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Griffiths-like phase, large magnetocaloric effect, and unconventional critical behavior
in the NdSrCoFeO6 disordered double perovskite
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A B-site disordered double perovskite NdSrCoFeO6 was successfully synthesized by the conventional sol-gel
method. Detailed experimental analyses revealed that NdSrCoFeO6 crystallizes in the orthorhombic Pnma space
group, in which Co2+/3+ and Fe3+/4+ ions are randomly distributed at the BB′ sites, and Sr2+ and Nd3+ ions
are respectively ordered at the A and A′ sites in an alternating arrangement along the c direction. NdSrCoFeO6

has a semimetallic-to-semiconducting transition nature, and a paramagnetic-ferromagnetic (FM) second-order
phase transition originating from the complex hybridization between Co 3d and O 2p states is also found to
occur at TC ≈ 150 K. Then the spin coupling between Fe4+ ↔ Co3+ and Fe3+ ↔ Co2+ randomly distributed
on the B and B′ sites leads to a FM cluster spin-glass behavior with characteristic parameters of k = 0.01,
TSG = 82.7 K, zv = 1.89, and τ0 = 0.46 × 10−4 s. Additionally, Griffiths-like phase behavior was observed in
the region TC < T < TGP, with TGP = 245 K, consistent with the power law exponent of λ = 0.74. The maximum
isothermal magnetic entropy change −�Smax

M ≈ 1.84 J kg−1 K−1 and relative cooling power ≈43.8 J kg−1 under
a field of 40 kOe also indicate a magnetocaloric coupling wherein fitted critical exponents β = 1.384, γ =
0.621, and δ = 1.421 are far from any conventional universality class. Density functional theory calculations
demonstrated spin short- and long-range ordering competitions for Fe/Co at BB′ sites, which arise predominantly
from the stronger negatively charged ligand interaction with Co 3d orbitals and the weakest Fe 3d orbitals. This
unconventional behavior is expected to be the main reason for the experimentally observed magnetic exchange
distance decreasing with J (r) ≈ r−4.7.

DOI: 10.1103/PhysRevB.106.134439

I. INTRODUCTION

The fascinating flexibility of AA′BB′O6-type double per-
ovskites (DPs) lies in the possibility of combining several ions
in their structure, both with elements at the A/A′ site [rare
earths (REs)] and at the B/B′ site [transition metals (TMs)], or
simultaneously, which can result in a diverse range of interest-
ing and potentially useful physical properties, such as catalytic
activity, electronic and ionic conductivity, chemical stabil-
ity, and magnetic ordering [1,2]. Usually, when the different
combinations are at the B/B′ site (with different ionic radii),
different exchange interactions are observed, playing impor-
tant roles in increasing oxygen defects and improving oxygen
transport. Thus, the charge ordering of the elements intro-
duced by the B-O-B′ combinations can give rise to interesting
semiconductor, dielectric, ferroelectric, and thermomagnetic
properties [3]. Recently, the Co/Fe-based DPs (B/B′ site)
have drawn much attention due to their diverse application
possibilities, such as cathode material for intermediate tem-
perature solid oxide fuel cells [4], magnetic catalysts [5],

*nilson@academico.ufs.br

thermoelectric materials [6], nonvolatile memories [7], spin-
tronics [8], and magnetic refrigeration [9]. Most of these
DPs containing Co and/or Fe in their lattices crystallize in a
monoclinic structure with P21/n space group setting the or-
dered state or in an orthorhombic structure with Pbnm/Pnma
space group setting a disordered state [10–14]. In this context,
various properties can be observed due to the flexibility in
designing the interplay of charge, spin, and phonons, which
comes from different arrangements of the ions in the struc-
ture. For instance, the ordered state favors the appearance of
the magnetic interactions between Co2+/Fe2+, Co3+/Fe3+,
and Co4+/Fe4+ ions, while the disordered state induces
additional interactions of the Co2+/Fe2+-O2−-Co2+/Fe2+,
Co3+/Fe3+-O2−-Co3+/Fe3+, or Co4+/Fe4+-O2−-Co4+/Fe4+

types [15,16]. However, the origin of the magnetic and elec-
tronic interactions is still unclear because of the lack of
systematic studies on the fundamental properties of these ma-
terials, encouraging us to understand how local interactions
can influence their properties.

Interestingly, the coexistence of various magnetic
interactions such as Co2+/Fe2+-O2−-Co2+/Fe2+,
Co2+/Fe3+-O2−-Co3+/Fe2+, Co3+/Fe3+-O2−-Co3+/Fe3+,
Co2+/Fe4+-O2−-Co4+/Fe4+, Co4+/Fe4+-O2−-Co4+/Fe4+,

2469-9950/2022/106(13)/134439(21) 134439-1 ©2022 American Physical Society

https://orcid.org/0000-0002-6749-5293
https://orcid.org/0000-0002-9698-0116
https://orcid.org/0000-0003-1053-560X
https://orcid.org/0000-0002-8737-4851
https://orcid.org/0000-0002-1672-4340
https://orcid.org/0000-0002-3026-5523
https://orcid.org/0000-0002-8421-2558
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.106.134439&domain=pdf&date_stamp=2022-10-31
https://doi.org/10.1103/PhysRevB.106.134439


R. S. SILVA Jr. et al. PHYSICAL REVIEW B 106, 134439 (2022)

and Co3+/Fe4+-O2−-Co4+/Fe3+ in these DP structures
leads to the observation of the ferromagnetic (FM)
double-exchange interactions that coexist and compete with
the antiferromagnetic (AFM) superexchange interactions,
which result in fascinating magnetic properties. For instance,
de Oliveira et al. [13] observed for the Nd2CoFeO6 sample
that the high degree of antisite disorder (ASD) reduces the
effective magnetic moment (μeff ) in the structure for the Co3+

ions being in a low spin state and the FM component coming
from a coupling of Fe3+ clusters. According to Mazumdar and
Das [16], octahedral distortion with the bond angle diverging
from 180◦ induces imperfect superexchange interactions in
these structures, known as a Dzyaloshinskii-Moriya (DM)
antisymmetric exchange interaction. This leads to a canted
AFM state below the magnetic transition temperature, causing
weak ferromagnetism (WFM) due to the small canting of
the spins from the AFM crystallographic axis. Recently,
Sahoo et al. [11] analyzed LaSrCoFeO6 crystals by x-ray
photoelectron spectroscopy (XPS) and demonstrated that
the Co and Fe ions assume 3+ and 4+ valences. Then by
considering the spin-only moment, their observation pointed
to a significant exchange bias (EB) effect (HEB ≈ 1.2 kOe)
and spin-glass (SG) states, originated due to local magnetic
frustration at low temperatures by ASD. Moreover, previous
reports show that compounds containing Fe and Co ions in
the B/B′ site can possess complex valence states and that
Fe-O-Co superexchange interactions can favor electronic
transfer from the Fe3+ (t3

2ge2
g) high-spin (HS) state to the

Co4+ (t5
2ge0

g) low-spin (LS) state [17–19]. Furthermore, the
Griffiths-like phase (GP) existence is very often reported
in DP FMs [10,20–22]. According to Pal et al. [10], the
presence of the GP can occur from disorders associated
with the random distribution of Co and Fe ions at site
4b(0.5; 0; 0) in the crystal structure. Moreover, competitions
between AFM and FM interactions promoted by the spin
cant create random exchange interactions, which can also
originate from a GP. However, Silva et al. [20] suggest
that this appearance of the GP is quite likely caused
by the magnetic dilution inherent to nonmagnetic Co3+

(t6
2ge0

g) in the LS state, which makes it difficult to induce
a long-range order. On the other hand, the GP observed
by Nasir et al. [21] in La2FeMnO6, with orthorhombic
crystal structure (Pbnm), arises due to the short-range
ferrimagnetic ordering in a paramagnetic (PM) matrix and
is highly sensitive to changes in the applied magnetic field.
Curiously, Das et al. [15] demonstrated that the evolution of
the inverse susceptibility as a function of temperature and
external field for Gd2CoMnO6 with a monoclinic unit cell
(P21/n) is not consistent with the GP. This was consistently
confirmed by a detailed analysis of the critical behavior,
whereas the observed values of critical exponents β = 1.18,
γ = 0.65, and δ = 1.55 associated with the FM-to-PM phase
transition are far from any known existing universality class.
Further, reports correlating GP with critical exponents are
lacking.

The exchange interactions between 3d (Co/Fe) and 4 f
(RE) orbitals are also observed in these DP structures and
can induce an interesting magnetocaloric effect (MCE) as
those observed for Gd2FeCoO6 (−�Smax

M = 7.82 J kg−1 K−1)

and Er2FeCoO6 (−�Smax
M = 8.85 J kg−1 K−1) [23]. These

results are quite relevant when compared with those re-
cently published for the FM alloy PrCrGe3 (−�Smax

M ∼
3.2 J kg−1 K−1) and freestanding gadolinium thick films
(−�Smax

M ∼ 8.3 J kg−1 K−1) at 5 T field [24,25]. However,
these values are still far from some Gd-based reference ma-
terials such as Gd3Ga5O12 (−�Smax

M ∼ 32 J kg−1 K−1) and
GdVO4 (−�Smax

M ∼ 41 J kg−1 K−1) [26,27], which have the
Heisenberg characteristic to fully align the Gd ions faster, thus
producing a significant change in magnetic entropy. Differ-
ently, Sahoo et al. [28] reported that the spin orderings and
orbital related to the MCE could be tuned by doping with
divalent alkaline-earth metals (Sr, Ca, etc.) at the RE site (Gd,
Nd, etc.) in DP structures. Surprisingly, their results showed
that Sr substitution of Gd ions of ∼25% in Gd2CoMnO6

significantly suppresses the independent spin order, leading
to enhancement of ferromagnetism, contributing to a giant
MCE of −�Smax

M ∼ 21 J kg−1 K−1 at low temperature. They
also concluded that the enhanced FM and large value of
−�Smax

M are a result of the less independent Gd spin order-
ing (Gd3+-Gd3+) and canting of the antiparallel spins of Gd.
However, Krishna Murthy et al. [29] reported that the MCE is
clearly suppressed by 3d-4 f interactions in Gd2(TM)MnO6

from ∼35 to ∼24 J kg−1 K−1 when the TM changes from Ni
to Co. Thus, this scenario highlights the unflagging search
for RE systems with better magnetocaloric performances for
practical technology and encourages exploration of the under-
lying physics of the MCE.

