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structural, magnetic, and electronic properties of a new disordered
Nd,CoFeQg4 double perovskite has been conducted. The lack of

strong 'c'iivergence of the. n'lagneti'c susceptibility suggests ; ;'f\- — A P ‘\’—%i o :
competition between magnetic interactions at the magnetic phase AW 4 ' )
transition Ty = 246 K, which is confirmed by the absence of a heat ' LT : | o 0ds },3 ;
capacity peak. The magnetic susceptibility results indicate that the & . | ! 40 T TR !
Fe/Co spins form a classical noninteracting paramagnetic state LTS R R O ,.",u"
above T ~ 22Ty, while deviations are found at intermediate OISR o ‘5‘ L A TR
r! 2! : 2!
I I

temperatures indicating the presence of strong short-range N ' Ol Nd() CoOFe 00
magnetic int‘eractiops. AC and DC. electricgl resistivity r‘esglts ‘
reveal a melting of insulating polaronic behavior to a metallic-like

conductivity, establishing an electronic crossover closely related to

both local magnetic moment and lattice-parameter evolution. We show from density functional calculations that the magnetic
configurations have a strict relation to this crossover, being associated to a transition from low to high spin states of Co®* ions. This
insulator—metal transition has its origin driven by a local increase in the magnetic moment of Co®* ions. Our results point to a
scenario in which a continuous spin-state transition triggers a crossover between distinct electronic states from the insulating

polaronic behavior to permanent metallic states.

1. INTRODUCTION

Describing the microscopic mechanism underlying electronic,
structural, and magnetic phase transitions in strong spin-lattice-
charge coupled systems is a fundamental challenge that has
attracted great interest in condensed matter physics.' Doped
transition metal oxides exhibiting coexistence of strong
correlations among charge, lattice, orbital, and magnetic
orderings are systems where a complex magnetic and electrical
phase diagram can lead to novel physical phenomena. The
introduction of structural disorder brought about by random
distribution of different local atoms in the crystal lattice can
strongly influence the degrees of freedom of electrons. Double
exchange magnetic interactions and electron-lattice coupling
theories are usually proposed for ferromagnetic metallic
couplings, but a better understanding on the correlations
between magnetism and electronic charge transport is still
missing for superexchange disordered systems.”

Double perovskite compounds with A,BB'O4 formula
(where A = alkaline earth or rare-earth metal, B and B’ =
transition metal) are suitable materials to explore all of these
degrees of freedom.” The strong correlated unusual charge
transport and maﬁgnetic properties bring about additional useful
functionalities.*™® An additional degree of complexity in the
structure property relationship is introduced when a random

© 2020 American Chemical Society

N4 ACS Publications 22733

assembly of BOg4 and B’Og4 octahedra is considered in the
crystal field. The introduced chemical disorder, also known as
antisite disorder (ASD),” can suppress or even lead to different
magnetic and electronic phases into the system.”” Interest-
ingly, in the disordered Ln,CoFeQOg4 family it has been
observed multiple magnetic and electrical properties leading
to high thermoelectric figure-of-merit,'" spin reorientation
transitions," '~ spin camting,14 pyroelectric current, "’ mag-
netic entropy change,>'® and Griffith’s-like phase.'” From all
of these results, it seems natural that spin-charge-lattice
interactions play an essential role on the observed complex
magnetic and electrical phase diagram. However, the origin of
the different magnetic and electronic phases as temperature
changes is not clear because of the lack of systematic studies on
the fundamental properties of these systems. Although a
variety of different physical phenomena have been observed in
these systems, setting a correlation among them is not usually
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available. Thermally induced electronic state transitions
occurring at each magnetic and electronic phase gives a
further ingredient to the problem. More specifically, owing to
the disordered nature, a detailed understanding of its
paramagnetic (PM) spin configuration is usually missing in
both experimental and theoretical viewpoints.

