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Anomalous magnetism in the 3d-4f double perovskite oxide Nd,FeCrO; with the Kramers ion Nd**
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The complex magnetic behavior of double-perovskite oxides (A;BB’Og) with rare-earth (RE) element A
and transition metal (TM) elements B-B’ is determined by the interactions between intra- and interatomic
magnetic moments. The peculiar magnetism in these systems stems from the interplay between spin, orbit, and
lattice degrees of freedom. This study comprehensively investigates the role of spin-orbit entangled Jei = 1/2
moments of the Kramers ion Nd** on the magnetic ground state of a B-site ordered ferrimagnetic (FiM)
double-perovskite oxide, Nd,FeCrOg. Furthermore, employing microscopic techniques like #SR (muon spin
rotation and relaxation) and neutron diffraction, we gained insight into the origin of low-temperature anomalies
in the magnetic ground state of the system. The DC magnetization data encompass the first transition at critical
temperature Ty = 250 K, followed by a negative magnetization below 15 K. The temperature-dependent neutron
diffraction shows a commensurate magnetic ordering below 250 K, forming a ferrimagnetic ground state,
supported by theoretical calculations. In addition, a sharp drop in initial muon asymmetry confirms the transition
from a disordered state to a long-range-ordered state at 250 K. Interestingly, the thermal evolution of the dynamic
muon spin-relaxation rate (1, ) reveals a transition at two temperatures, at 250 K and ~ 11 K, suggesting a low-T'
ordering at the A site. The heat-capacity data show that Nd** hosts the ground-state doublet (pseudospin-1/2) at
low temperatures. Our analysis of neutron diffraction, heat capacity, and SR results suggests that the correlation
between the Nd** doublet and the complex interaction between Nd-TM moments gives rise to the observed
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low-temperature anomaly.
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I. INTRODUCTION

The interplay of charge, spin, and orbital degrees of
freedom in transition metal (TM) compounds gives rise to
many exotic phenomena such as spin-orbit driven magnetic
states [1], spin-liquid like states induced by mixing d'°—d°
cations [2], etc. These systems stand out as a test ground
for understanding fundamental physics and for realizing next-
generation devices, for example, spintronics devices [3,4]. In
this context, TM-based double-perovskite oxides (DP) with
composition A;BB’Og, where A is a rare-earth (RE) element
and B and B’ are TM elements, have been extensively studied
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due to their multifunctional properties. Of particular signifi-
cance, these compounds have been found or predicted to host
an array of exotic states of matter, including superconductivity
[5], half-metallicity [6], magnetoresistance [7], spin liquid [8]
and spin-glass [9] behavior. Notably, their behavior can be
manipulated by various stimuli such as strain, electric fields,
and magnetic fields and intrinsic factors such as spin-orbit
coupling, crystal fields, the Jahn-Teller effect, spin correla-
tions, and frustration [10—14]. The intricate interplay of these
factors allows tuning of both electrical and magnetic proper-
ties within the system.

In rare-earth elements, 4f electrons are more localized
and have stronger spin-orbit coupling (SOC) than 4d or 5d
elements. Under the effect of the crystal electric field (CEF),
the (2J + 1)-fold spin degeneracy of spin-orbit coupled total
angular momentum J is lifted and the energy levels of RE
ions like Nd**, Sm>*, etc. are split into doubly degenerate
states, also known as a Kramers doublet. The ground-state
doublet can be treated as pseudospin-1/2 [15]. In this context,
DPs with rare-earth metals [16] deserve special attention, as
the interaction between pseudospin-1/2 local moments can

Published by the American Physical Society
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influence the low-temperature properties and induce various
exotic states in the system [17]. Moreover, intriguing physics
may arise when strongly correlated 3d ions with no orbital
moment coexist with 4f ions having strong SOC. Although
several Kramers’ ion-based DP have been synthesized and
studied for their multifunctional properties [18], systems with
neodymium (Nd) at the A site deserve special attention due
to anomalous magnetic behavior such as negative magneti-
zation, coupled spin ordering between Nd and TM atoms,
and multiple magnetic ordering observed in various Nd-based
DP systems (in combination with magnetic and nonmagnetic
atoms at the B and/or B’ site) [19,20]. However, opinions on
the fundamental origin of the second transition or downturn
observed in these systems are not unanimous. For example, in
Nd,;NiMnQOg, some reports suggest that the second transition
related to the ferromagnetic ordering of the Nd moments is
responsible for the downturn in magnetization [21]; on the
other hand, Pal ef al. explained this as the induced ordering
of Nd moments in the internal field of Ni-Mn sublattice [22].
In some other systems like Nd,NilrOg [23], a second AFM
ordering is reported. Since the magnetic behavior of rare-earth
ions is very sensitive to the other magnetic ions present in the
system, the nature of such anomalies is worth investigating
from a fundamental physics perspective. This motivated us
to investigate another Nd-based double-perovskite oxide that
contains TM atoms at the B and B’ sites.

