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Abstract. SmNIO; has been synthesized under high oxygen pressure from a precursor prepared
by means of a sol-gel method. The material obtained is of single phase and has an orthorhombic
crystal structure at room temperature. The magnetic, electrical and thermal properties have
been measured over a wide temperature range. This compound exhibits a metal-insulator and a
paramagnetic—antiferromagnetic transition at 400 K and at 220 K, respectively. The metal-insulator
transition is of first order while the magnetic ordering is a second order transition as can be inferred
from calorimetric measurements. In addition, we observe an anomaly in the resistivity near the
Néel temperature indicating a change in the conduction mechanism at this temperature. Our results
support local antiferromagnetic correlations above teelXemperature for this compound.

1. Introduction

Materials that exhibit a metal—insulator (MI) transition have attracted the interest of both solid
state and material science researchers [1]. The nickelatesJRNWi@@re R is a rare-earth
element, exhibit an MI transition that varies with the rare-earth size [2,3]. Thus they offer
an unique opportunity to study the relationship between structural and electronic properties.
It is well known that these oxides have distorted structures arising from the cubic perovskite
structure [3]. The unit cell distortion as well as the Ni-O—Ni bond angle are related to the
rare-earth ionic size. The least distorted one Laf\\@hich has a rhombohedral unit cell, is a
paramagnetic metal down to 1.5 K [4]. Other members of the RN#&ies (R= Pr, Nd, Sm,
Eu) show the orthorhombically distorted structure of GdEE8). All of them exhibit an Ml
transition whose temperature increases, as the rare-earth size decreases, from £3PK{&R
440 K (R= Eu) [2, 3]. Inthe insulating phase and at low temperatures, BEKibits rather
complex antiferromagnetic ordering. It can be described by a commengutate/2, 0, 1/2)
spin density wave [6] which implies the presence of ferro- and antiferromagnetic interactions.
Such a type of ordering can be explained by the formation of an orbital superlattice [7]. Both
electronic localization and magnetic ordering occur at the same temperature ingRMNO
NdNiOs. The Ml transition temperature is higher than the magnetic transition temperature for
R = Sm and Eu.

Inan earlier paper, we reported properties of Ndit@t exhibits a first order Ml transition
at temperaturd),;; = 190 K [8]. We have found that the entropy content associated with
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the transition is lower than the expected one for a magnetic ordering of the§spirl/2

(Ni®*) which occurs at the same temperature. Consequently, we have proposed that magnetic
correlations must exist in NdNigat temperatures higher théky;. A strong enhancement of

the effective mass of carriers, found from electrical and magnetic measurements, supports this
conclusion. However, the coincidence of magnetic and Ml transitions in NglNB3cures

the interpretation of experimental results. In SmpliGhe MI transition takes place at

Ty = 400 K while magnetic ordering develops at 220 K. Therefore, both transitions can
be studied independently.

We present here results of electrical, magnetic and thermal studies of m~igstal
structure and magnetic properties of the Sm&cthat has been synthesized in order to
understand the magnetic behaviour of the®Sion in a similar crystal structure, are also
reported.

2. Experiment

SmNIQO; has been obtained by means of a citrate route and thermal treatment under an oxygen
pressure of 200 bars. Stoichiometric amounts ofGgrand 2NiCQ - 3Ni(OH), - 4H,O were
dissolved in nitric acid. After addition of citric acid and ethylene glycol in the appropriate ratio
[9], the solution was heated until a green gel was formed. The gel was dried to obtain a brown
powder which was calcined overnight at 5@in an oxygen current flow. The resulting black
powder was pressed at 5 kbar into a bar-shaped sample and sintered & 16002 h under
oxygen pressure of 200 bar.

SmScQ was prepared by standard ceramic procedures. Stoichiometric amouni®ef Sc
and SmO; were mixed, pelletized and calcined at 1280in air for 3 days with intermediate
regrindings.

The samples were checked by means of the x-ray diffraction technique and the patterns
were of single phases. We note the high reproducibility of the synthetic procedure since
different preparations have given samples with identical lattice parameters.

