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The nature of triclinic to orthorhombic phase transition, at which colossal negative thermal expansion is
observed, and the magnetic ordering of Bi;_,La,NiO; have been investigated with neutron powder diffraction
(NPD) and x-ray absorption spectroscopy techniques. The presence of a charge-transfer transition from
(Bi/La)**5Bi**(sNi**0; to (Bi/La)>*Ni**O3, accompanied by the simultaneous structural distortion, was
confirmed. The NPD data also revealed that magnetic ordering is present only in the insulating triclinic phase.
The metallic orthorhombic phase was found to be nonmagnetic down to 10 K.

DOI: 10.1103/PhysRevB.88.014112

I. INTRODUCTION

Variation of valence states can lead to notable phenomena
such as superconductivity and magnetoresistance in transition
metal oxides. Bismuth is a main group element, but it
also has a valence degree of freedom between Bi**T and
Bi’* depending on 6s and 6s° electronic configurations.
The perovskite oxide BiNiOj3 exhibits an unusual charge
distribution of Bi*TsBi’t(sNi>* O3 at ambient conditions.!
Our previous neutron powder diffraction (NPD)? and hard
x-ray absorption spectroscopy (XAS)® studies revealed a
pressure-induced charge transfer between Bi and Ni leading
to the valence distribution Bi**Ni3tO3 at 3.5 GPa. This
transition is marked by a simultaneous structural change from a
triclinic (P1) to an orthorhombic (Phnm) GdFeO;-type phase
accompanied by a metal-insulator transition* and 2.5% volume
shrinkage because of the increase in Ni valence from 2+ to
3+.2 The same transition was found in BipgsLagosNiO;3 at
ambient pressure.’ The large triclinic phase and the small
orthorhombic phase coexist over a wide temperature range, and
the change in their phase fractions with temperature leads to a
colossal negative thermal expansion (CNTE) with a measured
dilatometric linear thermal expansion coefficient of —82 x
1076 K~! between 320 and 380 K. Further La substitution for
Bi leads to increase in the fraction of the orthorhombic phase
at room temperature, and the orthorhombic phase becomes
dominant above x = 0.20.° This sample shows a metallic
conductivity, suggesting the presence of Ni**. These behaviors
agree with the charge-transfer transition in BiNiO3. However,
there are several experimental results inconsistent with the
charge-transfer picture. Ni-2p XAS suggested that the valence
of Ni in Bi;_,La,NiO; was (2+ x)+ in both triclinic and
orthorhombic phases, without a distinct change from 24
to 3+.7 In addition, the magnetic transition temperature of
Bi;_,La,NiO3; (x = 0-0.2) was almost independent of the
La content despite the S = 1 to 1/2 spin state change
expected as the Ni valence changes from 2+ to 34.'9
These uncertainties warrant a precise structural analysis of the
La-substituted samples, using neutron diffraction to provide
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precise oxygen positions and magnetic structures, and a hard
XAS study to check the soft XAS results.

For this paper, we investigated the temperature evolution of
the valence state of Bi; _,La,NiO3 by means of NPD and Ni-K
edge XAS studies. The presence of the charge transfer and the
oxidation of Ni from 2+ to 3+ as the origin of the CNTE are
confirmed. The metallic orthorhombic (Bi,La)**Ni3**Os phase
is found to be nonmagnetic, so the antiferromagnetic transition
observed by susceptibility measurements is attributed to the
coexisting triclinic phase.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of Bi;_,La,NiO3 (x = 0.05,
0.10, and 0.20) were obtained by high-pressure synthesis
as described previously.>® Neutron diffraction data were
collected from 10 to 500 K at the Institut Laue-Langevin
in Grenoble, France, using the high-resolution diffractometer
D2B (1 = 1.594 A). Further diffraction patterns were measured
for the x = 0.10 sample on the high-flux DIB (A =2.519 A) at
10 K. Data analysis was performed by the Rietveld method
using the FullProf suite® and General Structural Analysis
System’® programs. Hard XAS measurements at the Ni K
edge were carried out at the BLO1B1 beamline of Super
Photon ring-8 (SPring-8), Japan. This beamline is composed
of a double monochromator equipped with a Si 111 crystal
and Rh-coated double mirror to reduce the higher harmonics
with a cutoff energy of 10 keV.!” The data were collected
in the transmission mode from 10 to 498 K using a heater
and cryostat. The energy resolution is < 2 x 10~ around the
Ni K edge. XAS spectra were normalized to 1.0 above the
edge and analyzed using the Ifeffit software package.!!
The background was fitted using Victoreen’s equation and a
constant a/E> + b/E* + ¢, where E is energy and a, b, and ¢
are fitting parameters'? and are subtracted from XAS spectra.
Edge positions were determined as the value of the energy
of the arctangent function in least-squares fits of the x-ray
absorption near edge structure (XANES) region (<8355 eV)