Here, we report a comprehensive study of Nd,FeCrOg
(NFCO). As a member of the RE;FeCrOg [24] family, NFCO
is anticipated to exhibit unique ferrimagnetic semiconductor
properties, including a net magnetic moment of approximately
~ 2 up and an electronic band gap of &~ 1.8 eV. These charac-
teristics make NFCO a promising candidate for applications in
spintronics, magnetic sensors, and energy-efficient electronic
devices. By employing a comprehensive suite of advanced
macroscopic and microscopic experimental techniques, this
study aims to unravel the fundamental physical properties
of NFCO, thereby contributing to a broader understanding
of double-perovskite oxides and paving the way for future
innovations in material science and technology.

II. EXPERIMENTAL AND THEORETICAL DETAILS

A single-phase high-quality polycrystalline sample of
Nd,FeCrOg¢ (NFCO) was prepared using the solid-state reac-
tion method by mixing the stoichiometric amount of Nd,Os3,
Cr,03, and Fe, 03 powder. The mixture was calcined in the air
between 1100 and 1300 °C with several intermediate grind-
ings. Structural characterization was performed using x-ray
diffraction [PANalytical x-ray diffractometer with Cu K, (A =
1.54 A) radiation (45k V, 40 mA)] and neutron diffraction by
employing PD 3 neutron powder diffractometer, installed by
UGC-DAE CSR Mumbai Centre at Dhruva Reactor, Trom-
bay, India. Magnetic measurements were carried out using
the Physical Property Measurement System (PPMS DynaCool
from Quantum Design, Inc.) in the temperature range of 5
to 390 K. The zero-field heat capacity was measured by the
relaxation method in the temperature range of 5 to 300 K
using the heat capacity option in the PPMS. The elemental
composition and chemical states of the elements were inves-
tigated using the x-ray photoelectron spectrometer (SPECS,
Germany, equipped with an Al K x-ray source (1486.61 eV)

with a voltage of 13 kV and a power of 100 W) at the
UGC-DAE Consortium for Scientific Research (CSR), Indore
Centre, India. The optical band gap of the synthesized material
was estimated from the ultraviolet-visible spectra using the
Shimadzu UV-3101PC UV-visible spectrometer.

Powder neutron-diffraction measurements were performed
to explore the evolution of the magnetic structure as a function
of temperature (measured at powder diffractometer PD3 at
the Dhruva reactor, Trombay, India) using a neutron beam
of constant wavelength (A = 1.48 A). Approximately 4 g of
sample was filled in a vanadium can, cooled in a closed
refrigerator-based cryogen-free low-temperature system (M/s
Cryogenic Ltd, UK). The diffraction experiments were carried
out in a warming cycle, and the temperature was stabilized
before data collection. The uSR experiments were carried
out using the General Purpose Surface muon instrument (GPS
spectrometer) at the Paul Scherrer Institute (PSI), Switzerland.
The zero-field (ZF) and weak transverse field (wWTF) measure-
ments were performed in the temperature range of 5 to 480 K.
A transverse field of 30 Oe was applied perpendicular to the
initial polarization of the muon spin for the weak transverse
field (WTF) measurements. X-ray and neutron-diffraction data
were analyzed using the Rietveld refinement method using the
FULLPROF package [25,26]. uSR data analysis was performed
using MUSRFIT software [27].

Density functional theory (DFT) calculations were per-
formed using the projector-augmented wave (PAW) method
[28,29], implemented within the Vienna ab initio simulation
package (VASP) [30]. The Perdew-Burke-Ernzerhof functional
[31] was used within the generalized gradient approximation
(GGA) of the exchange correlation functional. We started with
the experimental lattice parameters of the monoclinic crystal
structure with space group P2;/n (No. 14) which are |a| =
5.438 A, |b| =5.534 A, and |¢| = 7.729 A. In our calcula-
tion, the plane-wave cutoff energy of 800 eV and 5 x 5 x 3
Monkhorst-Pack scheme for k-mesh sampling of the Brillouin
zone are considered. To account for the electronic correla-
tion at the Fe and Cr sites, we employ the Dudarev scheme
[32] of the DFT + U approach in our calculations with on-
site Coulomb interactions Ug, = 3.75 eV and U, = 2.75 eV.
The values of U are chosen to reproduce the experimentally
observed band gap of 1.8 eV. We optimized the lattice parame-
ters for the experimentally proposed magnetic ground state by
imposing energy and force convergence criteria to be 107> eV
and 1072 eV /A, respectively. The results are converged with
respect to these parameters. Changes in the lattice constants
are found to be <1.8%, with the maximum change occurring
for b. Since the experimental and optimized lattice constants
are quite close, we used the former for further calculations.