The variety of unusual physical phenomena observed in
these system makes them good prototypes for studying the
correlation of spin states with unique magnetic short-range
ordering and possible appearance of insulator—metal (IM)
transitions. In this work, we report Nd,CoFeOg4 as a novel
disordered double perovskite compound with a metallic high
temperature paramagnetic phase. Structural, magnetic, and
electronic transport characterizations along with first-princi-
ples-based special quasirandom structures (SQS) simulations
were carried out to understand the role of the magnetic lattice
and spin-state distribution in the IM transition. AC and DC
electrical resistivity measurements show a transition from the
insulating polaronic behavior to a metallic behavior,
unambiguously establishing an electronic crossover at high
temperatures, which is attributed to a transition from low spin
to high spin state of the Co’" ions. Our results point to a
scenario in which a continuous spin-state transition triggers the
crossover between distinct electronic states, from insulating
polaron-like to overlapping metallic states.

2. EXPERIMENTAL AND THEORETICAL APPROACHES

Polycrystalline Nd,CoFeO4 sample was prepared by a
conventional solid—state reaction route with high purity
(99.99%) starting materials. Stoichiometric amounts of
Nd,0;, Fe,0;, and Co;0, were mixed and ground together
in a mortar and preheated at 1000 °C in air for 24 h in alumina
crucibles. Further, the powder was regrounded, pelletized, and
then heat treated for 24 h at 1300 °C, followed by a slow
cooling rate of 1 K/min to room temperature. It is important
to point out that because of the basic sites of rare-earth oxides,
the raw Nd,O; was previously calcined at 700 °C in order to
eliminate impurities (see the Supporting Information, Figure
S1).

The crystalline phase identification was analyzed by X-ray
diffraction (XRD) on a STOE STADI-P diffractometer using
MoK, radiation (4 = 0.7093 A) in Debye—Scherrer geometry
equipped with curved a Ge(111) monochromator. Unit-cell
parameters were refined through the Rietveld method'® in
GSAS software package' following the TUCr recommenda-
tions.”” Low temperature heat capacity was measured in the
physical property measurement system (PPMS). DC Magnet-
ization measurements were carried out using a magnetic
property measurement system (MPMS) SQUID magneto-
meter from Quantum Design. Temperature-dependent mag-
netization was measured under zero field cooled (ZFC) and
field cooled (FC) procedures. Magnetic field dependence of
magnetization was collected at selected temperatures. High
temperature impedance spectroscopy measurements were
carried out up to x£1200 K in air, under steady-state conditions,
with a Solatron 1260 Frequency Response Analyzer.

Our first-principles calculations are based on the density
functional theory (DFT) as implemented in the Vienna Ab-
initio Simulation Package (VASP).”"*” For the exchange and
correlation, we employed the Perdew—Burke—Ernzerhof
revised for solids (PBESol) functional, which leads to an
accurate description of structural and electronic properties of
the system that is subject to the present study.”> To describe

the interaction between the ionic cores and the valence
electrons we used the projected augmented waves (PAW)
method,**** with the following valence configurations: O (2s”
2p*), Fe (3d°® 4s?), Co (3d” 4s%), Nd (5s* 5p° 4f' 6s%).°"*°
Three of four f-electrons of Nd were considered as core
electrons, given the weak interaction with the local magnetic
moment of the individual Fe and Co atoms. Test calculation
with all valence f-electrons and with three core and one valence
f-electrons lead to similar results for Nd,CoFeOy, yet treating
three Nd f-electrons in the core improves convergence of the
calculations.

To minimize the self-interaction errors and improve the
description of the magnetic properties, an additional Hubbard
term as formulated by Dudarev et. al.*° is included. This is a
rotational invariant method, where only the difference between
the Coulomb (U) and the exchange (J) parameter is relevant
and is determined by the effective potential U 4 parameter. We
set U, = 4 eV for the d states of Fe and Co. To minimize the
forces in each atom and the stress tensor, we used a plane
waves energy cutoff of 600 eV within the PBESol + U. For the
Brillouin zone integrations, a k-points mesh of 5 X 4 X 3 was
employed for the double perovskite primitive cell with 20
atoms, and the same k-points density was used for all of the
supercells. To compute the electronic properties, such as the
density of states (DOS), the k-mesh density was doubled. The
Nd,CoFeO4 compound was constructed using a supercell,
which is a 2 X 2 X 1 repetition of the orthorhombic structure
of the NdFeOj cell, resulting in a cell with 80 atoms. Based on
the experimental evidences that the Co and Fe atoms are
disorderly distributed on the B-sites, the Nd,CoFeOyq
compound was simulated using a SQS.””** In addition, an
SQS was also used to determine the magnetic moment
configuration in the supercell for the PM phase.”” The total
magnetic moment of the supercell was constrained to be zero,
maintaining an equal amount of spin up and down for each
chemical species.