The chemical content of the SmNi@vas tested by fluorescence analysis using a JEOL
JSM-6400 electronic microscope and a Link Analytical EDS x-ray spectrometer. Several
sample parts of 1-am?3 size were analysed. In all samples, the Sm:Ni atomic ratio agreed
with the expected value within the experimental error. The oxygen content was determined
by thermogravimetric analysis (TGA) in a reducing flow of:N, (93:7). The samples show
a slight oxygen deficiency and the nominal composition is SmNQ) o2-

X-ray patterns were collected at room temperature for profile analysis i ttamge 18—

140 in steps of 002°. The counting rate was 8 s/step and a Rigaku D-max system working at
40 kV and 100 mA was used. A graphite monochromator coupled to the goniometer enables
us to select the Cu d4 , radiation. The Rietveld analysis was made by using the Fullprof
package program [10] and a pseudo-Voigt function was selected as the diffraction peak shape
function.

Magnetic measurements were performed between 1.8 and 700 K in a commercial Quantum
Design (SQUID) magnetometer and with a vibrating sample magnetometer. Resistance
measurement was carried out using the standard six-probe dc method from 5 up to 550 K.
Calorimetric measurements were done with an ac calorimeter (ACCI-VL Sinku-Riko) in the
temperature range from 5 to 250 K and with a differential scanning calorimeter (DSC-7,
Perkin—Elmer) up to 500 K. Additionally, the DSC measurements were used to scale the
relative heat-capacity values obtained from ac calorimetry. Thermal expansion was measured
between 150 and 500 K by using a push rod and differential transformer method.
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3. Results and discussion

SmNIQ; crystallizes in an orthorhombic GdFe®/pe structure as has been reported earlier

[5, 7]. However, we have not found any reference about the SmSic@cture. Its diffraction
pattern is well described by an orthorhombic unit cell withnm spatial group, similar to that

of SmNiG;. Such structure has been found for other scandium compounds such asgdScO
GdScQ [11]. It can be viewed as a matrix of corner-shareddi& = Ni or Sc) octahedra; in

it, Sm atoms are surrounded by eight octahedra. These octahedra can tilt (due to the small size
of the Sn3#* ion) giving rise to the orthorhombic unit cell instead of the ideal cubic structure of

a perovskite compound. Structural parameters, obtained from the Rietveld refinement of x-ray
patterns, are given in table 1 for both compounds. The unit cell volume of SgriS¢@ger

than of SmNIQ as can be expected from the ionic size differences betwe&nadd NF*.

This is also seen in the average interatomic distance between oxygen and the transition metal
which is 2.095 A for Sc—0 and 1.955 A for Ni-O. The Sc—O distance in Srg8cequal to

the calculated one with 8t(0.745 A) and &~ (1.35 A) ionic radii [12]. However, the Ni-O
distance in SmNi@is larger than the expected one for thé'Now spin state (0.56 A). It can

be ascribed to the unit cell expansion of Smpli@served at the MI transition [13], which
occurs well above room temperature [2].

Table 1. Unit cell parameters, fractional coordinates, reliability factors defined as in [10] and
representative interatomic distances and angles fors M€ahedra (M= Ni, Sc) and Sm
environment (eight-coordinated) in SmNj@nd SmSc@. Structural refinements have been
performed in thePbnm spatial group, atoms are located as follows: M at (4b)2(0, 0); Sm and
O(1) at (4c): &, y, 1/4); O(2) at (8d): &, y, z).