In this paper, we report the structural, electronic, and
magnetic study of the disordered DP NdSrCoFeO6 using a
combination of x-ray diffraction (XRD) and Rietveld refine-
ment analysis, dc and ac magnetization measurements, 57Fe-
Mössbauer spectroscopy, magnetocaloric properties analysis,
and density functional theory (DFT) calculations. The struc-
tural results demonstrate that NdSrCoFeO6 crystallizes into
a distorted orthorhombic structure with the Pnma space
group. Magnetic measurements, XPS, and 57Fe-Mössbauer
spectroscopy results reveal that the multiple magnetic tran-
sitions observed are associated with Fe4+ and Fe3+/Co2+

in an LS/HS state, while Co3+ in the possible HS and
intermediate-spin state, as well as apparent GP behav-
ior, was observed. Moreover, critical exponents β, γ , and
δ, obtained through the scaling analysis of magnetization
data, and the magnetocaloric results demonstrate distance
from any conventional universality class. The magnetic ex-
change distance decreases with J (r) ≈ r−4.7 between the
three-dimensional (3D) Heisenberg and mean-field model;
the competition between long- and short-range magnetic
interaction should be responsible for critical behavior in
NdSrCoFeO6.

II. EXPERIMENTAL DETAILS

A. Synthesis

The NdSrCoFeO6 DP was synthesized by the conven-
tional sol-gel method. Appropriate amounts of Nd(NO3)3 ·
6H2O, Sr(NO3)2, Co(NO3)3 · 6H2O, and Fe(NO3)3 · 9H2O
with a 1:1:1:1 (Nd : Sr : Co : Fe) ratio were dissolved in 5 mL
of distilled water, followed by the addition of the glycine
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(C2H5NO2) as a chelating agent. Then the homogenized
solution was dried at 100◦ C for 24 h for gelification and
dehydration. Afterward, the obtained xerogel was calcined at
different temperatures of 800◦ C (2 h), 1000◦ C (4 h), and
1200◦ C (6 h).

B. Characterization

XRD analysis was carried out in a divergent beam
diffractometer (Empyrean, PANalytical) equipped with θ−θ

goniometer, the Co-sealed x-ray tube (Kα1 = 1.78901 Å), kβ

iron metallic filter, and a PIXel3D 2 × 2 area detector with an
active length of 3.3473◦ 2θ (255 active channels). Instrument
conditions were as follows: 20◦–90◦ (2θ ) range; 40 kV and
40 mA; 0.01◦ 2θ step size and 20 s time per step; 1/2◦
divergent slit and 1◦ antiscattering; 10-mm irradiated sample
size; and sample spinning with 2 rotations per second. The in-
strument resolution was assessed using the LaB6 NIST/SRM
660b standard. Rietveld refinements were performed using
FULLPROF software [30]. The microstructural and structural
details of the sample were examined by selected area electron
diffraction (SAED) pattern and high-resolution transmis-
sion electron microscopy (HRTEM) using a Tecnai G2 F20
S-TWIN transmission electron microscope (TEM) at the ac-
celerating voltage of 200 kV. The Miller index identification
on SAED patterns was made with CRYSTBOX software using
ring analysis mode (ring GUI) [31]. Image processing was
performed with Digital Micrograph Software (Gatan, Inc.).
The 57Fe-Mössbauer spectrum was taken at 300 K in trans-
mission geometry using a 50 mCi 57Co(Rh) γ -ray source.
The velocity scale of the spectra was calibrated relative to
α-Fe foil. Data processing was done using WINNORMOS [32].
Core-level XPS was performed using a ThermoFisher Scien-
tific K-Alpha+ spectrometer equipped with a monochromatic
Al-Kα x-ray source (hν = 1.486.6 eV) operating at 100 W.
Samples were analyzed under vacuum (p < 10−8 mbar) with
a pass energy of 25 eV. The binding energy scale of the spectra
was adjusted to the binding energy of the adventitious carbon
C-(C,H) at 284.8 eV. Peak areas were obtained from fitting the
spectra and relative sensitivity factors from the atomic pho-
toionization cross-section of each core level provided by the
SPECS Prodigy library. The dc magnetization measurements
of the sample were performed using a Magnetic Proper-
ties Measurement System with a 7 T magnet equipped with
a vibrating sample magnetometer (VSM) option (MPMS3,
Quantum Design, USA). Temperature-dependent magnetiza-
tion M(T ) was measured under zero-field-cooled (ZFC) and
field-cooled (FC) procedures. Furthermore, the temperature
variation of ac susceptibility χac(T ) at different frequen-
cies ranging from 10 to 1000 Hz was measured with an ac
susceptometer attached to the Physical Property Measure-
ment System (PPMS, Quantum Design, USA). The electrical
resistivity (ρ) was also measured in the PPMS at mag-
netic fields of 0 and 100 Oe in the temperature range from
150 to 300 K. The isothermal M(H ) curves were mea-
sured, ranging the magnetic field from 0 to ±40 kOe. The
MCE was estimated from the magnetization measurements
vs the applied magnetic field at several temperatures with
�T = 2 K.

C. Computation methods

The magnetic behavior and electronic structure of
NdSrCoFeO6 were studied by first-principles calculations
based on DFT [33,34] using the full-potential linearized-
augmented-plane-wave method [35] implemented in the
WIEN2K program [36]. During the calculations, the radii RMt

of the nonoverlapping muffin-tin sphere were chosen as 2.36,
2.15, 1.85, 1.90, and 1.56 a.u. for Nd, Sr, Co, Fe, and O,
respectively. The atomiclike functions inside the sphere were
developed up to lmax = 10, and in the interstitial region, a
plane-wave expansion was limited at kmax = 7.0/RMT(O).
The charge density was Fourier expanded with Gmax = 14,
and the valence electronic states of O (2s2 2p4), Fe (3d6 4s2),
Co (3d7 4s2), and Nd (5s2 5p6 4 f 3 6s2) were considered ex-
plicitly in the calculations. For the k-space integration, we
employed a proper k-mesh using 5 × 6 × 5 k-points in the
irreducible part of the Brillouin zone (IBZ). In all calcula-
tions, applying PBEsol generalized gradient approximation
functional [37] combined with the onsite Coulomb correction
(PBE + U ) considered exchange-correlation effects between
electrons. The Hubbard U term is based on the Anisimov
et al. [38] method using the effective Ueff = U -J potential.
We used 3.0 eV to describe the Nd f orbitals and 4.0 eV for
the d states of Co and Fe ions. Tests varying Ueff potential
from 1 to 7 eV applied on localized Nd f states showed
no significant change of its magnetic moment relative to
the 3.0 eV considered value. For self-consistent calculations,
we selected a good level of convergence, and all systems have
been successfully converged in energy (10−5 Ry) and charge
(10−5 eV/bohr3 transfer criteria. The relaxation of internal
parameters was conduced until the forces between atoms were
reduced by <2 mRy/bohr.

III. RESULTS AND DISCUSSION

A. Crystalline structure

The crystal structure and phase purity of the NdSrCoFeO6

DP were studied by XRD. The XRD patterns of the
NdSrCoFeO6 sample calcined at 800, 1000, and 1200◦ C pre-
sented diffraction peaks corresponding to the crystallographic
planes (101), (020), (200), (121), (220), (022), (202), (040),
(301), (222), (103), (321), (123), (400), (242), and (004),
characteristic of the orthorhombic-type structure with space
group Pnma (62) (ICSD #153437), as shown in Fig. 1(a).
However, small peaks associated with minor secondary phases
are observed in the XRD pattern of the samples calcined at
800 and 1000◦ C. The diffraction peaks at 2θ = 42.74◦ and
52.31◦ are identified as the Co3O4 phase (ICSD #69367), and
the diffraction peaks at 2θ = 29.98◦, 37.24◦, 42.86◦, 49.57◦,
57.05◦, 77.11◦, and 79.43◦ correspond to the Sr8Co4Fe4O23

phase (ICSD #246261). No impurity peak is observed for
the NdSrCoFeO6 sample calcined at 1200◦ C within the res-
olution limit of the instrument, suggesting a highly pure
and single-phase material. This result agrees with those pre-
viously reported for SmSrCo2O5+δ and GdSrCo2O5+δ DPs
[39,40]. A typical Rietveld XRD pattern is shown in Fig. 1(b)
for the NdSrCoFeO6 sample, and the obtained Rietveld pa-
rameters are summarized in Table I. The reliability factors
Rp = 5.56%, Rw p = 7.05%, Rexp = 6.19%, and χ2 = 1.35
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FIG. 1. (a) X-ray diffraction (XRD) patterns for NdSrCoFeO6 sample calcined in different temperatures (800, 1000, and 1200◦ C), and
(b) Rietveld refinement for sample calcined at 1200◦ C. (c)–(g) Detailed local crystalline structure for the NdSrCoFeO6 sample and their
corresponding interatomic distance variations and bond angle distortions. The big green balls and red/gray small balls represent Nd/Sr and O
atoms, respectively, while blue octahedra denote (Co/Fe)O6.

TABLE I. Results of Rietveld refinement for the NdSrCoFeO6 DP.

Parameters NdSrCoFeO6

Space group Pnma

Lattice parameters a = 5.44672(3) Å
b = 7.63664(2) Å
c = 5.40311(6) Å
V = 224.74(1) Å3

Refinement parameters Rp = 5.56%
Rw p = 7.05%
Rexp = 6.19%

χ 2 = 1.35
Bond lengths (Å) Co/Fe-O1 = 1.926(7)

Co/Fe-O2 = 1.89(4)
Co/Fe-O2 = 1.99(5)

〈Co/Fe-O〉 = 1.938(6)
Bond angles (Å) Co/Fe-O1-Co/Fe = 164(3)

Co/Fe-O2-Co/Fe = 162(3)
〈Co/Fe-O-Co/Fe〉 = 163(3)

indicate good agreement between the refined and experimen-
tal XRD patterns, confirming the orthorhombic phase present
in this material with lattice parameters a = 5.44672(3) Å, b =
7.63664(2) Å, c = 5.40311(6) Å, and unit-cell volume V =
224.74(1) Å3. Figures 1(c)–1(g) exhibit the detailed local
crystalline structure generated with VESTA software [41] and
their corresponding interatomic distance variations and bond
angle distortions, where Co/Fe are octahedrally coordinated
with six oxygen atoms. From the value of the Goldschmidt
tolerance factor (tG) [42], it is possible to predict the structural
stability along with the tendency of structural deformation

of the structure, in our case, given by tG = ( rNd + rSr
2 ) + rO√

2 ( rCo + rFe
2 + rO )

,

where r is the ionic radii elements [43]. The calculated values
of tG for the NdSrCoFeO6 DP are 0.938 and 0.901 for the LS
and HS states of Co3+ and Fe3+ (VI coordination number),
respectively, which is expected for an orthorhombic structure
[44].