3. RESULTS AND DISCUSSION

3.1. Nd,CoFeO4 Crystal Structure. Obtaining single
crystalline phase of double perovskite has proved to be
challenging. Here, polycrystalline Nd,CoFeOg samples were
successfully obtained by the solid—state reaction method. The
XRD pattern and the Rietveld refinement, at room temper-
ature, for Nd,CoFeOy are shown in Figure la. The sharp Bragg
reflections and the absence of additional peaks indicate the
growth of a single phase with high crystallinity, without traces
of impurities or incomplete reactions. Structural Rietveld
refinement reveals that the compound deviates from the ideal
cubic structure, owing an orthorhombic Pnma space group
symmetry (no. 62) with tilted octahedra. A schematic
representation of its crystal structure is shown in the inset of
Figure la. In this structure, the indistinguishable occupation of
Fe and Co ions at 4b Wyckoff sites, as well as the absence of
superstructure reflections are fingerprints of the disordered
double perovskite structure. Unfortunately, the XRD source
cannot distinguish Fe and Co transition-metal ions at the 4b
sites®”*" because of the similar atomic scattering factors. For
this reason, the occupancy factor was kept constant and half-
occupied by both transition metals. The refined unit-cell
parameters from room temperature XRD are listed in Table 1.

We have also studied possible changes in the crystal
structure as a function of temperature. The temperature
dependence of the lattice parameters is shown in Figure 1b. A
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Figure 1. (a) Room temperature XRD pattern along with Rietveld
refinement for Nd,CoFeOg The tickmarks indicate the Bragg
reflections for Pnma space group symmetry. The inset shows the
crystal structure of Nd,CoFeOg with disordered and tilted octahedra.
(b) Temperature dependent unit-cell parameters obtained thought
Rietveld refinement.

Table 1. Room Temperature Structural Parameters of
Nd,CoFeO4”

atom site & y z Occ. Uiso
Nd 4c 0.541 0.25 0.507 1 0.008
Fe 4b 0.5 0 0 0.5 0.009
Co 4b 0.5 0 0 0.5 0.009
01 4c —0.01 0.25 0.426 1 0.018
02 8d 0.289 0.037 0.710 1 0.005

“Unit-cell parameters: a (A) = 5.4333(1), b (A) = 7.6326(2), ¢ (A) =
5.3846(1). Ryp = 0.005 and Ry = 0.044.

nonlinear behavior is observed for the volumetric expansion of
Nd,CoFeQOg, which is not followed by a structural phase
transition. A careful analysis around 825 K reveals a small step
in the a-axix. We will show that this feature emerges as an
evidence of lattice-spin coupling, which will have strong
influence on the charge transport, as discussed later.

3.2. Magnetic Susceptibility and Spin-Ordering
Simulations. The magnetic susceptibility as a function of
temperature under selected magnetic fields is shown in Figure
2a. At low temperatures, a broad peak at Tqz = 34 K is
observed, which vanishes as the applied magnetic field
increases up to S kOe. The nature of this peak might be
related to spin reorientation of Fe®* magnetic moments as
observed in several compounds containing Nd—Fe inter-
actions.”> Below Tg, the magnetization tends to increase,
which suggests an induced short-range magnetization of Nd**
sublattice. At intermediate temperatures, we observe an
increase in magnetization suggesting a possible critical
magnetic ordering temperature of Ty ~ 246 K (defined as
the maximum inflection of dM(T)/dT). The lack of strong
divergence of the magnetic correlation at Ty may suggest
competition of magnetic interactions, which in some cases can
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Figure 2. (a) Temperature dependence of magnetic susceptibility
shown in logarithm scale for a better data visualization at high
temperature. The insert shows the molar heat capacity as a function of
temperature. (b) Inverse of magnetic susceptibility under selected
magnetic fields. A linear fitting at the low temperature regime, straight
dashed lines, reveals a magnetic field dependence. The CW law linear
high temperature fitting indicates the conventional PM state.