Sample SmNI@ SmScQ
a (A 5.3282(1) 5.5359(1)
b (R) 5.4299(1) 5.7625(1)
c(A) 7.5652(1) 7.9691(2)
v (A%) 218.87 254.22
Sm x 0.9907(1) 0.9851(2)
y 0.0511(1) 0.0563(1)
0(1) x 0.087(1) 0.112(2)
y 0.486(1) 0.458(1)
0(2) x 0.708(1) 0.695(1)
y 0.296(1) 0.302(1)
z 0.042(1) 0.057(1)
B (A?) 0.12(3) 0.24(3)
Rup (%) 10.6 10.3
Rprage (%) 4.1 4.9
x2 5.7 3.7
M-0(1) (A) 2x 1.950(2) 2.100(4)
M-0(2) (A) 2x 1.977(5) 2.101(4)
2x 1.937(5) 2.085(4)
(M-0) (A) 1.959 2.095
M-O(1)-M ) 2x  152.4(6) 143.1(2)
M-O(2)-M ) 4x  151.9(10) 145.3(4)
(M=0O-M) (°) 152.6 144.6(4)
(Sm-Qs (A) 2.469 2.543

The values of interatomic distances in table 1 show that the; 8ct@hedra are nearly
perfect at room temperature. Small differences in distance between Ni and the two equatorial
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plane oxygen atoms appear in SmNi&3 has been observed in related nickelates [5]. We note
that this slight distortion is larger for SmNi@han for NdNiQ or PrNiG;. Similar distortions
observed inrelated manganese oxides have been ascribed to the presence of a Jahn—Teller effect
[14]. Ni®* is also a Jahn-Teller ion with a single electron in an orbitally degenerated ground
state (§ge§). However, the anisotropy of the six Ni—O distances is very small and it can be a
consequence of the more covalent character of the Ni oxides [15]. Furthermore, the distortion
of the NiG; octahedra increases with decreasing rare earth size though the amount of Jahn—
Teller ions (N#*) remains unaltered. This points to the steric effect produced by the mismatch
of the rare earth sizes as responsible for the q\i@&tortion. In fact, similar behaviour is
reported for perovskites without Jahn—Teller ions [16]. This feature can be understood within
the frame of the bond valence model [17]. The increase of the; Mi§tortion, when the
rare earth size decreases, may be a consequence of higher electronegativity of smaller rare
earth ions. The N ion keeps its valence state by inducing a slight deformation of the NiO
octahedron. Similar results have been found for EuNI3].

The Sni* ion size in SmMNiIQ and SmSc@is too small to assure that the M®ctahedra
will not tilt. The effective oxygen coordination for Sthis lower than in the ideal cubic
structure (12). It is basically eight coordinated considering a cutfof A& in the Sm-O
distances. Therefore, a similar crystal field splitting of the’Smultiplet can be expected in
both compounds. This facilitates the extraction of the magnetic contribution of #iédds
in SmMNIG; as described below.

The most striking property of SmNgJs the MI transition that occurs at 400 K. Figure 1
shows how the resistivity varies with temperature in Smi\s@mples. The resistivity jumps
by three orders of magnitude at the transition point. This jump is accompanied by thermal
hysteresis, indicating a first order transition. We note that the temperature raBgeKy,
in which thermal hysteresis in SmNiGs observed, is smaller than the corresponding one
in NdNiOs or PrNiQ;, where Ml and magnetic ordering occur simultaneously. AbGye,
the resistivity changes linearly with temperaturegas= po + A.—,,T. This behaviour is
typical for electron—phonon scattering. We obtain= 4.6 x 104 Q cm, andA,_,;, =
2.7 x 1076 Q@ cm K1 for 450 < T < 600 K. These values are close to the ones found for
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Figure 1. Resistivity against temperature for SmNIO
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related nickelates [4, 19]. Belof,,, the resistivity shows a semiconducting-like behaviour
but does not follow a simple energy activation model.

