally decreased
with in¢reasing x, but more rapidly at x ~
0.6. The La(Sr)-0(2) {}c-axis) bond length,
on the other hand, continuously increased
with increasing x for 0.0 = x < 1.4, These
results do not support the Jahn-Teller en-
hancement of the NiQ, octahedral distortion
along the crystaliographic c-axis with in-
creasing Ni*" concentration as previously
suggested (16, {9}. The possibility of a tran-
sition from S,dhdh_ 2 10 1§,dl:_ 2d% at the
Ni*t ions was excluded by Takeda er al.
(17) who left the origin of the observed
anomalous behavior in the unit cell parame-
ters at x ~ 0.6 unanswered.

In this study we made an attempt to ra-
tionalize the observed anomalous varia-
tions in the unit cell parameters at x ~ 0.6
in terms of (a) a bond competition along the
c-axis, (b) size effects, (c) a configurational
transition in the d-manifold of the Ni** ion,
and (d) the Jahn-Teller distortion of Ni**
ion. As shown in Fig. 1, the La(Sr) and Q(2)
atoms are located at special positions 4e
with coordinates (0, 0, z), the Ni atoms at
(0, 0, @ in sites 2a, and the O(1) atoms at
3, 0, ), (0, 3, 0) in sites 4c of space group
Id/mmm (24). The local distortion of the
NiQ; octahedron along the c-axis depends
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closely on the relative bond strengths of the
Ln(Sr)—0(2) and Ni-0O(2) bonds along the
tetragonal c-axis. The strong ionic character
of the La(Sr)-0O(2) bond is expected to
weaken and consequently stretch the
Ni-O(2) bond along the c-axis. A similar
bond competition along the c-axis has been
previously suggested in some compounds
with the K,;NiF, type structure (25, 26). In
Ln,_,8r.NiQ,, the Ni** content increases
with increasing x. With increasing Ni** con-
tent, one would expect an increasing distor-
tion of the NiQ, octahedra due to implica-
tions of the Jahn-Teller effect, and as a
result the Ni-O(2) distance should increase
with increasing x. In fact, one observes a
continuous decrease of Ni-O(2) distance
and a progressive increase of La(Sr)-0(2)

distance with increasing x in La,_ Sr,NiO,
(17). These observed trends in the bond
lengths of Ni-O(2) and La(Sr}-0(2), as well
as the increase of ¢ cell parameter up to
x ~ 0.6, may be attributed to: (a) a bond
competition along the c-axis and (b) size
effects. In general, the La(Sr)-0(2) distance
and the c-axis are lengthened by Sr substitu-
tion both because of the relatively large size
of Sr, relative to Ln, and because the
Sr-0(2) bond is less polar than the La—O(2)
bond. This latter effect leaves more of the
electron density for Ni—-O(2) covalent inter-
action, and a shorter Ni-O(2) bond is ob-
served. It appears that the effects of the
Jahn-Teller distortion on the NiQ, octahe-
dra are suppressed by the concommitent
shortening of the Ni-O(2) bond length due
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to enhanced covalent interaction with in-
creasing x.

The decrease of the ¢ cell parameter for
x > 0.6, may be explained in terms of the
shortening of Ni—O(2) bond length as a re-
sult of a crossover transition of f§,dl:d%_
to 15,d}2_ 2d% configuration at the Ni’* jons.
This in turn more than compensates the ex-
pected elongation of La(Sr)-0O(2) bond dis-
tance with increasing x. This configurational
change in the d-manifold of Ni** ions is also
supported by the ingrease of the a ¢ell pa-
rameter or Ni-O(l) bond length for x > 0.6
in Ln,_,Sr,NiO,.; (Fig. 1). The observation
of a sharp minimum at x ~ 0.6 in both the
a cell parameter and the Ni-O(1) bond
length is, therefore, strong evidence for a
8,dhd% 2 to 15,dl>_2d% configurational
crossover at the Ni** ions. Moreover, the
observation of a sharp minimum at x ~ 0.6
in the bond length of La(Sr)-0(2) (||[110])
in La,_, Sr NiO,.; ({7) further supports this
configurational transition at the Ni** ions.
However, the transition may not be com-
plete even at x = 1.0, where the bond length
of Ni—O(2} is still slightly longer than that
of Ni-O(1} (17).

