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Abstract

We report on the structural, magnetic and electronic properties of Rh substituted LaNiOs, LaNii-xRhxO3
(0 <x <1). Increased Rh contents are associated with increased structural distortion, and we observe a
phase transformation and an immiscibility gap between 0.15 < x < 0.25, separating the R—3c and Pnma
perovskite structure regimes. Structural evaluation by synchrotron X-ray diffraction, X-ray absorption
spectroscopy and DC magnetic measurements suggest variations in oxidation state for the B-site cations,
with Ni(I)/Rh(1V), in addition to Rh(lll), dominating for high Rh-contents. Although ordering of
Ni(I1)/Rh(IV) is possible, no B-site ordering between Ni and Rh is observed for any composition. A
metal-to-insulator transition occurs upon Rh-substitution, correlating with the structural transition. DC-
and AC magnetic measurements reveal that several of the compositions are magnetically frustrated with
both antiferro- and ferromagnetic behaviour at low temperatures. The antiferromagnetic interactions are
dominating, while the ferromagnetic interactions increase with increasing Rh-content, to a maximum at
x = 0.80 and x = 0.90 in LaNi:—xRhxOs. The mixed valence states are assumed to contribute with a
ferromagnetic super-exchange interaction between Ni(ll) and Rh(IV).

1. Introduction

Materials displaying correlated electron behaviour has received an increasing amount of attention over
the last decades due to the multitude of exotic phenomena in such systems. An important example is the
simple perovskite LaNiOz and related derivatives [1-8], which are continuously under investigation after
the discovery of the first superconducting nickelate Sro2NdogNiO- [9]. Upon B-site substitution, B-site
ordering may also occur, creating an entire new family of materials [10]. Internal variations in ordering
phenomena is also possible, such as in Sr.FeMoQOs, where the grain structure and degree of short range
and long range Fe-Mo ordering is closely related to variations in magnetoresistance and the
ferromagnetic strength [11, 12].

In investigations of LaNiQs, total scattering analysis has been used to probe the short range ordering,
which reveal that LaNiO3; may be at the borderline of insulating behaviour due to Jahn-Teller distortions
of the 4 electron configuration of Ni(lll), which would force localization [1]. For long, LaNiOs; was
expected to be a weak ferromagnet due to the itinerancy eq! electron [8]. However, recent investigations
of LaNiOs single crystals display an antiferromagnetic-like transition around 150-160 K [13, 14],
causing uncertainty of the true magnetic ground state of LaNiOs. Modifications of the electronic
properties of LaNiOs may further be promoted through A- or B-site substitution, giving rise to metal-
insulator transitions (MIT) [3, 6, 15-19] or magnetic transitions [20-24]. In general, the MIT is caused
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by a reduction (sharpening) of the Ni-O-Ni bond angle by A-site (or B-site) substitution, or reduction of
the electron population of the Ni eg-orbitals from B-site substitution. On the other hand, the magnetic
properties emerging from B-site substitution may seem unpredictable, such as in the system
LaNi1«Co0,O3, where changes in oxidation- and spin states lead to modifications in the magnetic
properties [21, 25]. In this way, non-stoichiometric compositions may give new and unexpected
electronic properties.

The ferromagnetic interaction between Ni(ll) and Rh(IV), first predicted by Goodenough [26], then
investigated by Battle and Vente [24], and Schinzer [23], has attracted our attention. They focused on
the stoichiometric compound, LaNiosoRho 5003, searching for ferromagnetic super-exchange interactions
between Ni(ll) and Rh(IV). However, the compound was found to contain only Ni(lll) and Rh(llI),
showing spin glass behaviour at low temperatures, and insulting properties over a wide temperature
range [27]. In the current study, we investigate the entire system LaNii_sRhxO3, aiming to obtain deeper
insight into the oxidation states of Ni and Rh through this system, and correlate this to magnetic
interactions. Because Rh and Co have the same d-electron configuration, and the +IV oxidation state is
more easily stabilized for Rh, a comparison with Co-substituted LaNiOs is very interesting. Here, we
demonstrate the effect of a wet chemical synthesis route to produce phase pure samples in the perovskite
system LaNii_xRh«O3. We pay special attention to the crystal structure and oxidation states of Ni/Rh
through synchrotron radiation X-ray diffraction (SR-XRD) and X-ray absorption spectroscopy (SR-
XAS), as variations in structure and oxidation state is expected to influence both magnetic and
conduction properties. Additionally, the known metallic properties of Sr.RhO4 [28, 29] and the high
pressure phase SrRhOs [30] leads us to ask how Rh-substitution and possible redox reactions with Ni
may affect the metallic properties in this system compared to other LaNi,—xMxOs; systems, where M =
3d-element.