lead to a complete suppression of the magnetic phase
transition. This critical regime has been observed in the
same temperature range for Ln,CoFeO4 (Ln = Sm, Eu, Dy,
Ho, Pr) family (246—269 K), but lower than the simple
LnFeO; (above 600 K).'>'*#'>~'7 This system shows a very
little deviation from the mean-field approach with a frustration
index f = 10cwl/ Ty around 1.4.

In order to shed light on a possible magnetic ordering, it is
also important to correlate the observed magnetic transitions
with molar heat capacity. The results of heat capacity
measurements are shown in the inset of Figure 2a. At low
temperature, the main observed feature is a broad Schottky-
type anomaly at Tyy ~ 4.23 K arising from an induced
cooperative magnetic ordering of the Nd*" sublattice.”
Usually, long-range cooperative magnetic ordering is revealed
by the occurrence of a A-like peak closely related to the critical
temperature, which indicates that a conventional thermody-
namic phase transition is accompanied by changes in entropy.
The results reveal the absence of a conventional phase
transition close to Ty & 246 K, that is, the entropy is not
removed when the disordered PM phase changes to an ordered
magnetic state. Interestingly, structural disorder caused by the
presence of random local strain fields promotes competition
between magnetic interactions suppressin§ the expected peak
in the molar heat capacity measurements.”"

In addition, isothermal magnetization curves were per-
formed for some selected temperatures as shown in Figure S2a.
As expected, the magnetization does not show any sign of
saturation at high fields, which indicates that the main
magnetic fluctuations are antiferromagnetic (AFM). Moreover,
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at low temperatures and low magnetic fields, the system
presents a small hysteresis that may arise from weak
ferrimagnetic or ferromagnetic (FM) clusters.* Figure S2b
shows a nonlinear magnetic contribution that opens a coercive
field and remanence, as the temperature decreases, suggesting
weak FM interactions. Also, the observed temperature
variation of the coercive field indicates the absence of a
conventional magnetic phase transition.

The inverse of the magnetic susceptibility as a function of
temperature is shown in Figure 2b. Interestingly, a strong
deviation from Curie—Weiss (CW) susceptibility is observed
in the Ty < T < Tpy range, which is indicative of short-range
magnetic interactions. As far as the short-range magnetic
interaction is concerned, we have studied the CW law within
two different temperature intervals above and below Ty, &
2.2Ty. The nature of this deviation from linearity in Curie—
Weiss law has been interpreted by using different scenarios
including, a two-population model,”®*” Griffiths-like
phase,”* ™" spin-state crossover,”' ferromagnetic polarons**
as well the presence of ASD. A closer look in this region shows
that the molecular field approach fails if one considers the CW
parameters. From the dashed lines in Figure 2b, it was
observed that Oy would yield positive values, indicating that
the main magnetic interactions are FM, with an effective
magnetic moment of p.; = 4.25 pp at 200 Oe. As the applied
magnetic field increases, the slope decreases pointing to a
scenario where the Curie constant and 6Oy are field
dependent. In this sense, at 10 kOe the effective magnetic
moment is less than 5.53 g, indicating that a high degree of
ASD plays a role in reducing the expected ji ¢ in this region
with the Co®" ions in low spin state, and the weak FM
component comes from a coupling of Fe>* clusters.*’

A linear behavior in the inverse of magnetic susceptibility is
reached only for T > Ty, revealing the presence of a
conventional noninteracting PM state in this region. The
effective magnetic moment obtained above Tpy, corresponds to
Hee = 8.59 g yielding a Oy = - 359.92 K, further indicating a
predominance of stronger AFM interactions. The total
expected effective magnetic moment

u= \/ZﬂNdZ + /tFez + ﬂCoz is listed in Table 2. For this

Table 2. Expected Effective Magnetic Moment for
Nd,CoFeO”