As shown in Fig. 3¢, the reduction of the
unit cell volume across the series from 0.0 =
x=1.0inPr,_ Sr.NiO,,;and 0.5 = x=0.8
in Sm, _,Sr,NiOQ,.; is presumably related to
the partial oxidation of Ni2* (rg2+ = 0.83 A
for C.N. = 6) to Ni’* (ryp+ = 0.70 A for
C.N. = 6, low spin case) induced by the
substitution of Sr** for Pr** (or Sm’*). Ap-
parently, the one-dimensional elongation
along the c-axis expected from the differ-
ence of ionic radii of Sr2* (rg2+ = 1.45 A
for C.N. = 9) and Pr’" (or Sm**) (rps+ =
1.319 A, rg 5+ = 1.272 Afor C.N. = 9)(27)
is not large enough to completely compen-
sate the two-dimensional compression in the
ab-plane caused by the partial oxidation of
Ni?* to Ni** ions. The reason for a larger
unit cell volume of SmSrNiQ,, relative to
the other members in the Sm,_,Sr,NiQ,.;
series is not clear at present. The unit cell
parameters of SmSrNiQ,4; (Table I) are,
however, consistent with the data (@ =
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3.777(5) A, ¢ = 12.25(2) A) previously re-
ported by Demazeau et al. (22).

Saez-Puche et al. reported the observa-
tion of a structural transition from ortho-
rhombic to tetragonal in nonstoichiometric
Pr,NiO,, s at 834 K (28). In order to under-
stand the influence of Sr** substitution on
the nature of this phase transition, we have
carried out high temperature powder X-ray
diffraction studies in air and these results
are presented in Table I. We observed that
the incorporation of Sr’* into PryNiQ,
leads to a dramatic decrease in the ortho-
rhombic to tetragonal transition tempera-
ture. In ¢ontrast, the decrease in the transi-
tion temperature for Sm,_,Sr,NiQ,.; with
x from 0.5 to 0.6 is not as significant. The
lowering of this structural transition temper-
ature with the increase of Sr’* content,
which has also been observed in Nd,_,Sr,
NiQ,.; (/9), may be understood in terms of
the tolerance factor for the K,NiF, struc-
ture. The stability of the A,BO, structure is
often described in terms of a tolerance factor
defined as (29)

t=1(ry + ro)/\/i(rg + ro)

where r, + rgand ry + rgrefer to the sum
of the ionic radii of A—-O and B-O bonds
in nine and six coordinations, respectively.
The K,NiF, structure appears to be stable
over the range 0.866 < r < 1.0 (30). Based
on Shannon'’s ionic radii (27), the calculated
tolerance factors of orthorhombic composi-
tions are 0.881 and 0.89 for Pr,_,5r, NiO,.,
tx = 0.0 and 0.1); 0.895 and 0.903 for
Sm,_ Sr,NiO,.; (x = 0.5 and 0.6). These
values are close to the lower limit of the
structural stability of the K,NiF, type, con-
sistent with the observed structural distor-
tions from the ideal tetragonal geometry,
The increase of the tolerance factor () with
increasing Sr content also explains the con-
comitant lowering of the orthorhombic-to-
tetragonal transition temperatures. The up-
per limit tolerance factor calculated for
GdSrNiQ, is 0.922. Based on tolerance fac-
tor considerations alone, one would expect
a wider range of Sr substitution in
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Fi1G. 4. Variation of the room temperature electrical
resistivity as a function of Sr content in Pry_,Sr,NiQ,.;
and Sm;_ Sr,NiOy, ;.

Gd,_ Sr.NiQ,.; for x < 1.0. Possibly the
use of more reactive starting materials or
higher preparative temperatures may help
to extend the Sr substitution range in this
system, although factors other than the tol-
erance factor may also play an important
rolé in the structural stability.