2. Experimental

Nitrate salts of the relevant elements, La(NO3); X 6 H,0 (99.9 %; Alfa), Ni(NO3), x 6H,0 (99 %;
KEBO Lab) and Rh(NO3); x H,0 (99.9 %; Sigma-Aldrich) were dissolved in water and their molar
concentrations (mol / g) were determined by thermogravimetric analysis. Mg(CH;C00), x 4H,0 (99.5
%; Fluka) were used as received. All LaRh1xNixO3 samples and La,MgRhOg (reference sample for SR-
XAS) were synthesized following a citric acid complexation method. Stoichiometric amounts of nitrate
solutions were weighed out for each element (La, Ni, Rh) and Mg(CH3;COO),x4H,0), and 50 g of citric
acid monohydrate (CsO7Hs-H20, 99 %, Sigma-Aldrich) was added per gram of oxide product. The
solution was boiled until complete removal of water and nitrous gasses, followed by overnight heat
treatment at 180 °C in a heating cabinet. The obtained crust was crushed and calcined at 400 °C for 12
hours in static air, before pelletizing and sequential high temperature heat treatment at 850 °C and 1000
°C, both for 12 hours in 1 atm of dynamic O (from AGA, 5.0 purity). For LaNiOs the high temperature
heat treatment was performed twice at 850 °C in 1 atm O, (from AGA, 5.0 quality) for 48 hours. Samples
were annealed in pure O in order to produce samples with stoichiometric oxygen content.

Structural characterization by synchrotron X-ray diffraction (SR-XRD) and synchrotron X-ray
absorption spectroscopy (XAS) was performed at beamline BMO1B at the Swiss-Norwegian Beam
Lines (SNBL), European Synchrotron Radiation Facility (ESRF), Grenoble France [31]. SR-XRD
experiments were performed using a 2D Dexela detector with wavelength A = 0.50506 A. Rietveld
refinements were performed using the software TOPAS V5 [32] on data sets with ~3630 data points,
Q-range from 1.3 to 11.48 A%, and 254 (R-3c) and 832 (Pnma) hkl indices. The refinements were
performed with basis in structures reported by Kojima et al. [33] and Battle and Vente [24]. The
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Thompson-Cox-Hasting pseudo Voigt function was used to describe the peak shape for all samples, and
the zero error, scale factor, unit cell parameters, atomic positions and Debye-Waller factors were refined.
Refinements with negative Debye-Waller factors were excluded, and crystallite size was not included
in the models. SR-XAS data for the Rh K-edge were measured in transmission mode using a Si(111)
channel-cut monochromator with a second detuned crystal to reduce higher harmonics. The ATHENA
software was used in SR-XAS data analysis for spectrum normalization to an edge jump of unity [34],
with all scans calibrated to the theoretical Rh K-edge at 23220 eV based on Rh metal foil. Oxidation
state reference materials for Rh(l11) and Rh(IV) are LaRhOs and La,MgRhOs, respectively. LazMgRhOe,
which was solely used as a reference for Rh(IV), was found by means of XRD to contain minute
quantities of La,0O3 (< 1 mol %).

Magnetic and electronic transport measurements were performed using a Quantum Design physical
properties measurement system (QD-PPMS). Temperature dependent DC magnetization measurements
were performed from 4 to 300 K using a 2 kOe persistent external DC-field, and field dependent DC
magnetization measurements were performed at 4 K with a DC field variating between + 90 kOe.
Temperature dependent AC magnetization data were collected from 4 to 45 K with and without a 2 kOe
persistent external DC field, and with a 10 Oe AC field with frequencies of 177, 1117 and 9917 Hz,
respectively. For resistivity measurements, regular pellets annealed at 1000 °C in O, (850 °C in O for
LaNiOs) was used, with silver paste electrodes coated on the sample and gold wires between the sample
and the transport puck. The applied electrical current for the measurements of the individual samples
was selected to achieve a linear I\V-curve with zero crossing before starting the measurement.