AIn p versus YT plot is shown in figure 2. The Arrhenius law is not followed in any
temperature range. The resistivity exhibits a small anomaly at 220 K, that is more clearly seen
in the dIn p)/dT versusT plot shown in the inset of figure 2. This feature may be ascribed to
the magnetic ordering developed below the same temperdtiyeand may indicate a change
in the electronic processes when the system is magnetically ordered. However, no such features
are observed &ty in other transition metal oxides which order antiferromagnetically [20]. On
the other hand, similar step-like anomalieg iare observed at the charge-ordering temperature
in some manganese oxides [21]. Asthe charge ordering is coupled to orbital ordering in several
manganites [22], we might attribute the observed anomaly to the appearance of an orbital
ordering in SmNIQ [7]. However, any reliable interpretation of our data requires Hall effect
measurements as a functionfn order to separate carrier concentration and carrier mobility
contributions to the conductivity. At the moment, we do not have these data.
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Figure 2. Neperian logarithm of the resistivity againstZL The data were taken on cooling from
600 K down to 10 K. The inset shows the derivativéngy) /dT againstT” around the magnetic
transition.

Figure 3 shows the dc susceptibility versus temperature curves for Sy@NEMSce
The susceptibility of SmNi@ exhibits a small kink around 220 K that corresponds to the
magnetic arrangement of §j in agreement with neutron diffraction data [13]. A strong rise
in the paramagnetic signal at very low temperatures comes from tié iBns since both
compounds, SmScand SmNIQ, show the same behaviour. In addition, Smplghows
a maximum closea 2 K (see inset of figure 3) indicating the onset of long-range magnetic
orderinginthe Sr# sublattice. Long-range magnetic order of the rare-earth sublattice has been
observed in several RMfxides (M= transition metal) at this low temperature range and the
critical temperature depends on the strength of the R—M magnetic interaction [23]. The sample
of SmScQ@ shows a minimum in the paramagnetic signal around 475 K arising from changes
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Figure 3. Dc susceptibility against temperature for Smbi@hd SmSc®@. The antiferromagnetic
transition temperature for SmNiQ's indicated by an arrow in the figure. Inset: magnetic
measurement for SmNigbetween 1.8 and 5 K. The line is a guide for the eye.

in the thermal population of the Sthion levels. Therefore, S#h does not follow a Curie—
Weiss law. In order to obtain the Nisublattice contribution to the magnetic susceptibility,

we have subtracted the magnetic signal of Sme@mn the signal of SmNi@ The result is

shown in figure 4. The susceptibility peaks at 220 K, which is the reporéeditdmperature for
SmNIG;[5, 7, 13]. BelowTy, the paramagnetic signal decreases dowri8m2the cusp signal

as is expected for a long-range antiferromagnetic ordering. The magnetic behaviour does not
follow a Curie—Weiss law at high temperatures, as shown in the inset of figure 4. This can be
attributed to magnetic interactions abdyeas is inferred from the calorimetric measurements
(see below). A rough approximation of effective magnetic moments can be obtained from the
fit of experimental data to the Curie—Weiss law between 280 and 400 K (insulating regime)
and between 420 and 640 K (metallic regime). The values obtained are given in table 2. The
effective magnetic moment increases as the temperature decreases. This feature has been also
observed in manganese oxides with the same crystalline structure [24]. It has been attributed
to the formation of ferromagnetic clusters in the paramagnetic state. We cannot discard the
presence of magnetic clusters in the paramagnetic phase but it is difficult to judge their nature.
In fact, the magnetic structure beldi shows both ferro- and antiferromagnetic interactions.
Attempts to detect small ferromagnetic clusters [25] by means of neutron diffraction at low
angle (SANS) have been unsuccessful. Therefore, the formation of small antiferromagnetic
clusters with spins not completely compensated is more likely. Surprisingly, the value of
effective magnetic moments in the insulating regime agrees well with the one expected for a
Ni3* free ion (176 ). The smaller value of the magnetic moment, obtained in the metallic
phase, can be attributed to the electronic delocalization. Correspondingly, small values of
effective magnetic moments have been found in metallic NdNeQ
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Table 2. Magnetic parameters and calculated effective moments for Smbli@ined from the fit
of the dc susceptibility to the Curie-Weiss lay:= C/(T — 0).