To estimate the first-neighbor Fe-Cr magnetic interaction
Jre.cr, Which we later showed to be sufficient to describe
the magnetic ordering in Nd,FeCrOg, the total energy of the
experimentally observed magnetic ground state (Eexy) and
ferromagnetic state (Efero) are calculated. The results were
projected onto a Heisenberg model as

6 x JFe—Cr

Eexpt =Ey + SFeSCn

6 x ]Fe—Cr

Eferro = EO - SFeSCr~
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FIG. 1. (a) Rietveld refined room-temperature x-ray powder
diffraction pattern of NFCO with P2, /n space group and (b) Rietveld
refined (nuclear phase) neutron-diffraction pattern of NFCO at 290 K
with P2,/n space group. Here, red open circles denote observed
intensity oy, blue solid line represents calculated intensity I ,;, black
vertical sticks are the allowed Bragg reflections, and the bottom
green line is the difference between observed and calculated inten-
sity Iops — Lear- (¢) Crystal structure of Nd,FeCrOg having chromium
(cyan) and iron (pink sphere) atoms surrounded by oxygen (green
sphere) atoms forming an octahedral environment. (d) Chromium
and iron sublattices in the unit cell, the dashed yellow line represents
the distance between the atoms in the unit cell. (¢) Representative
illustration of the position(s) of neodymium atoms in the unit cell.

Above, E, represent the nonmagnetic contributions to the
total energy, and Sg. and Sc, are the spins on the Fe and Cr
sites, respectively, and J > 0 for the ferromagnetic case. The
use of the Heisenberg model above is justified as the largest
change in the magnetic moments that occur for Cr is ~ 8%
in the two magnetic configurations. We then absorb Sg. and
Scr into J and treat these as vectors of unit magnitude, i.e.,
|Sre| = |Scr| = 1. Using the above two equations, we obtain
Jee-cr, Which is used further in the Monte Carlo (MC) sim-
ulation to determine 7y. In our in-house Monte Carlo (MC)
code, unit vectors on a simple cubic lattice of 16 x 16 x 16
are considered, and starting from a random spin configuration,
the system is brought into thermal equilibrium within 2 x 10°
MC steps at each temperature. After thermal equilibrium was
achieved, we calculated the magnetization of each sublattice,
which was further used to determine 7y. Our results have
well-converged with respect to the lattice size and number of
MC steps.

III. RESULTS

A. Structure and electronic properties

X-ray diffraction (XRD) and neutron-diffraction measure-
ments were employed to investigate the structural properties
of Nd,FeCrOg. The Rietveld refined room-temperature x-ray
diffraction pattern is illustrated in Fig. 1(a). The absence

of extra unfitted reflections indicates the single-phase pu-
rity of the sample. To determine the crystal structure, the
XRD pattern profile was refined using monoclinic P2, /n (14)
and orthorhombic Pbnm (62) space groups. The similarity
between the monoclinic and orthorhombic space groups
makes it difficult to distinguish between them using XRD,
subject to incomplete ordering and g being very close to 90°
[33]. Therefore, neutron-diffraction measurements were also
carried out as a complementary tool to overcome this difficulty
using a neutron beam of wavelength A = 1.48 A. Figure 1(b)
displays the Rietveld refined neutron diffraction pattern mea-
sured at a temperature of 290 K. The appearance of the {011}
peak at 26 = 18.76°, which is forbidden in the Pbnm space
group (shown in Fig. S1 in the Supplemental Material [34] for
additional information regarding the claims made in the main
paper), along with the {101} peak at 260 = 18.98° confirms
the monoclinic structure of NFCO. The monoclinic angle g
was found to be approximately ~90.02° and the maximum
bond angle between Fe-O-Cr &~ 153.68°. Figures 1(c)-1(e)
represents the crystal structure and the position of atoms in the
unit cell of the compound. The refinement parameter details
(Table TI) and the thermal variation of the lattice parameters
(Fig. S4) can be found in the Supplemental Material. While
cell parameters a and ¢ decrease with decreasing temperature,
parameter b remains almost constant up to a temperature of
45 K; below this, it decreases slightly. X-ray photoelectron
spectroscopy (XPS) measurements were performed at room
temperature to probe the valency and ligand coordination of
the participating elements of the compound. The results of the
XPS analysis confirm the nominal valency, with 34 charge
state for Nd, Fe, and Cr, and 2~ for O. The details of the
analysis are provided in the Supplemental Material [34].