3. Results and Discussion

3.1 Structural aspects

Initial attempts using a solid state synthesis route on selected compositions in the system LaNi;—xRhxOs
yielded samples with significant Rh,Os-impurities. To obtain homogeneous and phase pure samples, we
therefore turned to a wet chemical synthesis route. According to SR-XRD, all LaNi1_xRhO3 (0 <x<1)
samples prepared by a wet-chemical synthesis route are phase pure, except LaRhO; (x = 1), which
contains < 1 mol% of Rh,Os.

The two end members in the system, LaNiOs; and LaRhOs, are reported to adopt distorted perovskite
type structures with different symmetries; R-3c and Pnma, respectively [8, 35]. Through analysis of the
SR-XRD patterns, we find that the LaNi;-xRhsO3 series obtain these two space groups for the entire
compositional range. When substituting Rh for Ni in LaNiOg, the large size of Rh causes an increased
tilt of the octahedra, reducing the symmetry to orthorhombic. The characteristic low angle (011)-peak
for the orthorhombic phase (Pnma) is absent in the diffraction patterns (Figure S1), indicating the
absence of B-site ordering for all compositions [23, 24]. Furthermore, an immiscibility gap is observed
in the compositional interval 0.10 < x < 0.30, see Figure 1la. For the compositions 0.15 < x < 0.25, the
two phases co-exist (space group R-3c and Pnma), with an observed volume increase through the phase
transformation (shaded area, Figure 1a). We observe an increase of the pseudocubic unit cell volume
with increasing Rh content (Figure 1a) on both sides of the immiscibility gap, consistent with a larger
average ionic radii when Rh is substituted for Ni. Rh-substitution also causes an increase in M-O bond
distances and a reduction of the M-O-M bond angles, which deviate increasingly from 180° (Table S1).
This correlates with increased structural distortions, in line with the decrease in tolerance factor (Table
S1).



In the structural analysis, a volume increase is found for the orthorhombic (Pnma) samples (x = 0.15 —
0.25) inside the structural two-phase region (Figure 1a). However, we believe this to be an artefact
(Figure 1a). The Rietveld refinement (Figure S1) may be easily influenced by the fact that the
pseudocubic cell parameters are very similar for most compositions (b = v2a = v/2¢). Through the
entire system, the a and b cell parameters increase, while the change in the c-axis is small. Additionally,
around x = 0.40 the a- and c-axis are equally large, before the c-axis contracts, see Figure 1b. This may
originate from the large anisotropy of the orthorhombic b*a a tilt-deformation of the perovskite
structure [36], and is similar to observations reported by Li et al. [37] for LaCo1_«RhxOs. The MOg-
octahedra are slightly asymmetric in terms of bond lengths (Table S1), but compared to the heavily Jahn-
Teller distorted compound LaMnOs, the bond length asymmetry is small. At most, we observe a M-O
bond length difference of 0.12 A for the x = 0.50 composition, while in LaMnOs the largest Mn-O bond
length difference is 0.28 A [38].
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Figure 1. (a) Pseudocubic unit cell volume of LaNii-xRhxOs as a function of x (0 < x < 1). The dashed lines
indicate areas with a linear increase in the pseudocubic unit cell volume. (b) Unit cell parameters for
orthorhombic (Pnma) LaNiixRhxOs versus x (0.15 <x < 1). The hatched area indicates the two-phase region.
The lattice parameters for the rhombohedral (R-3c) samples can be found in Figure S2.