280400 K  420-640K

C (emu K mot?) 0.359 0.283(1)
6 (K) —113 -1
tefs (g fu™t) 1.69 150

The heat capacity of SmNiObetween 5 and 300 K is shown in figure 5. At low
temperatures, the heat capacity exhibits a sharp increase indicating the beginning of an extra
contribution in this range. Such behaviour can be ascribed to the onset of long range magnetic
order in the Sr" sublattice (see inset of figure 3). At higher temperatures, a clear anomaly
is detected at 220 K corresponding to the magnetic ordering of thieidlis. Anomalies
at this temperature have also been observed in magnetic and transport measurements. Heat
capacity data obtained upon heating and on cooling at a low rate of 5 Kidnot show a
hysteretical behaviour through this transition. Therefore, a second order transition is suggested.
In addition, the phase shifp] between the temperature oscillations induced in the sample and
the heating power can indicate qualitatively the occurrence of a first order transitionf[26].
passes through a smooth and broad minimum at 220 K in Sml$i€e inset (a), figure 5).

This minimum is opposite in direction to the heat capacity anomaly, indicating the absence of
a latent heat at transition. This supports a second order character of the transition. A first order
transition implies thap shows a peak and abrupt changes, in accordance with the heat capacity
anomaly at the transition temperature, whose width gives the temperature range where two
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Figure 5. Heat capacity of SmNi@againstT’ (points); the solid line indicates the non-magnetic
heat capacity obtained from the effective Debye temperature. Inset (a) details of the heat capacity
and¢ againstT’ for SmNIGs; ¢ is the phase shift between the temperature oscillations induced in
the sample and the heating power. Inset (b) heat capacity againstl” for NdNiOs.

thermodynamic phases exist. Such behaviour has been observed in thesNditi@ound

[8,9]. A clear peak in the phase shift was detected for this compound at 190 K (see inset (b),
figure 5), and a range of 12 K of two-phase coexistence was determined from the peak width
when the measurements were done at 30K INdNiO; develops first order Ml and magnetic
transitions simultaneously. The present study shows that the magnetic transition in $mNiO
is second order transition.

In order to estimate the entropy content corresponding to the magnetic transition in
SmNIQ;, information on non-magnetic heat capacity contributions is necessary. It has been
calculated by an interpolation method using the effective Debye temperature which varies
smoothly with temperature and allow us an easy interpolation. The excess heat capacity (the
difference between the total measured value and the non-magnetic contribution) is represented
in figure 6. The peak obtained has a maximum of about®Oahd the calculated entropy
variation between 180 and 230 K 1S = 0.03 R. This value is much lower than the
theoretical value for the magnetic ordering oPN{S = 1/2) ions AS = R In2 = 0.69 R)
and is also smaller thaf S found for NdNiG; (0.12 R) measured by ac calorimetry [8, 9]. As
discussed above, magnetic and Ml transitions occur at the same temperature in;[ddiNjO
consequently, both transitions contribute to the entropy content. In Sgniti€se transitions
are separate. In order to obtain accurate values of entropies and enthalpies through the Mi
transition we performed DSC measurements in both compounds. The values obtained, with
scans of 20C min%, for the MI transition at 404 K in SmNiQare AH = 650 J mot*
andAS = 0.2 R. The same measurement performed on NaNi®esAH = 315 J mot?
andAS = 0.2 R at 194 K. The difference between the entropies determined by DSC and ac
calorimetry is due to the fact that with ac calorimetry we measured the heat capacity directly
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Figure 6. The excess heat capacity agaifishear the magnetic transition. Inset: linear thermal
expansion againgt for SmNiGs.

and not the enthalpy. Then, the entropy content due to discontinuous enthalpy changes cannot
be determined. In addition, the study of the maximum temperature variation (DSC peak)
with the heat-flow rate (from°Z min~! up to 20°C min™!) has been done on heating and

on cooling. The Sm compound shows a small hysteresis of 1.2 K, within the experimental
error, while in the Nd compound the hysteresis is 26 K wide, in agreement with the resistivity
measurements.