B. Magnetic properties

To explore the magnetic ground-state of the system, we
performed DC magnetization measurements as a function of
temperature and applied magnetic field. Figure 2(a) shows the
temperature dependence of the DC magnetization of NFCO
in the temperature range of 5 to 390 K in the presence of an
externally applied field of 100 Oe. For better understanding
of the magnetic behavior of the system, magnetization (M)
was measured under different conditions: (a) pre-ZFC (data
collected while cooling the sample in the absence of an ex-
ternal field), (b) zero-field-cooled (ZFC), and (c) field-cooled
conditions (both during the cooling (FCc) and in the subse-
quent warming process (FCw). Around 250 K temperature,
a bifurcation is observed between the ZFC and FC magneti-
zation curves, indicating the onset of a long-range magnetic
order. Anticipating the results of the neutron-diffraction study
(presented later), this feature corresponds to the Néel tem-
perature of the ferrimagnetic ordering of Fe and Cr ions.
Furthermore, reducing the temperature, in all curves, the
value of M increases gradually, achieving a broad maximum
at T ~ 50 K. Below this temperature, the pre-ZFC and FC
curves exhibit a compensation point, a characteristic feature of
ferrimagnetic structures. This indicates the presence of a low-
temperature magnetization component that aligns antiparallel
to the primary magnetic lattice. Additionally, the magnetiza-
tion does not fall to zero at high temperatures. A small but
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FIG. 2. (a) Temperature dependence of dc magnetization of NFCO measured under different conditions at an applied dc magnetic
field of 100 Oe: prezero-field cooled (pre-ZFC) indicated by red, zero-field cooled (ZFC) indicated by black, field-cooled cooling (FCc)
indicated by yellow and field-cooled warming (FCw) represented by blue. Ty represents Ferrimagnetic (FiM) Néel temperature and Teop, is
the compensation temperature. (b) Field dependence of isothermal DC magnetization (M-H) of NFCO under zero-field-cooled conditions,
measured at selected temperatures. The inset shows a magnified view of the M-H curve, near the origin, at 5, 100, and 200 K. (c) Temperature
dependence of average coercive field (HC) and (d) average remanent magnetization.

significant magnetization tail persists well above the ordering
temperature, hinting towards a residual ferromagnetic-like or-
der in the system. Inverse susceptibility data (see Fig. S4)
fitted in the high-temperature range (above 300 K) with
the Curie-Weiss (CW) law yields CW temperature Ocy ~
—24.6 K and effective magnetic moment e = 0.7469 5.
The value of the effective magnetic moment obtained is un-
expectedly low, possibly due to the poor linearity of the curve
at high temperatures. At higher applied fields of 500 Oe <
H < 1000 Oe, very rich magnetic features are observed in
the ZFC data. At 100 Oe, after the first transition takes place
at Ty, the magnetization measured under the ZFC condition
increases continuously up to a temperature ~ 50 K, followed
by a gradual decrease with temperature. Interestingly, the
magnetization takes an upturn below a temperature of 15 K,
as shown in Fig. S5 in the Supplemental Material [34]. This
indicates that the applied field is strong enough to rotate
some anti-aligned moments in the field direction under such
conditions. Here, it should be noted that the position of the
compensation temperature Teomp gets shifted towards a lower
temperature with increasing applied magnetic field. Similar
behavior has also been observed in other DP systems [35,36].

To further understand the magnetic behavior, we performed
isothermal magnetization measurements as a function of the
applied magnetic field at selected temperatures, illustrated
in Fig. 2(b). It exhibits an approximately linear response of
magnetization with the applied magnetic field, similar to a
paramagnet, up to a temperature of 250 K. As the temperature
is further reduced, a deviation from linearity is observed and
the hysteresis loop opens up, which remains unsaturated up
to the highest applied magnetic field (£9 T). Also, a succes-
sive decrease in temperature exhibits an enhancement in the
nonsaturation of the magnetization value. A closer look at the
M-H loop shows that the remanent magnetization and coer-
civity increase with decreasing temperature down to 100 K.
Surprisingly, a further decrease in temperature diminishes the
hysteresis behavior, as shown in the inset of Fig. 2(b). In
addition, reducing the temperature from 25 to 5 K shows a sig-
nificant enhancement of the magnetization, which is reached

at an applied field of 9 T. The thermal evolution of parameters
extracted from the M-H curve, such as coercive field H,. and
remanent magnetization M,, presented in Figs. 2(c) and 2(d),
also shows enhancement below 15 K.

C. Heat Capacity

To gain further insight into the ground-state behavior and
magnetic ordering in detail, we measured the temperature de-
pendence of the zero-field heat capacity C,(T") of Nd,FeCrOg
in a temperature range between 5 and 300 K. As depicted
in Fig. S6, no lambda-like (1-like) peak was detected at the
transition temperature, which is expected for a long-range
ordered system.