©2013 American Physical Society
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using an arctangent plus a Gaussian function'?

I, (x—Ep A (x — Ep)?
—t — +0.5 —_,
- an JE + + Ay exp ( 752

where x is the x-ray energy in electron volts, Ej is the
absorption edge, d E is the half width of the edge, E; is the
energy of the white line, o is the standard deviation, and the
A is the fit parameter.

III. RESULTS AND DISCUSSION

Rietveld fits to NPD patterns of Bi;_,La,NiO; with x =
0.05, 0.10, and 0.20 were performed assuming the presence
of a magnetic triclinic phase and a nonmagnetic orthorhombic
phase, as described later. Fits to 10 K data are shown in Fig. 1,
and crystallographic parameters are summarized in Tables I
and II. Fits successfully converged for each temperature and
the phase fractions and bond valence sums (BVSs) for Bi and
Ni sites using standard Bi**, Bi°*, Ni?*, and Ni** parameters,
calculated from the refined bond distances are shown in
Table III. The BVS parameters demonstrate that the apparent
valence distributions are (Bi/La)®*s(Bi/La)’>*(sNi*tO5 for
the triclinic phase and (Bi/La)**Ni3>*O; for the orthorhom-
bic phase, with little apparent change in the BVS values
with x. The fraction of the (Bi/La)>*Ni** O3 phase increases
with increasing temperature, indicating the broad charge-
transfer transition. The presence of Bi**, as suggested in
the Bi**|_,La** Ni>*¥*0Q; valence distribution proposed by
the previous Ni-2p XAS,’ is not supported by the structural
results.

The discrepancy between the present NPD results and those
of the previous spectroscopic study may be explained through
the sensitivity of the Ni-2p XAS to the partial delocalization
of the Ni** charge as a ligand hole. Analysis of the Ni-K XAS
data around the pre-edge region led to a description of the Ni**+
state in the BiNiO3 high-pressure phase as not purely d” but
56% d7 + 44% d®L, where L denotes the ligand hole. This
effect, and the presence of some triclinic phase containing
Ni2*, reduced the energy shift of the Ni-2p absorption and led
to the assignment of the Ni valence in Bi;_,La,NiO; as 2+ x
instead of 3.

Figure 2(a) shows the temperature variations of the NPD
pattern for x = 0.05. The temperature dependences of the unit
cell volumes, the fraction of the orthorhombic phase, and the
weighted average volumes are plotted in Fig. 2(b). The struc-
tural transition from the triclinic to the orthorhombic phase
was observed in accordance with previous x-ray diffraction
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FIG. 1. (Color online) Observed (points), calculated (line), and
difference (lower line) patterns from the Rietveld analysis of the
NPD data for Bi;_,La,NiO; with x = 0.05, 0.10, and 0.20 at 10 K
(A = 1.594 A). The tick marks correspond to the positions of Bragg
reflections of the triclinic phase, the orthorhombic phase, and NiO,
from top to bottom. Insets are magnified views of the prominent
reflection at 20 = 34°.