Linear thermal expansion measurements for SmNif@ shown in the inset of figure 6.
AL/L shows a jump at the MI transition which corresponds to an expansion in the volume
of 0.1% with decreasing temperature. This result is in agreement with the one obtained from
neutron diffraction experiments [7, 13]. No anomaly is observed at the magnetic transition as
can be inferred from the inset of figure 6. The metallic phase shows a linear thermal expansion
with a dilatation coefficient of B x 107% K. Otherwise, the thermal expansion curve is
bent belowr,;; and the average dilatation coefficient i§ 4 1076 K1,

The MI transitions in the nickelates have been explained by a competition between two
characteristic energies: the conduction bandwidth, and the charge transfer energy,

[3]. W depends strongly on the Ni-O—Ni bond angle that controls the electronic transfer
between Ni 3d and O 2p atomic orbitals. The large orthorhombic distortion observed in
SmNIQ;, i.e., small values of Ni-O—Ni angle (see table 1), implies a tigh. The volume
change at thg’,;, detected by several techniques [9, 13], supports this claim. This change
is related to the small increase of the Ni—O—Ni angle through the transitiofiand A
aboveTy; while W < A below T);. More difficult is to establish what drives the Ml
transition in the nickelates studied. A gap of magnetic origin seems unlikely, $ynhead

Ty differ substantially in SmNi@ Another possibility is an orbital ordering, as detected

in related systems [22], that is established''atfor NdNiOs; and PrNiQ or aboveTy for
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SmNIiQ; and EuNIiQ. Such ordering is supported by the type of magnetic ordering observed
in these compounds at low temperature [6, 7]. Furthermore, the antiferromagnetic structure
is explained by the Ni gorbital ordering which gives rise to ferro- and antiferromagnetic
interactions between neighbouring atoms depending on which orbital is occupied for each
atom. Our x-ray diffraction measurements with high counting rate show no evidence of such
orbital ordering in the SmNi@at room temperature (insulating paramagnetic phase). These
results are in agreement with recent neutron diffraction studies [7] although the presence
of such orbital ordering cannot be discarded. In addition, our resistivity results seem to
indicate that a long range orbital ordering would occufat much below the Ml transition
temperature. Finally, the formation of small polaron formation in the insulating phase, as
has been previously suggested [27], can provide another explanation. It is clear from our
results that antiferromagnetic correlations exist abByen these oxides. This is indicated

by the nearly null entropy change (as compared to the one expected for magnetic ordering
of Ni®* ions) shown by the magnetic transition in both SmN&hd NdNiQ. Therefore,

the formation of spin polarons with antiferromagnetic correlations seems to be plausible as
has been suggested for NdNiCu, Oz [8], and it seems to be a general feature in this kind

of nickelates. We suggest that local antiferromagnetic correlations give rise to an electronic
localization at high temperatures in SmNi@nd, as temperature decreases, a long-range
antiferromagnetic ordering is developed. This ordering is also reflected by a small anomaly
in the resistivity curve that indicates a change in the conduction mechanism. Further work on
the frequency dependence of the ac resistivity is needed in order to establish the role, if any,
of antiferromagnetic polarons.

4. Conclusions

The nickelate SmNi@synthesized at high oxygen pressure has been studied by means of
dc magnetic susceptibility, dc resistivity, linear thermal expansion and ac calorimetry. A
linear dependence of the electrical resistivity on temperature in the metallic phase is found.
Electron—phonon scattering is responsible for such behaviour. In the insulating phase, the
electrical conduction does not follow a thermal activation mechanism but the activation energy
decreases with decreasing temperature. An anomaly in the resistivity has been detected
for the first time atTy indicating a change in the conduction mechanism when the system
orders antiferromagnetically. Calorimetric studies suggest the existence of antiferromagnetic
correlationsinthe paramagnetic phase. The very low entropy change for the magnetic transition
in SmNiO; and NdNIQ; is not well understood yet. The existence of spin polarons with high
effective mass and local antiferromagnetic correlations can account for such behaviour. In
addition, we report for the first time the crystal structure for the SmScO
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