In addition to this, a broad peak appears between 270 and
300 K due to the uncompensated contribution of the grease
used to make thermal contact [37]. The overall nature of the
heat-capacity curve follows the Dulong-Petit law, and the heat
capacity reaches the classical value of 3R per atomic site in the
formula unit. To obtain detailed features of the curve at low
temperatures, data were collected with a 1 K step between 5
and 75 K. As shown in Fig. 3(a), a hump-like feature below
15 K with a maximum at around a temperature of 8 K was
observed. Furthermore, to estimate the contributions from
the lattice phonon and magnetic components, we divided the
C,(T') data into two regions: (a) temperature above 20 K and
(b) between 5 and 20 K. The first region above 20 K is domi-
nated by the lattice phonon contribution, which was modeled
by equation (1) and contains one term of the Debye function
and two terms of the Einstein function as given below:

T\ x*e*
Ca(T) =Cp| 9R — ) ———d
(1) =Cp /(; (9D> 1) X
Ol T

2 OE 2
+ ZCEf [3R<71) (ePlT — 1)2:|’ M

i=1

where 6 is the Debye temperature and x = kﬁ—“; The red line

in Fig. 3(a) indicates the fit obtained with coefficients Cp,
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FIG. 3. (a) Temperature dependence of zero-field heat capacity
C, measured in the temperature range of 5 to 75 K. Black circles
indicate total heat capacity measured, the solid red line represents
the fit made with lattice contribution to the heat capacity, using
combined Debye and Einstein model. (b) Temperature dependence
of the magnetic contribution to the heat capacity. The red solid line
represents the corresponding fit made using a two-level Schottky
model. (c) Temperature dependence of change in magnetic entropy
(AS,,) and (d) (C,/T) as a function of temperature.

Cg,, and Cg, fixed in the ratio of 3 : 3 : 4. The values of the
obtained parameters p, 6g,, and 6, are approximately 176,
336, and 449 K, respectively. Below 20 K, the fit deviates
from the experimental data. The magnetic contribution to
the heat capacity C,,(T), depicted in Fig. 3(b), was obtained
after subtracting the calculated lattice part (Cuyice) from Cp,.
The presence of a magnetic contribution to the heat capacity
indicates some spin correlations in this range. The magnetic
entropy provides insight into the ground-state properties. To
quantify the change in magnetic entropy (AS,,), the integral
of C,(T)/T over T was calculated. As shown in Fig. 3(c),
the value of AS,, was found to be saturated at about 5.7
J/(mol K). In Kramers’ ion with an odd number of 4f elec-
trons such as Nd** (4f3), splitting the spin-orbit-coupled
moment J produces doublets, which in the ground states
are considered pseudospin-1/2 moments (Jeir = 1/2) [17,38].
The obtained value of AS,, is equal to the expected value of

T T T T 1
25 30 35 40
26 (degrees)

B011)

~ RIn2 for the Jox = 1/2 state. This indicates the presence
of a Kramer’s doublet ground state of Nd** in Nd,FeCrOs.
Moreover, Fig. 3(d) shows the dependance of (C,/T) as a
function of temperature where an upturn is observed below
14 K. This can be considered to arise from the magnetic
correlation between Jegr = 1/2 moments, which reduces the
entropy associated with the transition. Therefore, these fea-
tures are probably signatures of the ordering of Jegi = 1/2
moments of the Nd** ion.

The broad hump in C,(T) may also be attributed to the
Schottky anomaly observed for the Nd** ion [39] having
origin in the Zeeman splitting of the ground-state doublet. In
the absence of an external field, the internal field of the system
may cause this splitting, thus lifting the ground-state degener-
acy. A fit to the data with a two-level Schottky function, using
Eq. (2), is shown by the solid red line in Fig. 3(b):

2 2 Ag, /KsT
AE[ et
Coeh = ;Ci [R<KBT) (ehulKaT 1)2i|. ()

The obtained value of zero-field splitting was found to be
Ag, /kp = 0.4 K and Ag, /kg = 0.2 K, respectively.

D. Neutron diffraction

To explore the origin of the anomaly observed in DC
magnetization, heat capacity, and to identify the magnetic
structure of the ground state, temperature-dependent powder
neutron-diffraction (PND) measurements were performed be-
tween a temperature range of 3 and 290 K with A = 1.48 A.
Figure 4(a) illustrates the evolution of the diffraction peak
profile as a function of 26 for data collected at different
temperatures. Comparing the thermal dependencies of the
diffraction peak profile reveals a gain in intensity in the {011}
and {013} peaks with decreasing temperature. Additionally,
at 3 K, two more reflections are visible at 26 = 15.5° and
27°. These low-temperature peaks can be associated with rare-
earth ion ordering.