Notably, the pseudocubic unit cell volume (Figure 1a) of the orthorhombic samples (Pnma) shows a
deviation from Vegard's law [39], with a distinct change in the slope at x = 0.60. Such a deviation may
come from mixed oxidation states through the perovskite system, causing different ionic sizes to
dominate the different compositions. Using reported ionic radii (radius: Ni(I11)/Rh(I1l) = 0.56/0.67 A;
Ni(I)/Rh(IV) = 0.67/0.60 [40]), the theoretical unit cell volume is evaluated in the two scenarios;
Ni(H1)/Rh(111) and Ni(I1)/Rh(1V) (Figure S3a). In the case of the Ni(l11)-Rh(I1I) solid solution, a linear
increase in unit cell volume is expected with increasing substitution level of Rh, following Vegard's law.
In the case of Ni(Il)-Rh(IV), we expect a larger unit cell volume throughout the solid solution
(LaNi1—xRh,QO3), but with a distinct shift in the slope of the pseudocubic unit cell volume for x = 0.50
(Figure S3a). The experimental unit cell volume lies between the two models, indicating a mixed
situation between the two models. Thus, analysis of the crystal structure suggests mixed oxidation states
with both Ni(111)/Rh(I11) and Ni(Il)/Rh(IV) present.

Relative to Vegard’s law, the experimental volume shows a maximum deviation at x = 0.60 (Figure 1a),
which is close to the theoretical maximum deviation at x = 0.50 (Figure S3a)). We can estimate the
relative amount of the Ni(11)/Rh(1V) pair by comparing the theoretical models and experimental volume
(Figure S3b). For samples with high Rh-content (x > 0.6), ~60 % of the Ni exist as Ni(ll), and a
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corresponding amount of Rh is oxidized to Rh(IV). Mixed oxidation states with mainly Ni(Il)-Rh(IV)
is therefore in compliance with the experimental data. The fact that we do not have any indication of a
complete charge division from Ni(l11)/Rh(111) into Ni(l1)/Rh(IV) may explain why no B-site ordering is
observed (Figure S1), in compliance with reports by Vasala and Karppinen [10].

The likely presence of Ni(ll)/Rh(IV) species in the solid solution is further corroborated by SR-XAS,
Figure 2. We have compared the Rh K-edge for LaNi: xRhxO3 (0.58 < x < 1.00) with reference samples
(Rh(11): LaRhOs, Rh(IV): La2MgRhQOg). With increasing Ni content, we clearly observe a shift in the
K-edge of Rh from the Rh(Ill) reference edge towards the Rh(IV) reference edge, see black arrow in
Figure 2. We also observe that the two main absorption peaks at 23226 and 23237 eV for the LaNii-
xRh,O3 samples shifts in line with the Rh(lll)- and Rh(IV) references. These observations support the
presence of the Ni(ll)/Rh(1V) configuration, and agree with our unit cell volume considerations above.
In addition, our findings corroborates well with reports by Shibasaki et al. [41] and Smith et al. [27] on
the Ni(I1)/Rh(IV) couple in LaNii xRhxOs and our DC-magnetization measurements presented below.

The solid solution LaNi;—xRhxO3 hence shows a significant degree of charge division into Ni(ll) and
Rh(1V), however, without any sign of Ni and Rh to adopt different sites in the crystal structure.
Similarities can be drawn to the order-disorder phenomena in Sr.FeMoOs [11], where short-range
ordering between Fe and Mo is always present, regardless of the long-range order achieved by heat
treatments. The charge division into Ni(ll) and Rh(IV) could therefore be an indication of short-range
ordering between Ni and Rh in the LaNi;—xRhxO3 system.

——x=1.00
——x=0.90
x=0.80
——x =0.60
x=0.42
—— La,MgRhO,

Rh(ll) rgf.

Rh(IV) ref.

Normalized absorption [a.u.]

23230 23240
23210 23220 23230 23240 23250
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Figure 2. SR-XAS data of the Rh K-edge for selected samples in the LaNiixRhxOs series (0.42 < x < 1.00).
LaRhOs (dark grey) acts as a Rh(I1l) reference and La2MgRhQOs (dark red) acts as Rh(IV) reference. The
black arrows indicate the changes in the absorption spectrums from the Rh(l11) reference and towards the
Rh(1V) reference with increasing amounts of Ni in LaNii-xRhxOs.