Electrical Properties

The room temperature resistivities (pgp)
as a function of x are plotted in Fig. 4, and
show that the electrical resistivity decreases
with increasing x in Ln,_ St NiQ,.; (Ln =
Pr, Sm). The decrease in pgy correlates well
with the increasing ratio of Ni**/Ni**, in-
duced by the progressive replacement of
Sr** for L " (Fig. 2). To a first approxima-
tion the electrical conductivity can be ex-
pressed in terms of the number (1), mobility
(w), and charge (e) of the carriers according
to the equation

o = nue.

The incorporation of Sr*™ in place of the
trivalent rare earth ions in the La,NiQ,
structure would result in (a) the increase of
the number of carriers, due to the increase
of the Ni**/Ni** ratio, and (b) the increase
of the mobility of the carriers, resulting from
the increase in the overlap of orbital wave
functions on adjacent Ni atoms through the
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oxide ion intermediacy in the basal planes.
Based on tolerance factor considerations,
the substitution of Sr** for Ln** cations in
these solid solutions would reduce the struc-
tural distortions between neighboring NiQGy
octahedra leading to a bond angle of
Ni—O-Ni in the ab plane close to 180°,
which would in turn increase the overlap of
orbital wave functions on adjacent Ni
atoms. These results are in agreement with
the observed increase in the electrical con-
ductivity.

An anomalously high room temperature
resistivity was, however, observed for the
compositions with Ni**/Ni** ratio of ap-
proximately 0.5, namely Pr, ;Sr; ;NiO, and
Sm, ;8ry NiO,. Similar anomalous beha-
vior in the transport propertics was also ob-
served in La; ;Sry sNiO, (/7) and Nd, ;Srg 5
NiQ, (19, 20). The reason for this anomaly
is not clear yet; it is possible that a charge
ordering may take place at the Ni site, which
in turn creates an additional potential that
impedes the flow of the carriers. If a charge
ordering of nickel ions is indeed responsible
for this anomaly, we expect to see super-
structure in these compounds. In a recent
study on the crystal and magnetic structures
of Nd, sSr; {NiO, by neutron diffraction, no
evidence of a long range superstructure was
observed (371). Electron diffraction and
transmission electron microscopy studies
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FiG. 5. Inverse temperature dependence of log(p)
for x = 0.0, 0.2, 0.5, 0.6, and 1.0 in Pry_, Sr,NiO,.;.
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FiG. 6. Inverse temperature dependence of logfp)
for x = 0.5, 0.6, 0.8, apd 1.00in Sm,_,Sr,NiQ,.5. The
inset shows the degenerate semiconductor to semicon-
ductor transition at ~292 K for sample with x = 1.0,

on Ln Sty sNiO, (Ln = La, Pr, Nd, or Sm)
may give information on ordered structures.
If the structural ordering is short ranged
(which may be the case in these com-
pounds), electron diffraction techniques
should be advantageous over X-ray and neu-
tron diffraction methods, which detect the
averaged structure. Moreover, in view of
the transport anisotropy associated with the
K, NiF type oxides, the electrical resistivi-
ties of sintered pressed pellets represent
only the average value of different orienta-
tion rather than the absolute value, Further
investigations are therefore needed, espe-
cially on the structural and physical proper-
ties of single crystals of Ln, SryNiQ,
(Ln = La, Pr, Nd, Sm).

The variation of log p vs 1/T for selected
samples of Pr,_ Sr.NiQ,.; and Sm,_, Sr,
NiQ,., measured in the temperature range
25-300 K is presented in Figs. 5 and 6,
respectively. The electrical resistivity data
of GdSrNiO, is presented in Fig. 7. All
the members of these solid solution series
are semiconducting down to 25 K, except
for SmSrNiQ, (see inset in Fig. 6) and
QdSrNiO,, which undergo a degenerate
semiconductor to semiconductor transition
at 292 = 2 and 260 = 2 K, respectively.
Figure 8 shows that the activation energy
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FiG. 7, Inverse temperature dependence of log(p)
for GdSrNiO, showing the degenerate semiconductor
to semiconductor transition at ~260 K.