TABLE I. Refined lattice parameters at 10 K for x = 0.05, 0.10, and 0.20 as upper, middle, and lower values, respectively.*

Phase a(A) b (A) c(A) o (deg.) B (deg.) y (deg.) vV (A%

Triclinic 5.3866(1) 5.6463(1) 7.6955(2) 92.103(2) 89.807(2) 91.632(2) 233.80(1)
5.3864(4) 5.6436(4) 7.6945(6) 92.025(7) 89.765(7) 91.529(7) 233.67(3)
5.3721(10) 5.6309(14) 7.7086(16) 91.821(23) 89.730(21) 91.259(20) 233.01(9)

Orthorhombic 5.3577(2) 5.5059(3) 7.6511(3) 90 90 90 225.70(2)
5.3719(2) 5.4882(2) 7.6561(2) 225.72(1)

“Reliability factors for x = 0.05 are Ryp = 4.70% and x2 = 5.360, for x = 0.10 are Rwp = 4.83% and x> = 7.769, and for x = 0.20 are

Rwp = 4.16% and x? = 5.225.
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TABLE II. Crystallographic parameters for Bi;_,La,NiO; at 10 K showing refined variables (coordinates and isotropic U factors) and
residuals for x = 0.05, 0.10, and 0.20 as upper, middle, and lower values, respectively.

100 Uiso (A%)

Atom Site X y z
Triclinic Phase (S.G. P — 1)
Bi/Lal 2i 0.0086(3) 0.0509(3) 0.2338(3) 0.69(2)
0.0060(13) 0.0513(9) 0.2367(8) 0.28(5)
0.0068(13) 0.0491(13) 0.2320(13) 0.64(9)
Bi/La2 2i 0.5118(3) 0.4439(3) 0.7255(3) 0.69
0.5100(13) 0.4421(10) 0.7283(7) 0.28
0.5135(10) 0.4456(10) 0.7272(10) 0.64
Nil 1d 0.5 0 0 0.52(2)
0.40(3)
0.47(5)
Ni2 Ic 0 0.5 0 0.52
0.40
0.47
Ni3 1f 0.5 0 0.5 0.52
0.40
0.47
Ni4 1g 0 0.5 0.5 0.52
0.40
0.47
(0] 2i —0.141(1) 0.470(1) 0.253(1) 0.92(2)
—0.140(2) 0.472(2) 0.255(2) 0.73(4)
—0.145(4) 0.474(4) 0.253(3) 0.79(6)
02 2i 0.395(1) 0.076(1) 0.759(1) 0.92
0.397(2) 0.072(2) 0.757(1) 0.73
0.396(4) 0.078(3) 0.759(3) 0.79
03 2i 0.832(1) 0.174(1) —0.032(1) 0.92
0.834(2) 0.174(2) —0.035(1) 0.73
0.836(4) 0.181(3) —0.039(2) 0.79
04 2i 0.318(1) 0.334(1) 0.081(1) 0.92
0.322(2) 0.335(2) 0.082(1) 0.73
0.327(5) 0.343(4) 0.076(3) 0.79
05 2i 0.208(1) 0.766(1) 0.415(1) 0.92
0.212(2) 0.764(2) 0.410(1) 0.73
0.213(4) 0.775(4) 0.407(3) 0.79
06 2i 0.675(1) 0.689(1) 0.546(1) 0.92
0.675(2) 0.689(2) 0.552(1) 0.73
0.664(4) 0.690(4) 0.552(3) 0.79
Orthorhombic Phase (S.G. Pbnm)
Bi 4c —0.0040(10) 0.0483(4) 0.25 1.21(4)
—0.0021(2) 0.0431(2) 1.03(4)
Ni 4b 0.5 0 0
0.68(3)
0.33(1)
(0] 4c 0.0811(8) 0.4780(8) 0.25 1.32(5)
0.0716(5) 0.4835(5) 1.01(4)
02 8d 0.7040(6) 0.2943(6) 0.0403(4) 1.32
0.7088(4) 0.2898(3) 0.0395(2) 1.01

S.G., space group; Uiso, isotropic U factor.

studies.’ The transition of x = 0.05 is broad compared with
the previous reports and is not complete even at 500 K. This
is probably due to minor compositional differences among
samples. As the NPD measurements required a large amount
of sample, capsules 5.6 mm in diameter and 8.0 mm in height
were used for the high-pressure syntheses of the NPD samples,
while the capsule size for previous samples was 3.6 mm in

diameter and 5.0 mm in height. The presence of a pressure or
temperature gradient in the larger capsules may have affected
the homogeneity of the Bi/La distribution. As the La content
increases, the transition is shifted to the lower temperature
and the slopes of the phase fractions change become gradual.
At x = 0.20, the fraction of the orthorhombic phase was
almost temperature independent. Since La>* is not formed,
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FIG. 2. (Color online) (a) Temperature variations of the NPD
pattern for x = 0.05 (A = 1.594 A). The labels show the temperature
and the phase fraction of the orthorhombic phase. (b) Temperature
dependences of the unit cell volumes of the triclinic and orthorhombic
phases, the phase fraction of the orthorhombic phase, and the
weighted average volume of Bi;_,La,NiO; with x = 0.05, 0.10,
and 0.20.