3.2 Electronic transport properties

LaNiOs and LaNiogRho1003; both display metallic conductivity, while compositions with x = 0.30
display semiconducting/insulating behaviour, see Figure 3. Of the two metallic compounds, the
resistivity of LaNiogoRho.1003 is one order of magnitude higher than that of LaNiOs. The Fermi-liquid
behaviour of LaNiOs (Figure S3, Table S2) [8] is absent in LaNiogRho1003, as the latter becomes
significantly less metallic compared to LaNiO3 due to the increased disorder introduced by the 10 % B-
site Rh-substitution (Figure S4). This is evident from the T3-temperature dependency of the resistivity
[42] in the temperature range 28 - 12 K, followed by an increase in resistivity below 10 K (Figure S5).
We interpret the increase in resistivity as weak electron localization due to the B-site disorder in the
compound, a common feature for materials close to a metal-insulator transition due to substitution [6,
43]. However, this does not necessarily mean that the material becomes insulating below 10 K. More
detailed low temperature (T < 1 K) resistivity experiments are recommended to evaluate this fully. At
elevated temperature (T > 50 K), however, the two compounds behave similarly, and electron-phonon
interactions dominate the resistivity for both compounds; see the results from the temperature dependent
analysis presented in Figure S4-S5 and Table S2.

For LaNi1-«RhxO3; samples with x > 0.30, the semiconducting/insulating behaviour is observed in the
entire analysed temperature region, with resistivity values slightly higher, but similar, to previous reports
[27, 41]. A compositional driven MIT therefore occurs somewhere in the interval 0.10 < x < 0.30,
correlating with the structural phase transformation where LaNi:-«RhxOs transform from R-3c to Pnma
(described above). The MIT is therefore likely caused by the increased structural deformations induced
by substituting Ni with the significantly larger Rh-atom. This causes the M-O-M bond angle to be
reduced beyond the necessary angle to maintain a metallic interaction (6 > ~156° [3]) between the Ni
eg and O 2p, orbitals. A similar effect due to B-site substitution is reported in several other LaNi1 yM,O3
systems (M = Co, Fe, Mn) [18, 44, 45], and furthermore as a temperature dependent transition in RENiO3
(RE = La-Dy) [3, 15, 17], where increased distortions (low t-factor) result in a higher transition
temperature for the MIT. The effect of structural deformations is evident from the MIT in LaNi;_«CoxOs.
Here, the structure is not further distorted by B-site substitution and remain rhombohedral (R-3c) for all
X, allowing high Co-substitutions before the MIT occurs (xwr = 0.65 [6]). This stands in contrasts to Rh-
substitution, where much lower substitutions cause the MIT (0.10 < xy;7 < 0.30). One can
furthermore speculate on the fact that Rh(IV) is known to cause metallic properties in some oxides
(SrRhOs3 [30], Sr.Rh04[29]), and if this should impact in the LaNi:-«RhxOs system, where significant
amounts of Rh(1V) is present (Figure 2). With detailed analysis, we observe that the sample with x =
0.30 is at the border of being metallic at elevated temperatures (Figure S6), making it almost possible to
fit resistivity data using a power law, such as for metals [6]. However, we believe that x = 0.30 remains
insulating, and we conclude that the structural impact of the large Rh-atom exceeds the gain from Rh(1V)
on the metallicity in this substitutional series.

For all insulating compositions (x > 0.30) we analyse the temperature dependence of the resistivity at
elevated temperature (T > 80 K) using the Arrhenius model for x < 0.80 and the Polaron model [46, 47]
for x> 0.90, based on what provides the best fit (Figure S7-S8). We find that both the magnitude of the
resistivity and the activation energy increases with increasing Rh-content (x), as expected from the non-
conducting nature of Rh(lI) (Figure S9, Table S3). However, for x = 0.90 and x = 1.00 the activation
energy is significantly lowered due to the formation of polarons (Figure S9), which aid in the conduction
of the electrons. We find that x = 0.90 contains large polarons with a low effective mass and that x =
1.00 contains small polarons with a high effective mass (see calculations in Supplemental).



It is still important to remember that even though the activation energy for electron hopping is reduced
for these two compositions, it is mainly the temperature dependence of the resistivity which is changed,
as the overall value of the resistivity depend on several factors. The cause of polaron formation in
samples with x > 0.90, but not in samples with x < 0.80, is not known. But the low activation energy for
X = 0.90 compared to x = 1.00 is most probably caused by the larger amount of charge carriers in x =
0.90, due to the valence state interplay between Ni and Rh, which is not present in x = 1.00.