A propagation vector k = (000) was identified using the
K-search option in FULLPFOF. Magnetic symmetry analysis
using the Baslreps program [40] within the FULLPROF package
was used to find the allowed irreducible representation (IR)
and the corresponding magnetic basis vectors (BVs). Consid-
ering the magnetic moment on the Fe, Cr, and Nd atoms, the

4+ Fe
—o—Cr
3k
=
=2
& 2 ;//
1S .
2 | ~—
° (b)
1+
0F
L | | | 1
0 50 100 150 200 250 300

Temperature (K)

FIG. 4. (a) Evolution of NFCO neutron-diffraction pattern as a function of diffraction angle 26 and temperature. (b) Thermal evaluation of
magnetic moments of Fe (yellow curve) and Cr (blue curve) atoms obtained from the magnetic refinement of neutron-diffraction data.
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TABLE I. Basis vectors for the allowed irreducible representations for propagation vector k = (000) for 2b, 2d, and 4e sites.

Wyckoff position Symmetry IR1 IR3
BV1 BV2BV3 BV1BV2BV3
(Fe)2b, Cr(2d) (x,y,2) 100010001 100010001
(=x+1/2,y+1/2, =2+ 1/2) —-10001000 -1 1000-10001
(Nd)4e x,¥,2) 100010001
(=x+1/2,y+1/2,—z+1/2) —-10001000-1
(=x+1,—y+1,—z+1) 100010001

x+1/2, =y +1/2,—z+1/2)

—-10001000-1

representation analysis for the propagation vector k = (000)
gives two identical IR, IR1, and IR3, for magnetic site 2b (0.5
0 0) and 2d (0.500.5), and four IR for Nd at general site
4e (Table I, for the 4e site only IR1 is listed). While IR1
contains FM coupling along the b axis and AFM coupling
along the a and ¢ axes, IR3 is FM in nature along the a and
¢ axes and AFM along the b axis. The basis vectors of IR1
and IR3 for both sites differ in the orientation of moments
only; however, the magnetic peak position suggests that IR1
is a suitable solution. The temperature dependence of the total
magnetic moments on the Fe and Cr sites, determined from
the magnetic refinement of the data, is shown in Fig. 4(b). At
45 K, the estimated magnetic moment values of the Fe and Cr
atoms reach &~ 4.0up and 2.5, respectively, which are close
to the theoretically predicted values [41]. Surprisingly, at base
temperature, the moment on the Fe and Cr atoms decreases
to ~ 1.4up and ~ 1.8up, respectively. In addition, between
3 and 50 K temperatures, canting of Fe and Cr moments was
also observed. Furthermore, two new peaks appeared in low-T
data (<20 K) near 20 = 15.5° {0 1 0}/{1 O O} and near
20 = 27° {0 12}/{1 02}, indicating the ordering of the Nd
moments. The ab-plane pseudosymmetry in the two reflec-
tions indicates that the moments should lie in the ab plane.
The thermal evolution of magnetic peak intensities (presented
in Fig. S7 in the Supplemental Material [34]) shows that
while the intensity of the {0 1 3} peak at 3 K is reduced by
~35% compared with its 20 K counterpart, the intensity of
the {0 1 1} peak remains almost unchanged. Therefore, we
also considered the moment at the Nd site in the refinement
of the 20 and 3 K scattering data. However, we were unable
to extract the Nd contribution properly due to the very low
intensity at these peak positions from the 20 K data.

The Rietveld refined diffraction pattern [42] measured at
a temperature of 20 and 3 K are illustrated in Fig. 5(a) and
5(b). When fitted with BVs of IR1, the calculated intensity of
the 3 K diffraction pattern [Fig. 5(b)] agrees with the experi-
mental data. The values obtained of total magnetic moments
at 3 K temperature are up. = 1.40up (1, = —0.336, up =
—1.318, p. =0.289), per = 1.835up (g = —0.535, up =
1.739, p.=-0.245) and pung =2.13up (g = —1.117,
up = 1.615, u. = 0.820), respectively, where w,, iy, and i,
represent components of the moment along a, b, and c axes,
respectively. At 3 K, the obtained value of the Nd moment is
much less than its free ion value of 3.27up, as expected for
Nd**, but it agrees with the value reported in other Nd-based
DPs [19,43] and Nd, O3 [44] systems.

Overall, the neutron-diffraction results reveal that the main
Fe-Cr network adopts ferrimagnetic order. The magnetic

structure studied at 3 K [shown in Fig. 5(c)] manifests a
ferrimagnetic alignment of the Fe and Cr sublattices, mainly
along the b direction, while the Nd moments form a canted
structure aligned in the ab plane. The refinement of low-T
data using the same propagation vector indicates a change
within the existing magnetic structure caused by the ordering
of Nd moments. There are several reports on Nd-based DP
systems in which similar kinds of magnetic phase evolution
have been found. However, in addition to the existing mag-
netic structure corresponding to K = (000), a second distinct
magnetic structure with a different propagation vector has
been reported at low temperatures (primarily below 15 K)
[23,43].