In this type of orthorhombic crystal structure, both Nd/Sr
cations and O2−

1 anions occupy the 4c(x, 1
2 , z) sites, and B-site
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cations like Co/Fe are aleatorily distributed at the 4b( 1
2 , 0, 0)

sites. The 8d (x, y, z) position is generally occupied by O2−
2

anions [16]. Owing to the random distribution of the Co and
Fe ions (B/B′ site) in the same atomic position, the structure
becomes centrosymmetric, as reported by Anderson et al.
[45], in the case of the Co/Fe sublattices being predominantly
in the same 3+ valence state.

The local crystal structure [Figs. 1(c)–1(g)] indicates that
the bond length and bond angle are not particularly iden-
tical, i.e., Co/Fe-O1 
= Co/Fe-O2 and Co/Fe-O1-Fe/Co 
=
Co/Fe-O2-Fe/Co 
= 180◦, as shown in Table I. This indi-
cates the presence of a distorted crystalline structure in the
NdSrCoFeO6 system. The average bond length 〈Co/Fe-O〉 =
1.938(6) Å and average bond angle 〈Co/Fe-O-Co/Fe〉 =
163(3) Å obtained from the structural refinement are in agree-
ment with those obtained for other DPs with orthorhombic
structure [10,14,16,21,46]. Herein, the bond length (Co/Fe-O)
and bond angle (Co/Fe-O-Co/Fe) are different from those
found for an ordered DP compound at room temperature [47].
However, the calculated octahedral distortion by considering
the average bond angle using the formula  = [180 − 〈Co/Fe-
O-Co/Fe〉]/2 [16] is  = 8.4◦, indicating that the octahedra
are slightly distorted from their equilibrium position, in agree-
ment to other DPs previously reported [14,48]. Generally, the
disorder and this kind of distorted crystal structure in most
of the perovskites influence the magnetic competition and
frustration effects in these materials [11]. In our disordered
NdSrCoFeO6 system, a similar scenario could also be ex-
pected.

The crystal structure of the NdSrCoFeO6 sample was fur-
ther confirmed by TEM characterization. Figure 2(a) shows a
low-magnification TEM image of the sample, whereas dense
secondary particles with an average size of ∼470 nm are
noticed. We further applied HRTEM measurements to the
sample [see Fig. 2(b)], where it was demonstrated that these
secondary particles are composed of aggregated smaller pri-
mary nanosized particles with an average size in the range of
∼7–10 nm. Moreover, the lattice parameters were measured
from the HRTEM images and the positions of the concentric
diffraction rings in the SAED patterns [Figs. 2(b) and 2(c)].
HRTEM shows clear lattice fringes with d spacing of ∼0.28
and ∼0.47 nm, corresponding to (200) and (001) planes. The
SAED patterns taken from the area presented in the TEM
images in Fig. 2(b) show clearly distinct rings ascribed to
(002), (040), (232), (261), and (026) planes. This SEAD in-
vestigation confirmed the formation of highly polycrystalline
NdSrCoFeO6, posing an orthorhombic crystal structure with
space group Pnma (ICSD #153437) in good agreement with
the XRD Rietveld refinement studies. Using these parame-
ters, we have projected a model of the crystal structure of
NdSrCoFeO6 in VESTA software [41], which is set on the
upper right side of the enlarged HRTEM image shown in
Fig. 2(d). It can be observed that a probable atomic arrange-
ment of Na/Sr, Co/Fe, and O atoms in NdSrCoFeO6 is based
on both XRD and HRTEM data. The ordered arrangement
in NdSrCoFeO6 (AA′ BB′ O6+δ ) points to a lower-valence A′
(Sr) cation substituting an A (Nd)-site cation, which results
in a layered structure, whereas the A and A′ cations show an
alternating arrangement along the c direction. Moreover, the

FIG. 2. (a) Typical transmission electron microscope (TEM)
image along with the (b) corresponding selected area electron
diffraction (SAED) pattern. (c) High-resolution TEM (HRTEM)
image showing lattice fringes of the NdSrCoFeO6 sample. (d) Mag-
nified HRTEM micrographs along the [001] direction. The inset
shows a schematic crystal structure of NdSrCoFeO6. Green/golden,
blue/yellow, and red dots represent Nd/Sr, Co/Fe, and O atoms.

double oxygen atomic columns are mainly oriented along the
y and z directions in a zigzag fashion. This zigzag orienta-
tion feature suggests that the accommodation of Sr2+ ions in
the octahedral structure results in stronger octahedral tilting.
Meanwhile, the random distribution of the Co3+/Co4+ ions is
slightly smaller than Fe3+/Fe4+ ions (B/B′ site) in the same
atomic position. This induces the formation of long-range
ordered defect structures due to located oxygen vacancies
(δ < 1) at the AOδ layers in which the electroneutrality of the
NdSrCoFeO6 structure is reached by the higher mobility of
the oxygen ions [49,50].

B. Magnetism

The ion disorder of the NdSrCoFeO6 DP can lead to
the coexistence of multiple magnetic interactions, resulting
in fascinating magnetic properties. Firstly, to investigate the
magnetic phase transition temperature and reveal the intrin-
sic magnetic interactions in the NdSrCoFeO6 sample, the
magnetization dependence with the temperature (M-T ) was
measured in the temperature range of 2–300 K under various
applied magnetic fields (Hdc). Figure 3(a) shows the M-T
curve measured at Hdc = 10 Oe under ZFC and FC conditions.
The result indicates a typical FM behavior at low temperature
and a sharp transition to a PM state. Similar behavior in
the M-T curve has also been observed in other DP systems
[12,17,20,51]. The nonlinear response observed < ∼20 K is
understood as a combination of the canted AFM order of the
Co3+/Fe3+ sublattice combined with the Nd3+ PM behavior,
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FIG. 3. (a) Magnetization dependence with the temperature
(M-T ) of NdSrCoFeO6 sample measured at Hdc = 10 Oe under
zero-field-cooled (ZFC) and field-cooled (FC) conditions. The right
inset shows the minimum derivative dM/dT (T ) associated with TC2,
and the left inset shows M-T curves (ZFC/FC) for different Hdc,
where the arrow indicates the direction of increase of the field.
(b) The inverse susceptibility (χ−1 = H/M) as a function of temper-
ature measured at Hdc = 10 Oe. The black line shows the linear fit to
the Curie-Weiss (CW) law. The blue highlight shows the existence of
the Griffith phase with TGP = 245 K. The blue line is the best fit of the
GP model of Eq. (1) to the χ−1(T ) data with parameters T R

C = 149 K
and λ = 0.74. The inset shows χ−1(T ) curves for different Hdc (0.01
to 10 kOe).

as observed in several compounds containing Nd-Fe interac-
tions [13,15,52]. Furthermore, sharing nonmagnetic Sr2+ ions
at the Nd3+ site favor a disordered crystal structure and with
the oxygen vacancy, making the system frustrated, which can
lead to Nd3+-O2−-Nd3+ (4 f -4 f ) weak short-range interaction
at low temperature [28].

The transition temperatures were estimated from the first
derivative of MFC (dMFC/dT ) [shown in the right-side inset
of Fig. 3(a)]. The dMFC/dT vs T curve suggests that there
are two ordering temperatures TC1 = 68 K and TC2 = 149 K
[highlighted in Fig. 3(a)]. The first transition at 68 K (lock
temperature), determined by the maximum in dMFC/dT (T ),
suggests a domain dynamic originating from mixed FM and
AFM regions existing in the NdSrCoFeO6 sample due to

ASD [11,53]. Moreover, the presence of octahedral distortion
through the Co/Fe-O-Co/Fe bond angle diverging from 180◦
(observed in Table I) has also been reported to induce imper-
fect superexchange interaction, which is a DM antisymmetric
exchange interaction, resulting in canted AFM states below
the magnetic transition temperature [16]. Additionally, we can
see a spontaneous FM ordering smeared throughout ∼68 K
up to the second transition temperature TC2 = 149 K in the
dMFC/dT (T ) curve, which was determined as the minimum
temperature. Above this temperature, the magnetic ordering
changes to the PM state, where magnetic moments become
disordered under the impact of thermal energy.

Furthermore, strong magnetic irreversibility <149 K is
clearly visible in the ZFC and FC curve measured under a
field of 10 Oe. With the increase of the applied field (Hdc =
0.01–10 kOe) is observed a sharp increase at low temperature
for the magnetization, the ZFC/FC curves tend to merge, and
the FC arm shows signs of saturation with a broadening of
the peak [see inset in Fig. 3(a)]. This confirms the presence
of a majority FM phase since, for an AFM, the increase in
the field would have little effect on the magnetization [15].
Moreover, it is seen that the irreversibility temperature (Tirr )
is shifted toward the low-temperature regime with the increase
of Hdc (0.01 up to 10 kOe). This behavior is also observed for
other DPs [51,54–56]. According to Sahoo et al. [11], this
shift can be assigned to a SG or superparamagnetic (SPM)
behavior. Moreover, the competing FM and AFM interactions
result in local magnetic frustration at low temperatures due to
the ASD, resulting in an SG behavior [1]. Usually, for most
of the canonical SG systems, the onset of the irreversibil-
ity point is very close to the glassy temperature [11,57,58];
however, in our system, the onset of the irreversibility point
is reasonably above this temperature, at Tirr ∼ 200 K (for
Hdc = 10 Oe), resembling cluster-glass (CG) states. This type
of behavior has already been reported in various systems of
DPs such as La2-x Srx CoMnO6 [59], La1.5Ca0.5CoMnO6 [57],
Pr2CoFeO6 [10], SrLaFeCoO6 [53], and La1.8Pr0.2CoFeO6

[7]. Thus, the SG-like frozen magnetic state most likely exists
in our NdSrCoFeO6 sample in a low-temperature regime.