Moving on to lower temperatures (T < ~80 K), where electron-electron interactions dominate, we find
that different theories of variable range hopping (VRH) conduction [46, 48-50] fits well with the LaNiz-
«RhxO3 system for all insulating samples (0.30 < x < 1.00) (Figure S10, Table S3). In VRH conduction,
the localized charge carriers hop from one to another localized state near the Fermi level. Here, the
subtle interplay between the lowest energy differences and shortest hopping distance defines where the
localized charge carrier will hop. Therefore, it may hop different distances, depending on which atom
that contains the lowest energy state nearby. In the LaNi:—«RhxOs system, we find that 3-dimensional

1 1
Mott VRH (logp « T ) [48] fits best for x = 0.30, that 2-dimensional (2D) Mott VRH (logp « T 3)

[48] fits best for x = 0.40 and x = 0.50, and that the 2D Efros-Shklovskii VRH (logp « T'%) [50] fits
best for x = 0.60-1.00. This implies that that there is a compositional driven change in conduction
mechanism through the system, and that it changes towards preferring 2D hopping for x> 0.40. However,
the structure is described as a perovskite with a 3D network of corner-connected octahedra, where the
only structural feature which could explain such 2D hopping is the highly anisotropic M-O bond
distances and the low t-factor (Table S1). The electron may therefore, on a local scale, see the most
desirable hopping locations nearby in a 2D plane. Additionally, this feature may also be correlated to
the change in valence states through the system, and the change in magnetic interactions upon Rh-
substitution (see section below). We recommend further investigations of the observed conduction
phenomena at both high and low temperature, with focus on correlations with valence states and
magnetic interactions.
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Figure 3. Measured resistivity of LaNii-xRhxOs (0 < x <1.00) versus temperature. Sample compositions are
given in the figure.

3.3 Magnetic measurements
3.3.1 High temperature region (paramagnetic region)

We find LaNiO; and LaRhOs to be Pauli paramagnetic and diamagnetic, respectively (Figure S10), in
agreement with previous work on powder samples [8, 41]. For the intermediate compositions in
LaNii_xRh,QOs, paramagnetic behaviour is observed above ~30 K (Figure S11), also for the weakly
metallic sample with x =0.10. By using the Curie-Weiss relation, we find a linear 1/y temperature
dependency above ~150 K for compositions with 0.10 < x < 0.90. However, the metallic conductivity
for x = 0.10 makes the results inconclusive for this sample. For the compositions crystallizing with
orthorhombic symmetry (x > 0.30) the experimental magnetic moments are compared to theoretical
magnetic moments calculated using a Russel-Saunders coupling scheme (Figure S12 and Table S4) [51].
The experimental paramagnetic moments are higher than those expected when fixing the oxidation states
to Ni(lll) and Rh(Ill). The difference between observed and calculated magnetic moments can be
explained by the presence of significant contributions of Ni(ll) and Rh(IV), in compliance with
structural considerations and SR-XAS. Further, it cannot be ruled out if spin orbit coupling of Rh(IV)
gives a small additional contribution to the magnetic moment (Figure S12).

The Curie-Weiss analysis further provides 6.y,-values, and thereby indicate the type of dominating
magnetic interactions for each composition. At high Ni-content, 6., is large and negative, while for
increasing Rh-content, 6.y, becomes much less negative, but still remaining negative (Table S4). This
indicates strong antiferromagnetic short-range interactions for the Ni-rich compositions, which decrease
significantly in strength with increasing Rh-content.