estimated from the plot of log p vs 1/T in
the temperature range 150-250 K decreases
with increasing x across the series, except
for Pr,NiO, o, whose activation energy (0.13
eV) is somewhat lower than that of
Pry 451, (NiO, o (0.15 V). This decrease in
the activation energy with increasing x
across the series appears to indicate an in-
creased delocalization of the NiZ*/Ni**
electrons in the basal planes. The dramatic
reductton in the activation energy in the
0.4 << x << 0.6 region is consistent with the
crossover transition of S.dhdh 2 to
8.d »d® on the Ni*” ion at x ~ 0.6 sug-

gested earlier. As suggested by Takeda et al.
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(200, this configurational change is probably
not sharp but leads to a gradual upward shift
of the d!: level with increasing x, such that
the residual electrons tend to occupy the
oh_2 band in preference to the d.z level.
The decrease in electron density and the
preferred population of o 2 band would
tend to reduce the correlation splitting of
o-:‘z_yz band and gradually lead from local-
ized to itinerant electronic behavior. The
decreasing slope of log p vs 1/T seen at low
temperatures (Figs. 5 and 6) can be ex-
plained in terms of extrinsic effects on the
transport properties. A similar behavior of
log p vs /T was also observed in
Nd, Sr,NiQ,.; (/9.

To better understand the influence of Sr
substitution on the nature of electrical trans-
port properties, we have extended the tem-
perature range for resistivity measurements
to higher temperatures and also carried out
DSC studies on the Pr,_ Sr . NiQ,.; system.
As shown in Table I, the sharp decrease in
the metal-to-semiconductor transition tem-
perature across the structural transition
from orthorhombic (x = 0.1) to tetragonal
{x = 0.2) system could be explained in terms
of the structural distortions between neigh-
boring NiQ, octahedra in the orthorhombic
compositions, which results in the bending
of the Ni-O-Ni bond angles in the ab plane
away from 180° (/1). The bending of the
Ni—O-Ni bond angle would reduce the or-
bital overtap between Niions, a requirement
for an effective delocalization of carriers in
these compounds. The Seebeck effect indi-
cates that at room temperature, electrons
are the dominant carriers in all the com-
pounds reported here.

Magnetic Properties

Figure 9 shows the variation of the mag-
netic susceptibility with temperature in the
range 2-300 K for selected members in
Pr;_ ,Sr,NiO,.;. The susceptibility values
were not corrected for the temperature inde-
pendent terms (x,) because of the large para-
magnetic contribution from the rare earth
ions. From the magnetic susceptibility data
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F1G.9. Temperature dependence of magnetic suscep-
tibility for x = 0.0, 0.2, 0.5, 0.6, and 1.0 in
Pr;_ Sr.NiQy.;. The inset shows x vs T for PrSrNiO,
inthe temperature range 2-200 K illustrating the satura-
tion of x below 30 K.

analysis, no evidence for a long range mag-
netic order of either Pr** (Sm**, Gd**) or
NiZ** moments down to 2 K was observed
in any of the compounds. The absence of a
long range magnetic order in PryNiQy o is
consistent with the observations of Buttrey
and Honig (8), who showed that the mag-
netic order of the nickel sublattice can be
suppressed with large excess of oxygen in
the structure. As shown in Fig. 9, the nearly
invariant behavior of y below 30 K observed
for Pr,_ Sr NiO;., (0.5 = x =< 1.0} most
likely arises from the depopulation of high
energy states in the Pr’* moments by the
crystal electric field (CEF) resulting in a
singlet ground state. This behavior has also
been reported for several compounds con-
taining Pr** ions, including Pr,Cu0,_, (32)
and PrSrvVQ, (33). The origin of the down-
turn in magnetic susceptibility of PrSrNiQ,
at T < 9 K, as shown in the inset of Fig. 9,
is not clear at this point; however, a short
range weak antiferromagnetic coupling
might be responsible due to exchange inter-
actions of the type Jp_pr» Fpeonis OF Jnini -

The susceptibility data of Pr,_ . Sr,NiQO,.;
in the temperature range 100 ~ 300 K can
be fit to the Curie—Weiss equation

x = CI(T - ©),

where C and ® are the Curie and Weiss
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FiG. 10. Variation of inverse susceptibility with tem-
perature for x = 0.0, 0.2, 0.5, 0.6, and 1.0 n
Pr,_, Sr,NiQ,.;.