To investigate further into the SG behavior as well as
dynamics of SG in the NdSrCoFeO6 sample, real (χ ′

ac) and
imaginary (χ ′′

ac) parts of magnetic ac susceptibility measure-
ments have been carried out in the temperature range of 5–220
K, with an ac field of Hac = 0.4 Oe and different frequencies
(10–1000 Hz), as shown in Figs. 4(a) and 4(b). Both χ ′

ac(T )
and χ ′′

ac(T ) parts show a low-intensity broad shoulder ∼150 K
(at the beginning of the magnetic ordering). However, it has
no frequency dependence, which does not characterize the
signature of SG behavior. Therefore, it can be inferred that
the transition ∼150 K is of the FM type [60]. By further de-
creasing the temperature, a maximum peak is observed in both
parts between 70 and 85 K. Clearly, the frequency dependency
in χ ′

ac(T ) is shifted toward higher temperature, and the mag-
nitude decreases, while in χ ′′

ac(T ), the magnitude increases,
this behavior being quite like that observed in other FM ma-
terials, which can be associated with SG or SPM behavior
[61–63]. To further clarify, the relative shift (k) in freezing
temperature can be used to describe the magnetic order of the
system, which is denoted as k = �Tf

Tf [� log(ω)] [57], where �Tf

is the maximum change in the freezing temperature (here,
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FIG. 4. Temperature dependence of (a) real χ ′
ac and (b) imaginary χ ′′

ac parts of the ac magnetic susceptibility measured at fixed different
frequencies (10 to 1000 Hz) for NdSrCoFeO6 sample. (c) The best fit to power law of τ vs Tf plot.

�Tf = 1.9 K). Typically, this value lies between 0.005 and
0.08 for a SG and is >0.2 for noninteracting SPM materials
[57,61]. The obtained value of 0.01 confirms our system to
be more likely an SG type with a freezing temperature Tf ∼
84 K. Generally, in the SG system, the relaxation time (τ )
around transition temperature is described by the power law:

τ = τ0

[
Tf

TSG
− 1

]−zv

, Tf > TSG, (1)

where TSG is the freezing temperature as the frequency tends
to zero, τ0 is the characteristic flipping time of a single spin
flip, τ = 1/2π f is the relaxation time, zv is the dynamical
critical exponent, and Tf is the frequency dependence of the
peak position in χ ′

ac(T ) [64]. The τ vs Tf plot along with the
fit to the critical power law is shown in Fig. 4(c). Usually, in
a conventional SG system, the typical value for zv is in the
range of 4–13 and τ0 in the range of 10−10 to 10−13 s [61,64].
In this paper, the best-fitting parameters were estimated to
be TSG = 82.7 K, zv = 1.89, and τ0 = 0.46 × 10−4 s. The
obtained higher value of τ0 and lower value of zv implies a
cooperative slower spin flipping, attributed to the presence of
randomly oriented FM clusters [61,65]. The CG behavior is
probably due to the competing magnetic interactions between
Co and Fe ions. Lastly, no apparent frequency dispersion at
any other range temperature is shown in Figs. 4(a) and 4(b).
Instead, we note only faint features in the phase component
output of the ac susceptibility ∼95 K [see Fig. 4(b)], indicat-
ing an absence of any reentrant SG behavior [61,63,66].

To clarify the FM behavior present in the NdSrCoFeO6

sample, we analyzed the measurement at 10 Oe of the in-
verse susceptibility χ−1 (H/M) as a temperature function, as
shown in Fig. 3(b). It was found that the susceptibility thor-
oughly obeys the Curie-Weiss (CW) law χ = C/T − �CW,
with CW temperature �CW = 130 K and Curie constant C =
3.2 × 10−4 emu K/g Oe, at high temperatures. The positive
value of �CW confirms FM ordering at low temperatures in the
NdSrCoFeO6 sample. Note that the �CW value is lower than
the corresponding TC value, which indicates the presence of
short-range order. However, <∼245 K (known as the Griffiths
phase temperature, TGP), the χ−1(T ) curve starts to deviate
from linear behavior and shows a downward curvature in
the region TC < T < TGP. According to Das et al. [15], this
faster decrease of χ−1(T ) in the PM state is attributed to
the formation of short-range FM clusters. This behavior can
be associated with the existence of the GP, which is often
reported in the FM perovskite structure with inhomogeneous
magnetic states [15,51,67,68]. According to Pal et al. [10], the
presence of the GP can occur from disorders associated with
the random distribution of Co and Fe ions at site 4b(0.5; 0; 0)
in the DP structure. Moreover, the spin-canted AFM/FM in-
teraction competitions create random exchange interactions,
which can also originate a GP. However, Silva et al. [20]
suggested that this appearance of the GP is probably caused
by the magnetic dilution inherent to nonmagnetic Co3+ (LS)
ions, which makes it difficult to form long-range order. Addi-
tionally, we believe that the natural octahedral distortions in
our NdSrCoFeO6 sample can be responsible for changes in
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the short- and long-range superexchange interactions (which
are competing), which play an important role in the GP obser-
vation.

To confirm this observation, the magnetization measure-
ments (M-T ) were conducted under different applied fields
(Hdc = 0.01–10 kOe) and plotted as χ−1(T ) curves, as shown
in the inset of Fig. 3(b). It is observed that the abnormal down-
turn in χ−1(T ) curves below TGP can be suppressed gradually
by increasing the applied field (disappearing in the 10 kOe
curve). This suppression can be interpreted by the increasing
PM background and/or the saturated FM component, which
could hide the WFM signal [51]. Usually, the characteristics
of the GP are described by the following power law relation
[15,20]:

χ−1 ≈ A
(
T − T R

C

)1−λ
, (2)

where T R
C is the critical temperature below which χ di-

verges, behaving as a simple PM, and λ is an exponent such
that 0 < λ < 1 for T R

C < T < TGP and λ = 0 for T > TGP.
The blue line in Fig. 3(b) is the best fitting by the GP
model to the χ−1(T ) data, according to Eq. (1). In the case
of the NdSrCoFeO6 sample, �CW obtained by the CW fitting
of the PM region lies below the FM ordering (�CW < TC); we
have followed the same approach as used by Pal et al. [69]
by taking T R

C = TC, resulting in λ = 0.74, which confirms
the GP. This value lies within the range found for similar
DP compounds [10,20–22,69,70]. Therefore, the dynamical
freezing point at ∼83 K, along with a GP at ∼245 K [see
Fig. 3(b)], was clearly established in this paper.

The estimated value of the experimental effective magnetic
moment (μeff )exp is 5.06 μB for Hdc = 10 Oe, obtained from

the Curie constant by μeff = 2.828
√

C [65]. Increasing Hdc,
the slope of CW adjustment decreases, indicating a scenario
where the Curie constant and CW temperature are field depen-
dent. Thus, at 10 kOe, the effective magnetic moment for the
NdSrCoFeO6 sample is μeff = 5.44 μB, which is very close
to the value of 5.53 μB found by de Oliveira et al. [13] for
the Nd2CoFeO6 sample. Recently, XPS analysis performed
by Sahoo et al. [11] has demonstrated that, in LaSrCoFeO6

crystal, the Co and Fe ions assume 3+ and 4+ valences
considering the spin-only moment.

Moreover, authors of previous reports showed that com-
pounds containing Fe and Co can possess complex valence
states, and Fe-O-Co double-exchange-type interactions fa-
vor electronic transfers from Co intermediate-spin to Fe HS
state configurations [17–19]. Interestingly, considering only
the combinations assuming 50% of Fe and Co with valence
4+, the magnetic moment can be calculated by interactions
Co4+ (LS, S = 1

2 ), Fe4+ (HS, S = 2) with Co4+ (LS, S = 1
2 ),

Fe4+ (HS, S = 2) at different sites, getting μ = 5.19 μB for
Sr2FeCoO6 [17]. However, this consideration does not sup-
port load balancing in the NdSrCoFeO6 structure due to the
presence of Nd3+ sharing the same Sr2+ site. The Fe3+/Fe4+

in the NdSrCoFeO6 sample was initially analyzed by 57Fe-
Mössbauer spectroscopy at room temperature, as shown in
Fig. 5(a). This figure shows that the spectrum was decon-
voluted into two doublets with different isomer shifts and
quadrupole splitting (QS). Doublet 1 with isomer shift (0.05
mm/s) and QS (0.17 mm/s) values are assigned to Fe4+ ions

(90.8%), while Doublet 2 with isomer shift (0.33 mm/s) and
QS (0.13 mm/s) values can be attributed to Fe3+ ions (9.2%),
both in the LS state [71]. Furthermore, the slight QS values
for the Fe ions in the NdSrCoFeO6 sample suggest a strong
distorted octahedral Fe site, which is like other DPs such
as Pr2FeCrO6 [14], SrLaFeSnO6 [72], Sr2FeCoO6 [73], and
Dy2FeCoO6 [8]. This confirms that the NdSrCoFeO6 sample
has a noncubic structure, exhibiting only one crystallographic
position for the Co/Fe ions, corroborating our results from
HRTEM and Rietveld refinement (see Table I).

Furthermore, the XPS technique was employed to deter-
mine the chemical states of Nd, Sr, Fe, Co, and O elements
in the NdSrFeCoO6 DP. The core-level XPS spectrum of Nd
3p5/2 shown in Fig. 5(b) can be split into two components.
The contribution located at 981.7 eV can be assigned to Nd3+

(2.3 at. %), while the second contribution located at 977.9 eV
can be ascribed to a shake-down satellite of the Nd 3d9 4 f 4

second final state [74,75]. Figures 5(c) and 5(d) shows the
core-level spectra of Fe 2p and Co 2p, respectively. Through
cautiously deconvoluting, we distinguish two doublets of
2p3/2 and 2p1/2 electron levels due to the spin-orbital cou-
pling. The peaks appearing at 709.7 and 723.2 eV correspond
to Fe3+ (percentage contributions 1.7 at. %), while the com-
ponents at 711.7 and 725.4 eV are assigned to Fe4+ (2.1 at.%)
[76]. Additionally, a satellite peak at 715.1 eV indicates the
Fe3+ valence state [77], confirming that a mixed Fe3+/Fe4+

(0.83%) state was found in NdSrFeCoO6, in good agreement
with the Mössbauer spectroscopy results. The peaks at 779.9
and 795.1 eV can be attributed to Sr2+ (2.6 at. %), whereas
the peaks occurring at 781.7 and 796.7 eV can be ascribed
to Co3+ (2.3 at. %) [76]. The presence of a satellite at 786.2
eV is due to the PM nature of Co2+ ions [78,79], confirming
a mixed Co2+/Co3+ (1.15%) state exist in the NdSrFeCoO6

sample. The core-level XPS spectrum of Sr shown in Fig. 5(e)
depicts a doublet signal with binding energies of 133.1 eV
(Sr 3d3/2) and 131.4 eV (Sr 3d5/2) assigned to Sr2+ ions
at the A site of the NdSrFeCoO6 lattice (8.0 at. %) [79,80],
while the peak at 134.7 eV is ascribed to undercoordinated Sr
in the Nd/Sr-O-type termination layer (Srlayer: 1.2 at. %) on
the surface of the NdSrFeCoO6 sample [81–83]. Figure 5(f)
shows the O 1s core-level spectrum, where an asymmetric
peak is deconvoluted in four components. The lowest binding
energy peak at 528.3 eV may be ascribed to oxygen ions
bonded to Nd/Sr at the A site and Fe/Co at the B site of the
NdSrFeCoO6 lattice (Olatt: 18.3 at. %) [84,85], and the highest
binding energy peak at 531.6 eV is associated with an Nd/Sr-
O-type NdSrFeCoO6 termination layer (Olayer: 29.2 at. %)
[86,87]. The peak that appeared at 530.7 eV corresponds to
surface oxygen vacancy defects and adsorbed oxygen species,
i.e., O−, O2−, and OH−, (OV-ads: 32.9 at. %) [80,88], which
is consistent with the HRTEM and Mössbauer spectroscopy
results. The peak that occurred at 529.5 eV could be ascribed
to main lattice oxidative oxygen species (O2

2−/O−: 2.7 at. %)
[84,87], which are believed to be mainly long-range ordered
defect structures, as oxygen vacancies located at the BOδ

layers, which is induced by slightly higher distribution of
Co2+/Co3+ ions than Fe3+/Fe4+ ions at B/B′ sites.