Nd** (u5.) Fe’ (g.) Co™ (uco) # (pp)
HS 3.62 HS 5.92 HS 4.90 9.23
IS 2.82 832
LS 0.00 553

“The u values was estimated by holding Nd** and Fe®* in HS states,
while different spin states configurations for Co** ions were taken into
account.

analysis, we take into account high spin (HS), intermediate
spin (IS), and low spin (LS) states for Co®" ions while holding
Nd** and Fe’* in high spin states. These assumptions are
supported by the fact that one of the major characteristics of
LnCoO;-based compounds is that the transition to a PM state
involves a thermally driven spin-state (SS) crossover of Co®*
ions, indicating an alternate ordering from diamagnetic
ground-state with LS state configuration (t,e; S = 0) to an
excited IS state (tigeé; S =1) or to a HS state (tggeg; S=2).
These fluctuations in the spin-state degeneracy are possible
because the crystal-field splitting between t,, and e, levels is

close in energy to the Hund’s exchange coupling, therefore
thermal perturbations induces electronic transfer to e, orbitals,
which increases the populations of excited Co* states.**~*
The obtained p 4 = 8.59 iy is slightly smaller than expected for
the complete Co®*(HS) and Fe’* (HS) configurations, which
is 9.23 pg. This difference in experimental and expected result
can be understood by considering two possible scenarios
involving the coexistence of Co®" ions with different spin
states: a mixture containing LS and HS with 52.19% in the
high spin state, or a system containing IS and HS with 71% in
the intermediate spin state. Both scenarios are feasible and
suggest that thermal fluctuations can set the stage for the
coexistence of different spin states of Co®" ions. Indeed, the
coexistence of different spin states have been reported to
strongly influence not only ma§netization but also the
electronic transport properties.47_5

In order to simulate the PM and ordered states, the refined
crystal structure was used as a base model to construct a
Nd,CoFeQg supercell for our first-principles calculations. The
SQS method was employed to distribute the Fe and Co atoms
in a supercell with 80 atoms of this disordered compound. The
ground state belongs to an AFM configuration with G-type
ordering, with lattice parameter of a = 5.57 A, b =7.63 A, and ¢
= 5.41 A and average local magnetic moment for Co and Fe
ions of pc, = 3.00 py and pig, = 4.10 py, respectively. However,
the lattice parameters are strongly dependent to the local
magnetic moment of Co (4c,). For fic, = 0 pg, the structure
keeps an AFM ordering in the Fe sublattice, and the theoretical
lattice parameters change to a = 5.44 A b=761A andc=
537 A, in good agreement with the observed room-
temperature lattice parameters shown in Table 1. The energy
difference between these two magnetic configurations, that is,
with pic, = 3.00 pp and pc, = 0 pg is only 15 meV/fu.

To simulate the conventional high temperature PM state of
Nd,CoFeOq, we considered that the spins are randomly
distributed over the lattice sites, including two constrains: (i)
the total magnetic moment for the supercell is equal to zero;
(ii) the total sum of local magnetic moments in each sublattice
(Fe and Co) is set to zero. We carried out a systematic analysis
with different initial magnetic moments for the Fe and Co
atoms. For Fe atoms, starting with 4.00 up as the local
magnetic moment, jic, was allowed to vary between 0 and 3
Hp. We tested a total of six different initial configurations in the
PM state of the Nd,CoFeOg4 compound. The relative stability
of these configurations, as a function of the average Co local
magnetic moment, along with the corresponding magnetic
lattice representation are shown in Figure 3. The most stable
PM configuration (low-T PM) has the average Co local
magnetic moment close to 0; the stability of the system
decreases as the local Co spin moment increases. Nevertheless,
the total-energy difference between the most stable PM
configuration and the lowest stable configuration (high-T PM)
is lower than 70 meV/fu, corresponding to 2.7 k3T, with kg
the Boltzmann constant and T = 293 K. Also, this energy
difference is of the same order of the energy separation
between LS and HS states for single perovskites (30—80
meV).” 7> This is a clear indication that, in the PM state, one
should expect Co ions with LS configuration at low
temperatures and a transition to the HS state at higher
temperatures, in agreement with the experimental observa-
tions.