constants, respectively. The plots of the 1/y
vs T for selected members of Pr,_ Sr,
NiO,.; are presented in Fig. 10. The C and
& values of all the samples were estimated
from the linear portions of the graphs in the
temperature range 100-300 K. The corre-
sponding p g values derived from the Curie
constants are listed in Table I together with
the theoretically expected moments for
Pr**. The differences in the observed and
calculated p.; values, Apy, are also pre-
sented in Table 11. As shown in Table II,
the Weiss constant remains negative for all
the compositions, indicating that the domi-
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F1G. 11. Variation of inverse susceptibility with tem-
perature for x = 0.5, 0.6, 0.8, and 1.0 in
Smy_, St NiO,.y.

nant exchange interactions are anfiferro-
magnetic. The differences between the ob-
served and calculated (contribution from
Pr** ions) magnetic moments in these com-
pounds may be attributed to the contribu-
tion from the Ni**/Ni** sublattice and the
temperature independent terms,

The temperature dependence of the recip-
rocal magnetic susceptibilities of the Sm,_,
Sr.NiQ,.;is shownin Fig. 11, The magnetic
moments of the orthorhombic compositions
in Sm,_ Sr,NiO,.; (x = 0.5 and 0.6) are
localized and exhibit Curie—Weiss behavior
in the temperature range 100-300 K. In the
case of the tetragonal compositions (x =

TABLE 11
MAGNETIC PROPERTIES FOR Pry_ Sr.NiQO,.; iN THE TEMPERATURE RANGE 100-300 K

Clabsy ferr (B.M.} Hefp
Compound emu K/mole @ (K) observed (B.M.)? Agigr (B.M}
calculated

PryNiO, 3.83(4) —-57.6 5.54(3) 5.060 0.48
Pr, 4Sro (NiOy g0 3.72(3) 737 5.46(2) 4932 0.53
Pr, 581y aNiO, o 3.44(2) —62:4 5.25(2) 4.800 0.45
Pr ¢SrgsNiOy 3.28(1) -72.6 5.122(8) 4,526 0.596
Pr, 557 sNiO; g9 3.138(9) -80.1 5.010(7) 4,382 0.628
Pry (Sro.sNiO; o9 3.019(1) ~84.4 4.9145(8) 4230 0.6845
Pr,,SrosNiO; .09 2.545(6) ~78.9 4.512(5) 3.919 0.593
Pr8riNiO; 46 2.222(5) —81.3 4.216(5) 3.578 0.638

@ Data reported here are estimated as per mole of compound.

b These values reflect the contribution from P’ ions.
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0.8 and 1.0) the magnetic moments do not
follow the Curie—Weiss law. This nonlocal-
ized magnetic moment probably originates
from the mixing of an appreciable fraction
of the excited state into the ground state
induced by the applied magnetic field, in
view of the fact that the ®H,, excited state
is rather close to the ®Hj,, ground state in
Sm** ions (AE ~ 1000 cm™ ) (34). A similar
deviation of the Sm’' magnetic moment
from the Curie—Weiss law has also been ob-
served in Sm,CuO,_, (32) and SmCaCuO,Cl
(35). The Sm** moments in Sm,CuQ, and
Gd** moments in Gd,CuO, order antiferro-
magnetically at 5.95 and 6.5 K, respectively
(36), while SmCaCu0;Cl shows noevidence
of magnetic ordering from room tempera-
ture down to 2 K (35). It appears that
the absence of a magnetic order in
Sm, ., Sr,NiQ,., has the same origin as that
of GdSrNiO; and SmCaCuQ,Cl, where it
can be attributed to dilution of the paramag-
netic moments of the Sm’" and Gd** ions
by the diamagnetic Sr’* ions, which results
in a weakening of the correlations between
the 4f spins.

It is interesting that we did not observe
any magnetic contribution from the NiO,
sublattice to the Gd** moment in
GdSrNiQ,. The observed p (7.7 B.M.) de-
rived from the Curie constant (estimated
from the temperature range 100-300 K} in
GdSrNiO, is within ~3% of the expected
spin-only value (7.94 B.M./Gd**) for 4f7
configuration. The Curie—Weiss tempera-
ture, ®, 1s —11.9 K. Similar values of p g
(7.79 B.M./Gd**) and ® (—15.3 K} were
also observed in Gd;CuO,_, (32).