Based on the Mössbauer and XPS investigation, we
interpret the FM exchange in the NdSrFeCoO6 sam-
ple by valence fluctuations according to the equilibrium
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FIG. 5. (a) Room-temperature 57Fe-Mössbauer spectrum and x-ray photoelectron spectroscopy (XPS) spectra of (b) Nd 3d , (c) Fe 2p,
(d) Co 2p, (e) Sr 3d , and (f) O 1s levels for the NdSrCoFeO6 double perovskite.

Fe3++Co2+ � Fe4+ + Co3+. Additionally, authors of recent
reports [89,90] have shown that, for the LaBaCo2O5.5+δ and
NdBaCoFeO5+δ samples, Co/Fe at the B site is expected to
show valence 3+/4+ when the A site contains two ions with
valences 3+/2+ (La/Nd, Ba). Notably, the Co3+ spin-state
degeneracy fluctuations are possible because the crystal-field
splitting between t2g and eg has energy very close to Hund’s
exchange coupling. Thus, possible thermal perturbations can
induce electronic transfer to eg orbitals, increasing the excit-
ing Co3+ states [91,92]. Complementarily, this assumption
is valid since, for these types of materials, the transition to
a PM state involves a thermally driven spin-state crossover
of Co3+ ions, entailing a transition from the diamagnetic
ground state with LS configuration (t6

2ge0
g, S = 0) to an ex-

cited intermediate-spin state (t5
2ge1

g, S = 1) [13]. Thus, we
considered the HS and LS states for the Nd3+/Fe3+/Co2+ and
Fe4+ ions, respectively, while Co3+ was in the possible HS,
intermediate-spin, and LS states. Consequently, the magnetic
moment can be calculated as follows:

μ2
theo = [(μNd3+ )2 + (0.6μCo2+ + 0.52μCo3+ )2

+(0.4μFe3+ + 0.48μFe4+ )2]μB, (3)

where the μNd = gJ
√

J (J + 1)μB (spin-orbit coupling) and
μCo/Fe = g

√
S(S + 1)μB (spin-only interaction) values are

listed in Table II. The experimental value of μeff = 5.44 μB

(at 10 kOe) obtained by CW adjustment suggests the possible
coexistence of Co3+ ions in the HS and intermediate-spin
states with μtheo = 6.63 μB and μtheo = 5.88 μB, respectively.
Since a pure Co3+ HS state (S = 2) would lead to a sat-
uration magnetization of ∼4.9 μB to be compared with a
measured value of 1.7 μB, the cobalt spin state is either
lower (intermediate spin, S = 1; MS= 2 μB), or the different
cobalt sites show different spin states whose combination
yields the measured value. This result suggests an induced
exchange interaction between Co2+ (t5

2ge2
g) (HS, S = 3

2 ) and

Fe3+ (t3
2ge2

g) (HS, S = 5
2 ), as well as Co3+ (t4

2ge2
g) (HS, S =

2)/Co3+ (t5
2ge1

g) (intermediate spin, S = 1) and Fe4+ (t4
2ge0

g)
(LS, S = 1) in the NdSrCoFeO6 sample, whereas disordered
crystallographic occupation and mixed valences between Co
and Fe ions induced mixed FM and AFM interactions which
led to inhomogeneous magnetic behavior in the NdSrCoFeO6

sample [93].
To further confirm the magnetic state of the NdSrCoFeO6

sample, isothermal magnetization (M-H ) measurements were
collected at three different temperatures of 2 K (up to 10
kOe) and 80 and 300 K (up to 40 kOe), as shown in Fig. 6.
Here, M-H loops were observed at 2 and 80 K (T < TC),
which indicates the overall FM nature of the sample. How-
ever, the PM behavior was confirmed at 300 K (T > TC).
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TABLE II. Effective magnetic moment calculated for different combinations of Co2+/Co3+ and Fe3+/Fe4+ ions obtained by XPS analysis.

Nd3+ (μB) (0.4)Fe3+ (μB) (0.48)Fe4+ (μB) (0.52)Co3+ (μB ) (0.6)Co2+ (μB) μtheo(μB)

J = 9
2 (HS) S = 5

2 (HS) S = 1 (LS) S = 2 (HS) S = 3
2 (HS) 6.63

4.90 3.87
3.62 5.92 2.82 S = 1 (intermediate-spin) 5.88

2.82
S = 0 (LS) 5.07

0.00

Considering that the Co and Fe spins are aligned in the same
directions with Fe3+/Fe4+/Co2+ in an HS state and Co3+

in an intermediate-spin/HS state (as previously suggested),
a magnetization of 2.25 μB at 10 kOe for NdSrCoFeO6 at
low temperature (2 K) was observed. The difference between
this value of 2.25 μB and that obtained by CW adjustment of
5.44 μB can be attributed to a possible canting of spins due
to the low field used in this measure. Moreover, the magnetic
moment is significantly reduced probably by the ASD effect
present in the system, creating an antiparallel orientation of
the Co3+-Fe4+ and Co2+-Fe3+ ion pairs ferromagnetically
coupled in the lattice, which imply in a simultaneous reduc-
tion in the average magnetic moments of these sublattices
and are transferred to the total magnetic moment [11,94]. The
existence of mixed-valence states of Co (Co2+/Co3+) and Fe
(Fe3+/Fe4+) due to Sr2+ doping at the Nd3+ site can also cause
a decrease in magnetization [11], and this scenario will be
considered later through DFT analysis.

C. Electrical resistivity

Figure 7(a) shows the temperature-dependent resistivity
ρ(T ) curve of the NdSrCoFeO6 sample measured under fields
of 0 and 100 Oe in the temperature range of 150–300 K.
The sample exhibits a semiconductinglike behavior like other
DPs [7,13,46]. Generally, the electrical transport behavior of
semiconductors could be described by three models: thermal
activation (TA), small-polaron hopping (SPH), and variable

FIG. 6. M-H magnetic hysteresis loop is shown for the
NdSrCoFeO6 sample at 2 K measured under a magnetic field up to
10 kOe. The inset shows M-H loops at 80 and 300 K up to 40 kOe.

range hopping (VRH) [51], which are described by the
expressions ρTA = ρ0exp(EA/kBT ), ρSPH/T =
Aexp(EA/kBT ), and ρVRH = ρ0exp(T0/T )1/4, respectively.
Herein, A is a constant, and ρ0, EA, kB, and T0 are the
residual resistivity, activation energy, Boltzmann constant,
and characteristic temperature, respectively. The linear fitting
results from the TA, SPH, and VRH models are shown in
Figs. 7(b)–7(d), which yields the parameters ρ0 = 0.056 � m
and EA = 0.174 eV, ρ0 = 0.009 � m and EA = 0.203 eV,
and ρ0 = 0.129 � m and T0 = 0.89 K, respectively. The
activation energy to the VRH model can be calculated from
the equation EA = kB

4 T 1/4
0 T 3/4 [46]. The calculated value

varies from 0.001 to 0.002 eV as temperature increases from
150 to 300 K. Usually, in disordered systems, resistivity
follows different conduction mechanisms with a change
in slope of the ρ(T ) curve around a charge localization
temperature [95]. As can be seen in Figs. 7(b) and 7(c), the
linear fitting does not work very well following the TA and
SPH models in the low-temperature region. On the other
hand, from the VRH model fitting displayed in Fig. 7(d), the
curve follows the linearity over almost the entire temperature
range, indicating the best model for describing the conduction
mechanism in the sample. As it is already known, the
random distribution of Co and Fe ions at the B/B′ site
in the orthorhombic NdSrCoFeO6 DP leads to 3D disorder in
the structure, weakening the double-exchange interaction and
the possibility of eg electron hopping between the random
magnetic clusters [51]. Then hopping conduction in a band
of localized states may be possible without electron-electron
interactions [96]. Therefore, the semiconducting behavior
of the NdSrCoFeO6 sample can be interpreted better by the
VRH model.

D. MCE studies

The MCE study provides a powerful tool to enquire about
magnetic transitions. Thus, a series of isothermal magneti-
zation curves (M-H ) were recorded in a large temperature
range of 130 < T < 170 K with temperature interval �T =
2 K under fields up to 40 kOe, as shown in Fig. 6(a). The
magnetization rapidly increases at low field values and then
linearly increases up to the highest measuring field of 40 kOe
without showing any saturation tendency. The nature of the
M-H curves is also attributed to the coexistence of weak FM
(low-field) and canted AFM (high-field) states. Above TC, the
magnetization increases almost linearly in the scanning field
range, ascribed to the PM ground state. The M-H isotherms
have been transformed into Arrott plots (M2 vs H/M) [97,98],
which are shown in the inset of Fig. 8(a). The positive
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FIG. 7. (a) Temperature-dependent resistivity ρ(T ) curve, (b) ln(ρ ) vs T −1 fitting to thermal activation (TA) model, (c) ln(ρ/T ) vs T −1

fitting to small-polaron hopping (SPH) model, and (d) ln(ρ ) vs T −1/4 fitting to variable range hopping (VRH) model for the NdSrCoFeO6

sample.

slope of the Arrott plots over the whole measuring temper-
ature range indicates that the FM transition is a second-order
phase transition (SOPT) [99], indicating that our results are in
agreement with previously reported MCE in other DP com-
pounds [16,23,100].