3.3. Electrical Transport and Band Structure Calcu-
lations. Because in many families of oxides spin, lattice, and

https://dx.doi.org/10.1021/acs.jpcc.0c07585
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Figure 3. Relative stability of the PM phase as a function of the
average local moment pc,. The low-T PM phase is the most stable
configuration with the Co atoms in the LS state (S = 0). An increase
in pc, has a negligible influence in the relative stability of the system,
indicating that one should expect a thermally induced Co spin-state
crossover in the high-T PM phase. The unit-cell arrows indicate the
spin direction.

charge degrees of freedom are strongly coupled, temperature-
dependent impedance spectroscopy was performed to correlate
the charge transport and its possible relation to spin and lattice
degrees of freedom. The main advantage of this technique is
the separation among inductive (Z"), capacitive (—Z"), and
resistive (Z') contributions for different relaxation processes in
the grain, grain boundaries, and at interfaces. The most
representative Nyquist plots are shown in Figure 4. The
presence of a single semicircle arc at high frequencies indicates
the relaxation comes just from bulk (intragrain contribution, C
~ 1072 to 10711 F).*° In this way, the equivalent circuit model
was simulated considering just one resistance in parallel with

250 +(a) E
200 F .
24 150 296 K T
N 100 o 316K

fitting

3 1 1 1 1
34 3.7 40 43 4. 7.9 8.0 8.1

Figure 4. (a) Nyquist plot of Nd,CoFeOy at 296 and 316 K along
with respective fittings. (b) Nyquist plot in the high temperature
regime where an inductive behavior is observed followed by an
insulator-metal transition.

one constant phase element to account for the non-Debye
relaxation, that is, distribution of characteristic relaxation
frequencies. This model fits well with the experimental
impedance spectra as shown in Figure 4a. For T > 572 K,
the capacitive contribution in the semicircle is vanished and an
inductive behavior is observed as shown in Figure 4b.

The temperature of this transition is close to the observed
Tpy where a conventional PM state is achieved. For each
temperature in this regime, the electrical resistance was
obtained when the impedance spectra intercept the real axis,
that is, at @ = 0.”” A huge decrease in electrical resistivity was
noted, of about 6 order of magnitude until the system start to
behave as a metal, as shown in Figure 5, revealing the presence
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Figure S. Temperature dependence of electrical resistivity obtained at
@ = 0 The inset highlights an insulator-metal transition for T > 724 K.
The fitting above Tjy; indicates an unusual metallic state, which might
be related to electron—electron and electron-phonon scattering
events.

of an IM transition temperature (T}y;). The decrease in the
electrical resistance saturates at Ty = 724 K corresponding to
7.61 Q.cm. Above Ty, the sign of dp/dT is positive, thus
indicating a crossover from insulating to a metallic-like
behavior very close to the temperature interval where magnetic
fluctuations show up. The inset of Figure S highlights an
almost linear temperature dependency in the electrical
resistivity above Ty, indicating a faster energy dissipation
than a conventional metal.

For a quantitative analysis of the metallic state, the electrical
resistivity above Ty was fitted by p(T) = p, + AT", where p,
stands for the residual resistivity, and AT" is related to distinct
types of electron scatterings depending on the value of the
exponent n.°**" In general, for a metal at the Fermi-liquid
regime in the PM state there is a p(T) & T* dependency due to
electron—electron scattering. On the other hand, for n < 2
anomalous metallic properties or, the non-Fermi liquid (NFL)
behavior is manifested. As shown in the inset of Figure S, the
best fitting yields n = 1.5, which implies a NFL behavior of the
high-T' PM state, which we attribute to a combination of
electron—electron and electron-phonon scatterings.”” This
indicates that Nd,CoFeOy4 displays a bad-metal electrical
conductivity at high temperatures. Interestingly, such an
insulating to metal crossover is not followed by a structural
phase transition as previously discussed. Recently, Tanwar et
al.'® and Cui et al®' reported high temperature transport
properties of La, . Sr,CoFeOg4 and Ca,Y,_Fe;sCoysO;3_s5 In
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Figure 6. (a) Variation of In(p/T) vs 1000/T for Nd,CoFeOg. One can distinguish three singular regions in the studied temperature range: a
region that follows the SPH mechanism, a complex region where thermally induced Co spin-state transition took place, and a metallic region. (b)
Frequency variation of the imaginary part of the impedance at different temperatures. (c) Temperature dependency of the relaxation frequency

according to the Arrhenius law.