E. Muon spin spectroscopy

Muon spin spectroscopy [45,46] is a highly sensitive mag-
netic probe to explore the role of internal magnetic field
in magnetic ordering, information on spin dynamics, mag-
netic volume fraction [47], the superconducting vortex state
[48,49], etc. Because of its sensitivity to extremely small
fluctuations in fields, it is an ideal technique for carefully
investigating the temperature dependence of small changes
in magnetism. Hence, to clarify whether the observed low-
temperature anomaly originates from the magnetic ordering
of the Nd ion, we performed weak transverse field (wWTF) and
zero field (ZF) uSR measurements in the broad temperature
range of 5 to 480 K.

1. Weak transverse field (wTF) measurement

In the paramagnetic phase of the sample, the muon spin
precesses under the applied transverse field. However, in the
long-range ordered phase, the internal field developed causes
muons to precess at a frequency corresponding to the internal
magnetic field rather than the weak external magnetic field.
Taking advantage of this, the magnetic transition temperature
and the evolution of the magnetic volume fraction were deter-
mined by wTF measurements (B = 30 Oe). The obtained time
spectra were fitted using equation (3), which defines the time
dependence of muon asymmetry (A) as the oscillating decay
function given below:

A(t) = Age ™" cos 27 ft + ¢), 3)

where A corresponds to the initial muon asymmetries of the
oscillating part, Xq is the relaxation rate, f is the frequency
of oscillation, and ¢ is the phase constant. The wTF time
spectra for Nd,FeCrOg recorded at selected temperatures are
illustrated in Fig. 6(a). In the paramagnetic phase (measured
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respectively.

at 480 K), muons oscillate at a frequency determined by the
externally applied magnetic field. With a decrease in tem-
perature, the loss of asymmetry increases, and oscillations
disappear below the transition temperature. This infers that
the internal magnetic field is substantially greater than the
applied magnetic field. Since the amplitude of the oscilla-
tory component Ay corresponds to the paramagnetic fraction
of the sample, the thermal dependence of A, captures the
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FIG. 6. (a) uSR asymmetry of NFCO recorded at T = 480, 250,
and 200 K in the presence of a weak transverse magnetic field (wTF)
of 30 Oe. Circles represent the experimental data points, and the
solid lines are corresponding fits to the data using equation (3).
(b) Temperature dependence of muon spin asymmetry Ay (yellow
open circles) and magnetic volume fraction (blue open circles). The
black solid line is the fit to the magnetic volume fraction using
equation (4). (c) Zero field (ZF) 1SR time spectra of NFCO recorded
at several selected temperatures. Colored circles represent the ex-
perimental data, and the corresponding fits using equation (5) are
shown by the solid lines. (d) ZF uSR asymmetry plotted on a shorter
timescale at 30 and 5 K.

evolution of the magnetic phase in the system. Figure 6(b)
summarizes the variation in Ay and the magnetic volume
fraction as a function of temperature. In the process of go-
ing from low to high temperatures, an abrupt change in Ag
(red circle curve) near 250 K reflects the transition from a
static ordered state to a dynamic disordered state, concomi-
tant with the magnetic data. However, complete asymmetry is
achieved only above 460 K, which indicates that the magnetic
contribution is present at high temperatures. The magnetic
volume fraction was estimated using the formula Vi, (T) =
1 — Ao(T) /Ao (Tharamagnetic) and fitted with equation (4) [50],

Vmag(T) = Vmag(o) % |:1 - erf(%)},

where erf is the error function, 7y is the transition temper-
ature, Vin.e(0) is the magnetic volume fraction at 0 K, and
AT is the transition width. The parameters obtained are Ty ~
257.87 K and Vpnae(0) ~ 98.56%, indicating the presence of
a fully magnetized state at low temperatures. A nonzero mag-
netic volume fraction above the transition temperature appears
due to the Fe moments that survive at high temperatures, as
indicated by neutron diffraction and DC magnetization data.

“

2. Zero-field (ZF) measurement

The zero-field (ZF) uSR measurements provide a compre-
hensive insight into the magnetic ordering and spin dynamics
in systems showing complex magnetic behavior. Figure 6(c)
represents ZF-.SR spectra measured at selected temperatures
between 5 and 440 K. Below the transition temperature 7y,
a characteristic drop in the initial asymmetry was observed.
In a longer timescale window, the relaxation describes the
spin dynamics corresponding to the longitudinal components
of the internal field parallel to the muon spin polarization;
while on a shorter timescale (+ < 0.1 us), the appearance of
fast damped oscillation indicates a static internal field dis-
tribution perpendicular to muon spin polarization. Therefore,
the presence of a well-defined muon spin oscillation at low
temperatures, as shown in Fig. 6(d), indicates a commensurate
magnetically ordered state. The ZF time spectra were fitted
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equation (6).

with a function defined by equation (5):
A(t) = 3A7 e cos Q ft + @) + Ae™ . (5)

where the factor 2/3 represents the magnetic field component
perpendicular to the muon spin causing oscillations, the factor
1/3 represents the longitudinal field component that does not
cause oscillations, A7 is the transverse relaxation rate, and Ay
is the longitudinal relaxation rate arising due to the dynamic
magnetic fluctuation.