Based on Maxwell’s thermodynamic relation, the change
in magnetic entropy (−�SM) for any magnetic material under
a variation of the applied magnetic field from 0 to Hmax can be
expressed as [101–103]

|�SM (T, H )| =
∫ Hmax

0

(
∂M

∂T

)
H

dH. (4)

However, for magnetization measurements with small
discrete field and temperature intervals, �SM can be approxi-
mately calculated as

�SM (T, H0) =
∑

i

Mi+1-Mi

Ti+1-Ti
�Hi, (5)

where Mi and Mi+1 are the experimental data obtained at tem-
peratures Ti and Ti+1, under a magnetic field Hi, respectively
[104,105]. The temperature dependence with −�SM for dif-
ferent magnetic fields is shown in Fig. 8(b). All curves show
positive values in the entire measuring temperature region and
exhibit a peak around TC1 (∼150 K), with the peaks broad
asymmetrically on both sides as increasing fields. The max-
imum value of entropy change −�Smax

M of 1.84 J kg−1 K−1

was observed near the second FM-PM transition temperature
(TC2) for the NdSrCoFeO6 sample under an applied field
of 40 kOe. The occurrence of −�Smax

M below the FM-PM

transition temperature can be associated with the incom-
plete ordering of the Nd3+ RE ions [16,58]. Moreover, the
existence of magnetic competition or frustration between the
FM and canted AFM ordering and long-range ordering of
Nd3+ ions may be a possible reason for such a value of
−�Smax

M in the NdSrCoFeO6 sample [100,106]. This value of
−�Smax

M is lower than that for other Co/Fe-based DPs with
8.85 and 7.82 J kg−1 K−1 for Er2FeCoO6 and Gd2FeCoO6,
respectively [23]. However, it is somewhat larger than other
DP compounds, such as Nd2CrMnO6 (1.3 J kg−1 K−1) [107]
and Sm2CoMnO6 (1.4 J kg−1 K−1) [108]. Likewise, in the
MCE behavior for the Gd2CoMnO6 DP that was reported by
Das et al. [15], we observed that �Smax

M follow a power law
behavior as �Smax

M ≈ Hn, as shown in the inset of Fig. 8(b),
where �Smax

M increases almost linearly with H , being n ∼ 1.
Moreover, it is worth mentioning that other DP compounds
also have a value of n close to 1 [55,100,108]. Differently,
Das and Mazumdar [16] do not report linearity in �Smax

M as
a function of H for Pr2FeCrO6. Their presented values of
n were between 1.28 and 1.67, which can be assigned to
the presence of WFM interactions and canted AFM states.
Thus, our value of n close to 1 confirms the presence of
FM ordering in the NdSrCoFeO6 sample. The relative cool-
ing power (RCP) is the most meaningful parameter used to
evaluate the cooling efficiency of magnetic materials designed
for applications in magnetic refrigeration [24]. To check the
RCP of the NdSrCoFeO6 sample, we consider the shape and
width of −�SM (T ) curves, through the expression RCP =
|�Smax

M |δTFWHM, where δTFWHM is the full width at half

134439-11



R. S. SILVA Jr. et al. PHYSICAL REVIEW B 106, 134439 (2022)

FIG. 8. (a) Isotherms M-H measured at different temperatures from 130 to 170 K, inset is the Arrott plots (M2 vs H/M). (b) Dependence
of −�SM with temperature taken at different magnetic fields from 5 to 40 kOe. Inset shows H dependence of maximum magnetic entropy
(−�Smax

M ). (c) Relative cooling power (RCP) as a function of the magnetic field.

maximum of the −�SM (T ) curves [104]. The RCP variation
as a function of the magnetic field is presented in Fig. 8(c).
Obviously, an increase in RCP is observed when the magnetic
field increases, which follows a power law as RCP ≈ Hm,
where m is the power exponent. The adjusted data yield m =
1.23 ± 0.10. Moreover, we observe an RCP maximum value
of 43.8 J kg−1 at 40 kOe, which is smaller than several DP
compounds [58,100,107,109–111]. However, this value has a
magnitude two times smaller than RCP ≈ 85 J kg−1 under a
field of 40 kOe observed for a quasi-one-dimensional hexag-
onal ferromagnet PrCrGe3 [24]. Therefore, the NdSrCoFeO6

sample can be a candidate potentially fruitful for theoretical
studies and practical applications, working in a wide temper-
ature range.

E. Critical behavior

To get further insights into the FM-to-PM transition and
the existence of the GP, we investigated in detail the critical
behavior characterized by the critical exponents. The critical

behavior of a SOPT material could be analyzed by the critical
exponents β, γ , and δ, which are defined as [15,107,112]

MS (0, ε) ∼ (−ε)β, ε < 0, T < TC, (6)

χ−1
0 (0, ε) ∼ (ε)γ , ε > 0, T > TC, (7)

M(H, 0) ∼ (H )1/δ, ε = 0, T = TC, (8)

where ε = (T − TC)/TC is the reduced temperature. All three
exponents β, γ , and δ are not independent of each other,
and the Widom scaling relation predicts that δ = 1 + γ /β

[113]. According to the Arrott-Noakes equation of state,
which is described as (H/M )1/γ = aε + b(M )1/β (a and b
are constants), the modified Arrott plot (MAP) by (M )1/β vs
(H/M )1/γ curves with proper β and γ values near TC should
produce a set of parallel straight lines, and the isotherm at the
TC line could pass the origin of coordinates [97,107]. Landau’s
mean-field theory (β = 0.5 and γ = 1.0) shows that the M2

vs H/M curves at various temperatures around TC should be a
series of parallel lines in the high-field region [24]. However,
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FIG. 9. Modified Arrott isotherms plotted as M1/β vs (H/M )1/γ with (a) tricritical mean-field model, (b) three-dimensional (3D) Ising
model, (c) 3D Heisenberg model, and (d) 3D XY model.

the M2 vs H/M curves shown in the inset Fig. 8(a) are not
strictly linear in the high-field region, which indicates that
the mean-field model cannot characterize the critical behavior
for the NdSrCoFeO6 sample. Thus, the tricritical mean-field
model (β = 0.25, γ = 1.0), 3D Ising model (β = 0.325, γ =
1.24), 3D Heisenberg model (β = 0.365, γ = 1.386), and 3D
XY model (β = 0.345, γ = 1.316) were used to establish
the MAP [24,104], which are exhibited in Fig. 9. All models
exhibit quasistraight lines in high field, making it difficult to
identify the most appropriate model. To find the best model,
it was essential to calculate the relative slope (RS), defined
by RS = S(T )/S(TC), where S(T ) and S(TC) are the slopes
determined from the MAP near and at TC, respectively. In an
ideal model, the MAP consists of a series of parallel straight
lines, i.e., RS should equal 1. However, from the RS vs T
curves shown in Fig. 10(a), we can see that these universality
classes could not clearly describe the critical behavior of the
NdSrCoFeO6 sample.

We used the iteration method to obtain the correct critical
exponents β and γ [24,114,115]. The convergence in the
MAP fitting (M )1/β vs (H/M )1/γ is achieved for β = 1.384
and γ = 0.621, as shown in Fig. 10(b). Usually, the values
of critical exponents (β and γ ) for several DPs are close to
that for the mean-field model [55,116]. However, our critical

exponent values follow a very similar relationship (β ≈ 2γ ),
as observed by Das et al. [15] for DP Gd2CoMnO6 and are
also quite far from any conventional universality class. As ex-
pected, the isotherms shown in Fig. 10(b) passed through the
origin with TC ∼ 150 K, consistent with the TC2=149 K value
determined from the dMFC/dT (T ) curve. The intersections
of isotherms for T < TC on the M1/β axis and for T > TC

on (H/M )1/γ axis give the values of spontaneous magnetiza-
tion MS and inverse magnetic susceptibility χ−1

0 , respectively
[117]. Thus, Fig. 10(c) shows the finally obtained values of MS

and χ−1
0 as a function of temperature. The power law fitting

to MS (T ) and χ−1(T ) according to Eqs. (6) and (7), respec-
tively, reveals β = 1.381 ± 0.007 with TC = 150.72 ± 0.02 K
and γ = 0.632 ± 0.004 with TC = 151.82 ± 0.02 K. To de-
termine the exponent δ, we take the log-log plot of M(H )
at T = 150 K. The straight-line fit gives the exponent δ =
1.421 ± 0.02, which is shown in the inset of Fig. 10(c). Using
the Widom scaling relation δ = 1 + γ /β [15,113] and the
values of β and γ determined from MAP fitting [Fig. 10(b)],
we obtain δ = 1.448. This value is slightly far (2%) from that
found by the log-log plot of the M(H ) curve of δ = 1.421
[inset Fig. 10(c)], which may be because the chosen curve for
fitting at a temperature is slightly different from the ideal at
TC2 = 149 K. Thus, the change in the values of critical expo-
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FIG. 10. (a) Temperature dependence of the relative slope (RS). (b) Modified Arrott plot (M )1/β vs (H/M )1/γ constructed from M(H )
data with critical exponents β = 1.384 and γ = 0.621. (c) Temperature dependence of spontaneous magnetization (MS ) and initial inverse
susceptibility (χ−1

0 ). The solid gray lines represent the best-fit curve according to Eqs. (6) and (7). The inset shows a log-log plot of M(H )
isotherm at 150 K, the nearest one to the critical isotherm. (d) Scaling plots below and above TC according to Eq. (9). The inset shows the same
plot in the log-log scale.

nents is tiny and within our experimental error. The critical
exponents of NdSrCoFeO6 are also shown in Table III and
compared with other DP compounds and theory model values.
From this scaling hypothesis, the reliability of the obtained
critical exponents was certified by the magnetic equation of
state in the asymptotic critical region, which is expressed as
[15,24]

M(H, ε) = |ε|β f±

(
H

|ε|βδ

)
. (9)

Here, f± are regular functions with f+ for temperatures
above TC and f− for temperatures below TC. Using the values
of β, δ, and TC obtained from the MAP, we have constructed
the plots of M|ε|−β vs H |ε|−βδ . The curves clearly collapsed
into two different universal curves, one for T > TC and an-
other for T < TC, as shown in Fig. 10(d). The log-log has also
been plotted and shown as an inset in Fig. 10(d). This result
confirms that the values of the critical exponents obtained
here are reliable and in agreement with the scaling hypothesis.
Furthermore, we observed a slight deviation from the scaling
curves in the low magnetic field region due to the rearrange-

ment of the magnetic domains, where magnetic moments are
not entirely aligned to the applied magnetic field.