La ions introduced into the Bi’" site destabilize the valence
disproportionation of Bi. The fraction of the triclinic phase
therefore decreases, and the orthorhombic phase becomes
dominant.

The charge transfer was further confirmed by the hard XAS
data. Figure 3(a) shows the XAS spectrum for Big g9s5Lag gsNiO3
at 10 K and the fitting result. An arctangent plus a Gaussian
function agrees well with the XANES region of the observed
data and gives reasonable absorption edge energy. Figure 3(b)
shows the temperature dependence around the Ni K edge for
Bi;_,La,NiO; with x =0.05, 0.10, and 0.20. For x = 0.05 and

0.0
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8336 8338 8340 8342 8344 8346
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8342.2
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0
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FIG. 3. (Color online) (a) XAS spectra for BiggsLagosNiO; at
10 K and the fitting result. (b) Temperature dependence around the
Ni K edge for Bi;_,La,NiO3 with x = 0.05, x = 0.10, and x = 0.20.
Insets show magnified views. Solid and open circles represent heating
and cooling processes, respectively. (c) Temperature dependence of
absorption edge energy around Ni K XAS spectra for x = 0.05. The
mechanical accuracy of the monochromator (£ 0.04 eV) is shown as
error bars.
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TABLE III. Phase fractions and BVSs for Bi;_,La,NiO; at various temperatures. The BVSs for Bi/La sites were calculated using the
parameter for Bi** or Bi’* ions. Approximately 1 wt% of impurity NiO was found for all samples.

Triclinic phase

Orthorhombic phase NiO

Temperature (K)  Fraction (wt%) Bi/Lal Bi/La2  Nil Ni2 Ni3 Ni4  Fraction (wt%) Bi/La Ni Fraction (wt%)
x =0.05

10 99 3.20 4.64 193 194 193 2.13 0 1

300 77 3.17 4.60 191 193 182 211 22 320 3.10 1

400 49 3.13 4.57 1.90 192 203 2.10 50 3.18  3.07 1

500 22 3.14 4.56 191 189 1.81 2.11 77 3.05 2.66 1
x =0.10

10 47 3.21 4.73 1.86 1.89 190 2.08 52 3.06 2.78 1

300 28 2.77 4.61 192 193 183 212 71 3.11 3.21 1

400 19 3.15 4.67 1.90 191 1.81 2.11 80 297 272 1
x =0.20

10 20 3.24 4.95 1.84 201 179 1.88 79 292 337 1

300 21 3.21 4.63 1.92 194 184 2.17 78 2.88 3.34 1

400 20 3.20 4.62 192 194 184 213 79 2.85 2.79 1

0.10, the absorption edge shifts to higher energy on heating,
indicating the increase in Ni valence accompanying the charge-
transfer transition. This behavior is essentially the same as
that observed for BiNiO; under pressure.® The shift for x =
0.10 is 40% of that of x = 0.05, reflecting the difference in
the change of the orthorhombic phase fraction as plotted in
Fig. 2(b), and for x = 0.20, the absorption edge is almost
temperature independent. The results of XAS measurements
indicate that the valence of Ni changes from 2+ for the triclinic
phase to 3+ for the orthorhombic phase, supporting the NPD
results. Figure 3(c) shows the temperature dependence of the
absorption edge energy for x = 0.05, confirming a reversible
charge-transfer transition showing hysteresis in accordance
with the CNTE observed for x = 0.05.°