the former, the resistivity did not show any sign of Ty for x <
0.4 up to 1100 K, and in the latter the absence for Ty was
observed up to 700 K.

To analyze the conduction mechanism in the insulating
regime, we considered both p(T) and —Z"(f) of the complex
impedance. In the first case, p(T) was fitted by a small polaron
hopping (SPH) conduction model. Usually, localized carriers
are expected to polarize the ions in their neighborhood and
distort the surrounding lattice exchanging energy and forming
a small bounded polaron with an extension comparable with a
lattice spacing. The linear fitting, shown in Figure 6a, results in
an activation energy E, = 0.565 eV. However, at the
intermediate insulating temperature range (410 K < T < 724
K), the experimental data starts to deviate from the SPH model
probably because of local magnetic fluctuations as observed
before. As far as this point is concerned, the presence of
magnetic ions with fluctuations in the spin state as the
temperature increases cannot be captured by the polaron
model. This must be a very complex transport mechanism
phenomenon. Indeed, a closed analytical expression for the
temperature dependence of the electrical transport including
changing in the spin state is not available. The addition of spin-
state transitions tangles the transport properties leading to
difficulties in our fundamental understanding of the con-
duction mechanism. Furthermore, as the temperature is
increased, the presence of defects may also lead to contribution
of ionic conductivity related to mobility of oxygen vacancies.
Also, the dynamic relaxation of charge carriers was taken into
consideration as shown in Figure 6b. The presence of a single
peak at high frequencies denote a bulk relaxation process as
discussed before. The peak shifts to higher frequencies as the
temperatures rises, which indicates that the charge transport
mechanism is thermally activated. The temperature depend-
ence of the relaxation time for intragrain contribution is
expected by the Arrhenius relation 7 = 7, exp(—E,/k;T), where
7, is a pre-exponential factor and E, is the activation energy, kg
is the Boltzmann constant, and T is the absolute temperature.
In Figure 6¢, the linear fitting of the experimental data
indicates an activation energy of E, = 0.524 eV.

The experimental results above clearly indicate that the
increase in temperature leads to two important changes in the
physical properties of the Nd,CoFeOg4 compound. First, a PM
transition is observed and correlated to the change in the local
moments on the Co atoms. The second observation is the
complete melting of polaronic insulating regime toward a
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metallic conductivity. It is interesting to mention that there is
strong evidence that change in the cooperative nature of the
local distortions and long-range elastic field is responsible for
changes in the strength of the charge-lattice coupling forming
polarons.”” In this line, electronic phase transition from a
polaronic liquid to a polaronic gas can be driven by the average
lattice symmetry.®> Here, the polaron melting takes place in
the absence of structural phase transitions indicating that other
mechanisms are playing a role. On the other hand, our first
principle calculations show how these two transitions are
connected and directly related to the change in the Co
magnetic moment.

First-principles calculations were then used to understand
the electronic structure of the Nd,CoFeOg compound. In
Figure 7, we show the variation of the band gap (Eg) as
function of the average local Co magnetic moment inside the
PM supercell. We find an almost linear behavior, with largest
E, for the LS configurations of the Co local magnetic moment,
and a metal system (E, = 0) for a HS configuration on the Co
atoms. Therefore, our results show that the increase in the
local magnetic moment of Co ions in a PM state is related to

o
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o
o0
T

=
N
T

Band gap (eV)

N
~
T
1

N
)
T
1

0.0 1 1 1 1 1
Average i, (k)