3.3.2 Low temperature magnetic measurement

For several compositions in the LaNi;xRhxO3 series, a small difference is observed between the field-
and zero-field cooled DC-magnetization curves below 10 — 20 K (Figure S11). This has previously been
suggested to be caused by a spin-glass transition at Tg = 10 K for LaNiosoRhos0O3 [23, 24]. To
characterize the low temperature state, field dependent magnetic measurements were performed at 4 K,
see Figure 4. An interesting trend appears when considering the field dependent magnetization for the
different compositions. For x < 0.50, a linear magnetization with no hysteresis is observed, like the
behaviour of para- or antiferromagnetic materials. However, for 0.60 < x < 0.80, the magnetization signal
increases significantly and obtains a S-like shape versus applied magnetic field. The samples show a
small hysteresis when reversing the magnetic field, and the M(H) magnetization show tendencies
towards saturation, although not complete. For x = 0.90 the magnetization is reduced, but with a strong
tendency towards saturation. Finally, for x = 1.00 the sample turns completely diamagnetic.

Among all the samples in the compositional series LaNi: xRh,O3, the saturation magnetization is highest
for x = 0.80. The magnetization at 90 kOe for x = 0.80 is ~0.15 pg/f.u., which is one quarter of the
maximum magnetization assuming pure ferromagnetic ordering in LaNi(Il)o20Rh(111)o.60RN(IV)0.200s3,
when assuming complete charge division from Ni(I11)/Rh(ll1) into Ni(Il)/Rh(IV). Considering the x =
0.90 sample, the magnetization of ~0.09 pe/f.u. is approximately one third of the maximum
magnetization, assuming pure ferromagnetic ordering in LaNi(Il)o10Rh(I11)o.80Rh(IV)0.100s.
Furthermore, by dividing the M(H)-magnetization on the amount of available Ni(ll)-Rh(IV) pairs from
the stoichiometry of the structure, i.e. 0.2 for x = 0.90 and 0.4 for x = 0.80, the relative saturation
magnetization becomes highest for x = 0.90 (inset in Figure 4). This indicates the existence of
ferromagnetic properties for 0.60 < x < 0.90, which increases with increasing Rh-content, and is
strongest for x = 0.90.

To further investigate the low temperature phenomena, AC-magnetization measurements were
performed for x = 0.42, 0.50, 0.70 and 0.80, see Figure 5. For x = 0.50, a weak transition occurs at 30
K, which can be easily suppressed by a 2 kOe DC-field, the same field as used in DC-magnetic
measurements (Figure S14). Furthermore, for all four samples, a transition occurs at T,,, =10 K, which
show intensities both for the real and imaginary component of the susceptibility, indicating a transition
from a paramagnetic to a ferro-/ferrimagnetic state [52]. Notably, the transition temperatures do not
change with frequency, and only a small increase in intensity for lower frequencies is observed.
Compared to other reported spin-glass systems, the observed frequency dependence is low [53], ruling
out the likeliness of a spin-glass transition. We therefore believe that the magnetic transition at 7;,, =
10 K is not a spin glass transition, but a transition from paramagnetic to a mixed ferro-/antiferromagnetic
state, which depend on short range interactions and local structural ordering inside the compound.

Considering the intensity of the AC- and DC-magnetization measurements (Figure 5, Figure S11), the
saturation magnetization in the field dependent measurement (Figure 4, Figure S13) and the 6., values
(Table S4), we see that they all increase with increasing Rh-content. This indicates a trend of increased
ferromagnetic interactions with increasing Rh-content. Considering the rules from Goodenough [26],
which expects a moderate ferromagnetic super-exchange interaction between Ni(Il) and Rh(IV), the
increased ferromagnetism for increasing Rh-contents may be explained by the corresponding shift in
valence states from Ni(l11)/Rh(111) to Ni(I1)/Rh(1V), as discussed above. We therefore believe that the
magnetic transition at T,,, 10 K is into a mixed ferro-/antiferromagnetic state, with competing
magnetic interactions depending on valence states. In this scenario, Ni(Ill)/Rh(lIl) will favour
antiferromagnetism, while Ni(11)/Rh(IV) may favour ferromagnetic interactions. However, due to the



random distribution of Ni and Rh in the structure, it is highly difficult to imagine how a ferro- or
antiferromagnetic ordering would look like in the structure. The local structure may therefore dictate the
magnetic ordering.