Finally, it is known that the universality class of the mag-
netic phase transition depends on the exchange distance J (r).
Theoretically, the magnetic ordering is treated as an attractive
interaction of spins, where a renormalization group theory
analysis suggests the interaction decays with distance r as
[24,113,121]

J (r) ≈ r−(d+σ ), (10)

where d is the spatial dimensionality, and σ is a positive
constant. Moreover, the susceptibility exponent γ is predicted
by considering that the range of spin interaction is long or
short depending on σ < 2 or σ > 2, by a renormalization
group approach [24,114]:

γ = 1 + 4(n + 2)

d (n + 8)
�σ + 8(n + 2)(n − 4)

d2(n + 8)2

×
[

1 + 2G(d/2)(7n + 20)

(n − 4)(n + 8)

]
�σ 2, (11)
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TABLE III. Comparison of critical exponents of NdSrCoFeO6

with other DP compounds and theoretical models.

Composition Reference TC (K) β γ δ

NdSrCoFeO6 This paper 149 1.381 0.632 1.421
Nd2CoMnO6 [118] 156 0.545 1.131 3.075
Gd2CoMnO6 [15] 123 1.18 0.65 1.55
Nd2CrMnO6 [107] 80 0.607 0.706 2.01
Eu2NiMnO6 [116] 147 0.443 1.014 3.289
Sr2FeMoO6 [119] 409 0.388 1.30 4.35
La2CoMnO6 [120] 224 0.59 1.12
Mean field [24] 0.5 1.0 3.0
Tricritical mean field [24] 0.25 1.0 5.0
3D Ising [24] 0.325 1.24 4.82
3D Heisenberg [24] 0.365 1.386 4.8
3D XY [24] 0.345 1.316 4.81

where n is the spin dimensionality by n = 1 + (β-1/β + γ ),
�σ = σ -d/2, and G(d/2) = 3- 1

4 (d/2)2. For a 3D material
(d = 3), we have J (r) ≈ r−(3+σ ), with 3

2 � σ � 2. When σ =
2, the 3D Heisenberg model (β = 0.365, γ = 1.386, and δ =
4.8) is valid for the 3D isotropic magnet, where J (r) decreases
faster than r−5. Whereas σ = 3

2 , conditions for the mean-
field model (β = 0.5, γ = 1.0, and δ = 3.0) are satisfied,
expecting that J (r) decreases more slowly with r−4.5 [113].
Herein, using the values of β and γ as calculated from the
magnetization scaling analysis, we deduced self-consistent
critical exponents by obtaining n = 1.192, in excellent agree-
ment with the previously mentioned experimental value [inset
of Fig. 8(b)]. As a result, σ = 1.73 is obtained according
to Eq. (11), implying that the magnetic exchange distance
decreases with J (r) ≈ r−4.7 in the NdSrCoFeO6 sample. This
value is consistent with those obtained for several FM materi-
als [24,107,112,122]. Then we can note that J (r) falls between
the 3D Heisenberg model and the mean-field model. However,
it is closer to the mean-field model, suggesting that the main
spin interactions are long-range magnetic interactions. Thus,
the existence of competition between long- and short-range
magnetic interaction should be responsible for this critical
behavior in NdSrCoFeO6 sample.

F. DFT studies

To further investigate the structural and electronic charac-
teristics of the NdSrCoFeO6, we performed DFT calculations
[33,34]. The calculations were realized with five different
conventional cells containing 20 atoms. The systems were
systematically built based on the structural lattice parameters
experimentally obtained in this paper through Rietveld refine-
ment (shown in Table I). The double occupancy character
of the sites is treated by keeping the concentration of Nd/Sr
and Co/Fe fixed. Firstly, we tested the stability of the sys-
tems concerning the disorder positions of the Nd and Sr ions.
Then cells are simulated interchanging positions of Co and Fe
to simulate different chemical environments. Spin-polarized
ground states were obtained by computing different magnetic
configurations. The most energetically stable structures found
are illustrated in Fig. 11 alongside their respective electronic

bands. All Co and Fe ions are crystallographically equal for
the columnar structure [Fig. 11(c)]. However, the rock-salt
type structure [Fig. 11(d)] has two nonequivalent Co and
two nonequivalent Fe. All Nd and Sr ions possess the same
equivalence for the two cells (more details regarding each
simulated system can be found in the Supplemental Material
[123]).

Figures 11(a) and 11(b) show the results for the total and
partial density of spin-polarized states (TDOS and PDOS, re-
spectively) based on carefully optimized NdSrCoFeO6 crystal
structures. We started the calculations by relaxing the struc-
tural parameters. The corresponding optimized a = 5.283 Å,
b = 7.636 Å, and c = 5.403 Å lattice parameters are equal
for both columnar and rock-salt cells. Compared with the
experimental results (see Table I), optimized cells show a
decrease along the x axis, evidenced by the lower value of
the a parameter (−3%), while b and c parameters practically
did not change. Firstly, we tested the Nd (↑↑), Co (↑↑), and
Fe (↑↑) spin setup in which the calculated values of magnetic
moments (μB/cell) converged to values of 18 μB, which is
much higher than the experimental predictions. However, a
simulated magnetic ground state was achieved by using the
configuration Nd (↑↓), Co (↑↑), and Fe (↑↑), which agrees
well with the experimental finds. Therefore, we explored the
former system of magnetic moments (μB/site) for analysis
purposes, whereas the local moments computed at the Co and
Fe sites for the columnar structure are 1.67 and 3.77 μB, re-
spectively. Average magnetic moments of 1.43 μB on Co and
3.87 μB on Fe sites were obtained when the rock-salt struc-
ture was considered. The reason for the magnetic moment
changes comes from an interesting effect: As the number of
inequivalent magnetic ions (Co/Fe) increases within the unit
cell, the magnetic moment of Co shows a natural tendency to
decrease, causing short-range interactions. This is most likely
favored by increasing the degree of hybridization between 3d
and 2p states of the neighboring oxygens. At the same time,
an opposite behavior can be expected for Fe because increases
in its magnetic moment imply a longer-range interaction with
its neighbors. Thus, the hybridization between their 3d and O
2p states will decrease. Another way to verify this behavior is
by analyzing the variation of the average bond length for the
two structures: 1.90 Å for 〈Co-O〉 and 1.93 Å for 〈Fe-O〉 in
the columnar structure, and 1.88 Å for 〈Co-O〉 and 1.95 Å for
〈Fe-O〉 in the rock-salt structure. Therefore, it indicates a com-
petition between short- and long-range magnetic interactions,
which is responsible for the magnetic behavior in our system.
Although DFT does not describe well the properties arising
from the localized character of the Nd 4 f states, this result
agrees with the earlier analysis of the magnetic exchange
distance J (r) that was calculated using values of critical ex-
ponents obtained experimentally. Additionally, the projected
magnetic moment for both structures is 2.95 μB for the Nd
ions, indicating that this computed result is not far from that
summarized in Table II.

Figure 11(a) shows the calculated density of electronic
states (DOS) of the NdSrCoFeO6 in the columnar cell. Herein,
we analyze the orbital character of the energy bands and
corresponding contributions of each Nd, Co, Fe, and O. The
Sr-state contributions are not shown because they appear
in higher-energy regions. As can be observed, a portion of
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FIG. 11. (a) Total (TDOS) and (b) partial (PDOS) density of spin-polarized states of NdSrCoFeO6 double perovskite alongside its
corresponding (c) columnar and (d) rock-salt structures, as calculated by PBE + U method. The vertical dashed line indicates the Fermi
energy level (EF).

valence spin-up states crosses the Fermi energy, character-
izing a metallic state. In contrast, the half-metallic nature of
NdSrCoFeO6 was indicated by the gap of ∼0.97 eV shown
in the spin-down electronic bands, which is in agreement
with values previously reported for other materials [124,125].
The PDOS at the valence band top is dominated by O 2p
states hybridized with Co 3d orbitals and a narrow Nd 4 f
band in the spin-down channel. Moreover, an exchange split-
ting of the Co 3d electrons can be seen between −1.0 and
−2.0 eV. The occupied Fe 3d states compose the spin-up
valence band in lower-energy regions (∼−6.0 and −7.5 eV).
The hybridization interaction of the oxygen 2p states is greater
with Co 3d than with Fe 3d orbitals. This occurs because
the higher magnetic moment on Fe sites favors exchange
interactions that decrease the covalence of its chemical bonds
with their neighboring ligands. The bottom composition of
the conduction band is an admixture of Co and O states with
a small, highlighted spin-down band of Fe ions. Empty Nd
4 f states appear as a spin-down band nearing 2.0 eV and
two more pronounced spin-up bands ∼4.5 eV. Further, un-
occupied Nd 5d bands are located at higher-energy regions,
between 6.0 and 9.0 eV, relative to the Fermi level. Similarly,
we examine the spin-polarized DOS for the rock-salt system
shown in Fig. 11(b). As can be seen, there is no significant
change relative to the columnar cell. The electronic bands

maintain practically the same shape, orbital character, and en-
ergy positions. In this new scenario, however, the Fermi level
separates the valence band maximum and conduction band
minimum in a well-defined manner by the energy bandgap of
∼0.60 eV. This is consistent with the experimental result
shown in Fig. 7 for the resistivity behavior as a function
of temperature. Furthermore, it also corroborates with the
theoretical experimental results that de Oliveira et al. [13]
report for Nd2CoFeO6, in which the authors conclude that
the bandgap tends to increase as the magnetic moment at
the Co site decreases. On the contrary, increasing the mag-
netic moment on Co implies increasing the metallic nature
of the system. Herein, our calculations showed an interesting
relationship between the number of disordered Fe/Co ions,
their local magnetic moments, and the electronic nature of
the sample, where increasing disorder leads to a decrease
in the magnetic moment of Co, while the moment of Fe is
increased, and there is a metal-semiconductor transition for
the NdSrCoFeO6.

Next, we further investigate the spin-state degree of the Fe
and Co ions to better understand the microscopic inducing
mechanism of AFM and FM in the NdSrCoFeO6 system. To
this end, we computed the magnetic t2g (dxy, dyz, dzx) and
eg (dz2 , dx2−y2 ) splitting of the 3d orbitals for the rock-salt
structure.
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FIG. 12. Partial density of states (PDOS) up and down of (a) Co1
t2g and Co1 eg, (b) Co2 t2g and Co2 eg, (c) Fe1 t2g and Fe1 eg, and
(d) Fe2 t2g and Fe2 eg. The vertical dashed line indicates the Fermi
energy level (EF).