Figure 7. Band gap energy as function of the average local magnetic
moment of Co for the paramagnetic configuration. As the uc,
increases, the band structure tends to a gapless state by the merge
between unoccupied Co 3d orbitals and the occupied O 2p orbitals.
The dashed line indicates a linear relationship between E, and pc,.
The diagrams schematically indicate the change on the relevant levels
as explicitly shown in Figure 8.
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an IM transition, in agreement with the IM transition observed
at high temperature, as shown in Figure S. Although DFT
within the generalized gradient approximation typically
underestimates the fundamental band gap energy for semi-
conductors and insulators,®* we expect the observed linear
behavior of the band gap as function of Co local magnetic
moment to be qualitative correct. We note that the value of
Uy in DFT + U changes the inclination of the line, affecting
the DFT potential energy surface. For a small U, the local
wells in the potential energy surface are not so deep, resulting
in slight variations of Co magnetic moment, leading to
instabilities when in the convergence of the calculations.

We also computed the density of states for each PM
configuration, the results are shown in Figure 8, with the Fermi
level set to 0 eV. For all systems considered, the valence band
is composed mainly by O 2p orbitals hybridized with Co 3d.
The occupied Fe 3d orbitals are located at &7 eV below the
Fermi level. In contrast, the conduction shows small
contribution from of Co 3d orbitals, and the unoccupied Fe
3d orbitals are localized around 0.5 eV above the conduction
band minimum (CBM) for the most stable PM structure, as
shown in the right-top panel of Figure 8. These represent the
configurations with the smallest Co local magnetic moments.
When the average of local Co magnetic moment increases, the
band gap energy decreases because the enhancement and
delocalization of the unoccupied Co 3d orbitals in the vicinity
of CBM. At the same time, the hybridization between the O 2p
and Co 3d close to the valence band maximum (VBM)
decreases while that between Fe 3d and Co 3d increases at
deep energies (~7 V). For large Co local magnetic moments,
the band gap vanishes because of the merging of unoccupied
Co 3d orbitals and the occupied O 2p orbitals, resulting in a
metallic system.

The variation in the local magnetic moment of Co ions also
leads to changes in the lattice parameters. As discussed above,
as seen Figure Sb, the a-axis shows a small step variation at
high temperature close to the IM transition. In our
calculations, we observe a variation of 2.5% in the lattice
parameter a from the insulating (low average Co magnetic
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moment) to the metallic phase (high average Co magnetic
moment) of the paramagnetic Nd,CoFeO4 compound. The b
and c lattice parameters are not so sensitive to the variation of
the Co local magnetic moment, leading to a maximum increase
of 0.6%, in agreement with the experimental observations.
Therefore, our calculations clearly show that both the IM
transition and the lattice parameter increase are correlated to a
change in the Co spin state. In the calculations, each spin state
corresponds to a local minimum in the complex potential
energy surface that is experimentally reachable through the
increase in temperature. The complex hybridization between
Co 3d and O 2p orbitals seem responsible to the changes in
band dispersions that lead to the metallic states.

4. CONCLUSIONS

In summary, we report the structural, magnetic, and electronic
transport properties of Nd,CoFeOg as a novel disordered
double perovskite compound. A close connection among
lattice, spin, and charge transport properties is confirmed by
both experimental and theorical approaches. A huge decrease
in the electrical resistivity is followed by an unambiguous
transition from insulating polaronic regime down to a well-
defined metallic-like state at high temperatures. This electronic
crossover occurring in the paramagnetic state provides an ideal
scenario for a better understanding of the evolution of the
polaronic behavior through different spin states. Analysis of the
insulating polaronic regime indicates activation energy around
0.5 eV. We show by special quasirandom structures simulations
that the paramagnetic configurations have a direct relation to
this crossover due to transitions from low to high spin states of
Co’" ions increasing the local magnetic moment in the
magnetic lattice. Our results point to a scenario in which a
continuous spin-state transition triggers a crossover to a
gapless state due to a complex hybridization of unoccupied Co
3d orbitals and the occupied O 2p orbitals states. We hope that
our results bring advances on the fundamental understanding
of this complex system where structural, magnetic, and
electronic properties are strongly coupled.
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