Conclusion

Pr,. Sr NiO,.; forms single phase solid
solution for 0 = x = 1.0. Ln,_,8r, NiO,.,
with Ln = Sm, Gd are not stable for x =
0, but K,NiF,-type compounds can be stabi-
lized with x = 0.5~-1.0 for Sm and x = 1.0
for Gd. These results are consistent with
tolerance factor considerations (i.e., 0.86 =
1= 1.0;1 = (ry + ro) V2 (ry + ry)), which
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require a large A cation in stable A,BO,
perovskite-related structures. Thusin Ln,_,
Sr,NiO,.; with Ln = Sm, Gd (smaller A
cations relative to Ln = La, Pr, Nd)} increas-
ingly larger amounts of Sr substitution in
the Ln-O rocksalt layer are required with
decreasing size of the rare earth ion.

A structural phase transition from ortho-
rhombic to tetragonal symmetry occurs at
x ~ 0.2 and 0.8 for Pr,_ Sr NiO,.; and
Sm,_,Sr,NiQ,.,, respectively. Within a
given solid solution system, at x = (.6, the
unit cell parameters exhibit a sharp mini-
mum at ¢, and a maximum at ¢; the tetrago-
nality ratio, c/a, in a given solid solution
thus displays a maximum at x ~ 0.6. We
have made an attempt to rationalize these
anomalies in terms of: (a) the bond competi-
tion along the crystallographic c-axis, (b)
size effects, (¢) a configurational transition
from 5,dpdy 2 to f5,d2_ 2d at the NiP*
ions, and (d) the Jahn-Teller distortion of
Ni** ion. The lowering of the orthorhombic-
to-tetragonal structural phase transition
temperature with the incorporation of Sré*
into the LnO sublattice was also observed
in the Pr,_ ,Sr,NiO,.; and Sm,_,Sr,
NiO,_; systems.

The room temperature resistivity (pgp)
and the activation energy both decrease
with increasing Sr content in Ln,_ Sr,
NiQ,.; (Ln = Pr, Sm), demonstrating the
influence of the mixed valent nickel ions on
the electrical properties. The effect of the
mixed valent nickel ions on the electrical
transport properties was further illustrated
in the high temperature resistivity measure-
ment and the DSC analysis, which showed
that the metal-semiconductor transition
temperature is progressively lowered with
the incorporation of Sr** into the LnO sub-
lattice. The Seebeck effect indicated that,
at room temperature, electrons are the
dominant carriers in all the compounds re-
ported here.

In the temperature dependence of the
magnetic susceptibility, we see no evidence
of long range magnetic ordering in any of
the compounds. The absence of long range
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magnetic ordering of Sm?* and Gd’* mo-
ments in these solid solutions, in contrast
to their presence in Sm,CuQ, and Gd,Cu0,,
is attributed to the substitution of Sr?* for
Ln** ions. The incorporation of the diamag-
netic Sr?* jons dilute the paramagnetic
Sm** and Gd’* ions and suppress the mag-
netic ordering of 4f spins. The absence of
magnetic ordering due to Ni—Ni interactions
may be related to the “*hole doping’” effect:
if Ni**, low spin, is present in the structure
with empty d,2_: orbitals, an effective
Ni**-Ni?* ferromagnetic interaction com-
petes with the antiferromagnetic interaction
of Ni?*=Ni?*, suppressing the cooperative
3D ordering. Alternatively, long range mag-
netic order of the Ni-sublattice may be ob-
scured by the strong paramagnetism of the
rare earth spins.

Because of the anomalous behavior of the
lattice parameters and the room tempera-
ture resistivity in Ln,_ Sr,NiOy,,(Ln = La,
Pr, Nd, Sm) at x = 0.5, which was attributed
to possible charge ordering on the Ni?*/**
site, further structural investigations of
Ln, Sr,NiO,.s (Ln = Pr, Sm) with elec-
tron diffraction and transmission electron
microscopy methods are in progress.
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