Notably, we can see from the results shown in Fig. 12
that the electron occupancy of the Fe 3d spin-up and spin-
down valence bands are four and one electrons, resulting
in 3d5 (Fe3+) with a t3

2ge2
g HS state, respectively. For the

Co 3d subshell, the orbital occupancy of four electrons in
spin-up and two electrons in spin-down bands gives rise to
the 3d6 (Co3+) electronic configuration, suggesting the 3d6

orbital split in the t5
2ge1

g intermediate-spin state or t4
2ge2

g HS
state (in agreement with our experimental predictions). We
also analyzed the electron bands occupation of Co and Fe
3d orbitals in the columnar cell (see the Supplemental Mate-
rial [123]), whereas significant similarities between the DOS
shown in Figs. 11(a) and 11(b) are observed. The results for
3d6 (Co3+) and 3d5 (Fe3+) indicate that the effect of crystal
field splitting on Co and Fe 3d orbitals produces equal spin
states, as in the rock-salt structure. Additionally, our calcu-
lated DOS and PDOS showed a transition from semimetal
(columnar structure) to semiconductor (rock-salt structure)
nature. This electronic and observed magnetic behavior of the
NdSrCoFeO6 sample is a direct consequence of how the Co
t2g and eg levels are occupied and how these states hybridize
to the 2p states of its ligands. For the columnar structure,
the octahedral intermediate-spin state of Co3+ consists of two

unpaired electrons, one in eg and the other within the t2g

orbital. The Co3+ e1
g electrons appear in the DOS as a band

hybridized with the O 2p states that cross the Fermi level in
the spin-up channel (see Figs. 11(a) and S2 in the Supplemen-
tal Material [123]) and characterize the NdSrCoFeO6 with a
semimetallic nature. When the rock-salt system is considered,
the number of unpaired electrons in Co3+ 3d states increases
to four, whereas two are in t2g and the other two populate the
eg level, rising to the HS configuration. The higher number
of unpaired electrons favors the hybridization significantly
with the p states of neighboring oxygens [see Figs. 11(b) and
12]. Consequently, bonding and antibonding interactions are
formed around the Fermi energy and give rise to the bandgap
of NdSrCoFeO6. Thus, changes in the electronic nature and
magnetism of NdSrCoFeO6 are a consequence of the spin-
state transition from intermediate-spin Co3+ (t5

2ge1
g) to HS

Co3+ (t4
2ge2

g) state.
Moreover, it is worth highlighting that the higher num-

ber of Fe ions in the rock-salt structure plays a key role in
this process because it increases double exchange interactions
with Co ions and decreases crystal field splitting between t2g

and eg levels, favoring the transition from intermediate-spin
to HS state. This explains the observed decrease in the local
magnetic moment of Co and the increase of the local moment
of the Fe ions for this structure. Accordingly, we inferred that
the existence or predominance of each state (intermediate-
spin or HS) depends on the Hund coupling energy, whereas
the eg state population increases by electron transfer whether
the Hund coupling energy is close to the energy difference
between the t2g and eg levels. This intermediate-spin state to
HS state transition is favored by the combined effects of Co
ion double exchange interaction increases and decreases in
the crystal field splitting between t2g and eg levels due to the
higher number of Fe ions in the rock-salt structure. Thereby,
it is worth noting that the filling-induced spin-state transi-
tion from the HS state to the intermediate-spin state is also
supported by the thermally driven metal-insulator transition
for the NdSrCoFeO6 sample, as shown in the temperature-
dependent resistivity ρ(T ) curve (see Fig. 7).

As is well known, the magnetic outcome of linking two
TM magnetic cations aleatorily distributed in the B sites of
DP has been extensively discussed via electron localized mod-
els based on the Goodenough-Kanamori (G-K) rules, which
assume that the dominant interactions are the crystal field
splitting and in-plane superexchange interactions. Therefore,
the G-K rules indicate that antiparallel spin coupling between
the two nearest TM ions will have a strong tendency to align
linearly, depending on the degree of octahedral tilt and dis-
tortion in this geometry. This superexchange 180◦ M-O-M′
(M,M′ = TMs) produces the major AFM spin interactions,
whereas the MO6 octahedra tilt in perovskite oxides reduces
the bond angle so that a superexchange 90◦ M-O-M′ can
generate strong FM couplings, but the tendency is much
weaker than in the preceding case. However, there is still
wide debate about these interactions splitting energy levels
of 3d TMs in DPs. Additionally, the G-K rules are ambigu-
ous for d3-d7 superexchange of magnetic ions distributed
aleatorily in disordered B sites of DPs. Among several barely
DP d3-d7 magnetic ions distributed in disordered B sites,
Co-ion-based systems are fascinating because of Hund’s rule
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coupling (intersite interaction energy) as well as crystal-field
interaction splitting Co 3d energy levels into narrow t2g and
eg multiplets and also splitting the spin-up and spin-down
states. On the other hand, our experimental results suggested
that B and B′ sites of the Nd2CoFeO6 lattice are aleatorily
occupied by Co2+/3+ and Fe3+/4+ ions, whereas an alternating
distribution of Co3+O6 and Fe3+O6 octahedra throughout the
lattice is predominant to keep the structure centrosymmetric.
Since DPs containing magnetic ions at B sites are well known
to be more sensitive to external environments, the ions in-
terchanging positions, which is defined as ASD, play a key
role in interrupting the long-range ordering of Co/Fe at B/B′
sites, while different microscopic electronic configurations
between Co2+ with d7 (S = 3

2 , t6
2ge1

g or t5
2ge2

g) and Fe3+ with

d3 (S = 5
2 , t4

2ge1
g) in the B/B′ sites contribute to reaching the

electroneutrality of the NdSrCoFeO6 structure by creating
oxygen vacancies located at the AOδ layers. Here, it is worth
recalling that the sign of the transfer integral for 180◦ Co/Fe-
O-Co/Fe superexchange interactions between octahedral-site
cations is predicted to become AFM. Nevertheless, the some-
what high magnetic moment of ∼2.2 μB, at measured 10
kOe at low temperature (2 K) experimentally found in the
NdSrCoFeO6 sample can only be explained in terms of (i)
magnetization decreasing induced by stronger octahedral tilt-
ing in the AOδ layers due to the accommodation of Sr2+ ions
at A sites of the NdSrCoFeO6 structure, (ii) spins canting
effects in a low field, or (iii) ion pairs ferromagnetically cou-
pled in the lattice induced by the ASD. Here, (i)–(iii) have
failed as a picture to explain a magnetic moment as high as
2.2 μB measured in Sr/Co-based perovskites [126,127]. From
this viewpoint, we argue that a hybridization-driven multi-
sublattice double exchange and superexchange mechanism
based on a localized electron picture cannot appropriately de-
scribe the microscopic origin of the inhomogeneous magnetic
behavior of NdSrCoFeO6 containing Co2+/3+ and Fe3+/4+
ions aleatorily occupying BB′ sites. Indeed, it seems evident
that the somewhat high magnetic moment of 2.2 μB for our
NdSrCoFeO6 sample can be better explained by the itinerant-
electron model proposed by Raccah and Goodenough [128].
In fact, our DFT calculations indicate that the presence of
Fe favors oxygen-mediated double exchange interactions with
Co ions, which leads to a decrease in the local magnetic
moment of Co and, consequently, an increase in the local
magnetic moment of Fe ions. Thus, it suggests that an itinerant
state, which comes from the imbalance between the number of
spin-up and spin-down conduction electrons in Co-Fe 3d ions,
plays a significant role in the magnetism of NdSrCoFeO6,
even though there are contributions of the 4 f -Nd electrons.
This dual electron itinerary and the localization characters
have also been observed in SrCoO3 and La0.2 Sr0.8 CoO3-δ

[127,129].
Lastly, it is widely known that chemical substitutions

fine-tune FM double-exchange interactions mediated by
chemically doped electron competition with the AFM su-
perexchange interaction in perovskite-type materials. This
means that a metal-insulator transition and a FM order
develop according to carrier concentration-controlled com-

petition. For our NdSrCoFeO6 sample, the Fe3+/Fe4+ and
Co2+/Co3+ ratio of ∼0.8–1.0 indicates that the magnitude
and sign of the coupling are insensitive to the distance
between magnetic ion pairs, and there obviously exists com-
petition between localized and itinerant magnetism, as it has
been previously reported for a perovskite compound [130].
Additionally, a spontaneous FM ordering smeared larger
throughout ∼68 K up to the second transition temperature
TC2 = 149 K (see Fig. 3) is observed, which is characteristic
of itinerant-electron magnetism rather than of spin-spin inter-
actions between localized-electron spins.

IV. CONCLUSIONS

We report a systematic study of the structural, mag-
netic, magnetocaloric properties, and critical behavior of the
NdSrCoFeO6 DP. Structural analysis showed that this sample
crystallizes into a disordered orthorhombic (Pnma) structure
at room temperature. The magnetization study showed the
presence of multiple magnetic transitions at 20, 68, and 149 K,
which are related to AFM canting order of the Co3+/Fe3+ sub-
lattice combined with PM behavior due to the Nd3+ ions; SG
behavior due to ASD, which is associated with the presence
of Fe4+ (LS), Fe3+/Co2+ (HS), and Co3+ (HS/intermediate-
spin); as well as a second-order magnetic transition from FM
to PM state. The apparent GP behavior with TGP = 245 K
was confirmed by power law with exponent λ = 0.74. The
MCE analysis reveals −�Smax

M and RCP of 1.84 J kg−1 K−1

and 43.8 J kg−1 at 40 kOe, respectively. The critical expo-
nents were found to be β = 1.384, γ = 0.621, and δ = 1.421,
which are distant of any conventional universality class. DFT
calculations reveal an interesting coupling between electronic
and magnetic properties of the NdSrCoFeO6 system. The ob-
served changes in the magnetic moments of Co and Fe metal
ions give rise to short- and long-range magnetic competitions
of the material. The magnetic exchange distance J (r) decreas-
ing with r−4.7, which in turn causes the negatively charged
ligands to interact more strongly with the Co 3d orbitals and
more weakly with the Fe 3d ones, should be responsible
for the critical behavior. Analysis of the electronic bands
showed that NdSrCoFeO6 transitions from semimetallic to
semiconducting, as illustrated by the bandgap of 0.6 eV. This
transition, governed by complex hybridization between Co 3d
and oxygen 2p states, is directly affected by the magnetic
moment on the Co site.
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