The magnetic structures of the triclinic and orthorhombic
phases were analyzed to discover whether the G-type antifer-
romagnetic ordering found in the parent compound, triclinic
BiNiOs3, persists in the Bi;_,La,NiO3 derivatives.'* Figure 4
shows a magnified view of the NPD pattern of x = 0.10
collected on diffractometer D1B at 10 K, where the weight
fractions of the triclinic and orthorhombic phases were 47%
and 52%, respectively. Although the G-type antiferromagnetic
ordering does not give further Bragg reflections because it
has the same v/2a x v/2a x 2a supercell as both triclinic and
orthorhombic forms of BiNiO3, where a is the lattice constant
of a cubic perovskite, the magnetic component is evident
from the intensities of NPD peaks. G-type antiferromagnetic
ordering in the orthorhombic phases would add intensity
at 20 = 33.4° (011 reflection), but there is no observed
magnetic contribution. Refinements gave correspondingly
small magnetic moments of <0.1 up for the orthorhombic
Bi;_,La,NiO3; components, demonstrating the nonmagnetic
nature of this metallic orthorhombic phase. In contrast, the
ordered magnetic moments per Ni in the triclinic phases at
10 K are 1.66(4) pp for x = 0.05, 1.72(6) up for x = 0.10,
and 1.64(11) pp for x = 0.20, close to that of triclinic BiNiO3
(1.74(3) . at 5 K)'“ containing Ni** (S = 1). The temperature
dependence of the magnetic moment of Ni*>* in the triclinic
phase is shown in Fig. 5 and is similar to that of the magnetic

susceptibility.’ The charge-transfer and magnetic transitions
of Bi;_,La,NiO3 occur separately (e.g., at 200-500 K and
330 K, respectively, for x = 0.05), and from the present NPD
results, it is clear that the magnetic transition is due to spin
order in the triclinic phase.

The XAS and NPD results both confirm the existence of
a temperature- and composition-induced intermetallic charge
transfer in Bi;_,La,NiO3. The transition is of the first
order, and the A-site Bi-disproportionated triclinic phase
and (Bi,La)’>*Ni**O; orthorhombic phase coexist in the
investigated samples. This is in contrast to the situation
in SrCu;Fe 01,,'> where a similar temperature-induced Cu

Triclinic nuc.

| —— Triclinic mag.
Orhtorhombic nuc.
Orthorhombic mag.

—— Total

NiO

Intensity (arb. units)

24 26 28 30 32 34 36
20 (degree)

FIG. 4. (Color online) Magnified region of the NPD pattern of
the x = 0.10 sample at 10 K (A = 2.519 A). Observed (points),
calculated (fitted lines), and difference (lower line) profiles of the
Rietveld analysis are shown. The nuclear and magnetic contributions
from the triclinic and the orthorhombic phases are indicated. The tick
marks represent the reflections of the crystal and magnetic structures
of the triclinic and orthorhombic phases and NiO, shown from top to
bottom.
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FIG. 5. (Color online) The evolution of the ordered Ni magnetic
moment for the triclinic phase as a function of temperature in
Bi;_,La,NiO; with x = 0.05, 0.10, and 0.20.

to Fe charge transfer exists but the lattice parameter and
the Fe isomer shift change smoothly. The first-order charge
transfer in Bi;_,La,NiO; can be attributed to Bi’**/Bi’*+
valence fluctuations, as the intermediate Bi*t state with
6s! electronic configuration is unstable. Hence, the average
Bi*t|_,La** Ni®*+0; valence state previously proposed
from Ni-2p XAS results is not plausible.

PHYSICAL REVIEW B 88, 014112 (2013)

IV. CONCLUSIONS

The charge distributions of Bi;_,La,NiO3 were confirmed
to be (Bi/La)**(sBi>*(sNi>*O; for the triclinic phase and
(Bi/La)**Ni** s for the orthorhombic phase. The fraction of
the orthorhombic phase increases with heating, accompanied
by a simultaneous shift in the Ni-K edge XAS. This indicates
that the charge-transfer transition is the origin of the CNTE. An
increase in the La concentration x stabilizes the orthorhombic
phase. The temperature range of the transition becomes
greater with increasing x, and the phase fractions are almost
temperature independent at x = 0.20. The magnetic transition
observed for Bi;_,La,NiOj is attributed to just the insulating
triclinic phase, as the metallic orthorhombic phase was found
to be nonmagnetic.
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