It is also possible that the compounds adopt a ferrimagnetic state, due to the mixture in oxidation states
and several possible magnetic interactions. This may also cause increased magnetization with increased
Rh-content, and it is beyond the scope of this investigation to understand the true magnetic interactions
in the compounds. If the Ni(ll) and Rh(IV) sub-lattice was ordered, the magnetic interactions could have
been much stronger than in the present case, and the origin behind the observed trend in magnetization
could be resolved. With the current results, we believe an ordered Ni(11)/Rh(1V) compound could be the
path to a new ferromagnetic compound, and provide insight into the magnetic interactions of Ni(ll) and
Rh(IV).
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Figure 4. Field dependent magnetization measurements of selected members (x = 0.30, 0.35, 0.42, 0.50, 0.60,
0.70, 0.80, 0.90, 1.00) in the LaNi1—xRhxOs series at T = 4 K between + 90 kOe. The sample compositions are
indicated in the figure by its x value. The intensity unit is in Bohr magnetons per formula unit (us/f.u.). The
inset shows the field dependent magnetization measurement where the intensity is divided by the amount
of available Ni(I1)/Rh(IV) pairs, i.e. 0.2 for x =0.90 and 0.4 for x = 0.80.
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Figure 5. AC-susceptibility from 2 to 45 K using a 10 Oe and 117, 1117 and 9917 Hz AC-field for four
different compositions in the LaNiixRhxOs series, with the x-value written in the figure. The real component
of the susceptibility (y”) is shown in the main graph, and the imaginary component (’’) is shown in the
inset.

4. Conclusion

We have demonstrated that a wet chemical synthesis route can be used to successfully synthesize all
compositions in the perovskite system LaNiixRhxO3 (0 < x < 1). Our main findings of the structure-
property relations of the LaNi:«RhxOs system are summarized in Figure 6. Through the system, a
structural phase transformation from R-3c to Pnma occurs due to the large size of the substituent Rh-
atom, with an immiscibility gap for 0.15 < x < 0.25. Rh-substitution is also associated with mixed
valence states for Ni and Rh, where Ni(ll)/Rh(IVV) dominates for high Rh-contents (x > 0.60). The
structural distortions of the phase transformation also result in a compositionally driven metal-to-
insulator transition for 0.10 < x,,;r < 0.30, caused by the decrease in the M-O-M bond angle. The
reduced amount of Ni atoms contributing to metallic conductivity also contributes to the MIT, however,
the effect is low compared to LaNi;xC0,Os. On the metallic side of the MIT (x < 0.10), Rh-substitution
introduces disorder, resulting in reduced metallicity and high resistivity compared to other metals. While
for the compositions showing insulating behaviour (x > 0.30), conduction occurs by activated hopping.
At temperature above approximately 80 K, Arrhenius-type and polaron-type thermally activated
hopping occur, while variable range hopping occurs at temperatures below approximately 70 K. The
system further shows a magnetic transition at low temperature (T,,, =10 K) into a mixed ferro- and
antiferromagnetic state. With increasing Rh-content, a change from dominating antiferro- to
ferromagnetic interactions occurs, with a maximum at x = 0.80 and x = 0.90. This occurs due to mixed
valence states for the different compounds, where Ni(lI1)/Rh(I1I) result in antiferromagnetism, while
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Ni(I1)/Rh(IV) lead to mixed ferro- and antiferromagnetism. The ferromagnetism is believed to originate
from the Ni(I1)-O-Rh(IV) super-exchange interactions, or related phenomena due to mixed oxidation
states, and we believe that new ferromagnetic compounds with Ni(ll)/Rh(IV) may exist.
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Figure 6. Summary of structural and electronic properties in the LaNii—xRhxOs system as function of Rh-
content (x). It displays the amount of Ni(ll) and Rh(IV) scaled to 1 from the change in slope in the unit cell
volume (solid black line with left black axis), the development of the activation energy of the resistivity (red
dots and left red axis) and the saturation magnetization [ug] relative to the amount of free electrons
available on Ni(l1), Ni(l11) and Rh(I1V) (blue points and right blue axis). The metallic region is indicated on
the left, and the structural two-phase region with a grey area. The change from Arrhenius-type to polaron-
type hopping is indicated with the red dotted line. The temperature dependency of the resistivity is shown
near the bottom of the figure, and the space group and increased structural deformations are indicated at
the bottom of the figure.
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