The temperature dependence of the internal field Biy, de-
termined by the frequency of oscillation in muon asymmetry
(fu = ¥Yu/27 Bin), is shown in Fig. 7(c). A gradual increase
in Bj, is observed below 250 K, which saturates to a value
of ~#0.5 T at low temperatures, representing a second-order
magnetic phase transition. Furthermore, to gain more infor-
mation about the system in its ordered state, the temperature
dependence of Bj,; was fitted to equation (6) [51,52], which
yields Ty = 250 K, Binc(0) ~# 0.5 T, o ~ 1.424 and § =~ 0.44.

7\*1°
Bin(T) =Bim(0)[1 — (—) } , (6)
Ty

where « corresponds to the low-temperature properties (7 <<
Tv), governed by spin-wave excitation, and 8 describes the
properties near the critical temperature. The factor g is close
to the value predicted by the mean-field model (8 = 0.5),

while the exponent « follows Bloch’s T2 law of spin wave
in a ferromagnet [15].

Since muon spin-relaxation rates capture the spin dynam-
ics, it gives a fair understanding of the magnetic ordering,
dynamics, and spin correlation in the system. The thermal de-
pendence of relaxation rates Ay and Ay, illustrated in Figs. 7(a)
and 7(b), shows some interesting features of the present sys-
tem. The transverse relaxation rate A7, which encapsulates the
distribution width and fluctuation of the internal field (AB =
At /v.), has a high value of ~65 us~! at 5 K. This implies a
broad magnetic field distribution at the muon sites. Moreover,
a sharp increase in Ay is observed at Ty, which decays and
tends to saturate with decreasing temperature. Here, it must
be noted that near 11 K a slight enhancement in the value is
detected, which cannot be ignored.

The temperature dependence of the longitudinal spin-
lattice relaxation rate A is captured in Fig. 7(b), which arrests

dynamic fluctuation. It has a temperature-dependent behavior
similar to that of the DC magnetization trend. Near Ty, it
shows the characteristic peak, and after that it decreases to
zero with decreasing temperature indicating magnetization
going towards the static limit. It is interesting to note that
below 50 K, an upturn occurs in A;, forming a strong peak
at around ~ 11 K. This suggests a second phase transition
in the system. At this temperature, the value of A, is almost
five times the value observed at 250 K temperature, which
decreases subsequently. These features in A; and in Ap fall
in the same temperature range in which the upturnin C,,/T vs
T, the broad hump in C,, and the negative magnetization in
DC magnetization were observed.

F. Theoretical calculations

We first examined the spin polarized band structure
of the experimentally observed ferrimagnetic states of
Nd,FeCrOg with Ug. = 3.75 eV and U, = 2.75 eV, as shown
in Fig. 8(a). An insulating state with a direct band gap of
~ 1.8 eV is clearly seen at the C, point in the down-spin
channel. The bands near the Fermi level in this channel have
a dominant contribution from Fe and Cr d orbitals. We em-
phasize here that inclusion of U is not necessary to drive the
system insulating, and only imposing a magnetic ground state
brings a band gap of &~ 0.75 eV. Hence, one can conclude
that the true electronic structure of Nd,FeCrOg results from
the combination of magnetism and electronic correlation. To
experimentally estimate the value and nature of the band gap,
we performed UV-Vis spectroscopy in the 500 to 800 nm
wavelength range. The band gap is calculated using the equa-
tion ahv = A(hv — E,)", developed by Davis and Mott [53].
As shown in Fig. 8(b), fitting the plot of (a¢hv)? vs hv yields
a direct band gap of 1.73 eV. This value is very close to the
theoretically calculated value of the bang gap (E,).

In the magnetic ground state, each of the Fe atoms has six
Cr atoms as the first neighbor, and vice versa. This coupling
is antiferromagnetic, and the magnetic moments on the Fe
and Cr sites are 4.18up and 2.68up, respectively, in this
case. This is quite close to experimentally observed values.
We find that this antiferromagnetic ground state is stabi-
lized by ~79 meV over the ferromagnetic state. Estimated
Jre-cr With the procedure mentioned in Sec. II gives Jpe.cr &
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—13 meV. The corresponding plot of normalized magnetiza-
tion obtained from the MC simulation is shown in Fig. 8(c).
Our calculations give Ty = 230 K, which is quite close to the
experimentally observed value of 250 K.

IV. DISCUSSIONS AND CONCLUSION

The temperature dependence of DC magnetization points
towards a ferrimagnetic behavior caused by the ordering of
two TM atoms, as predicted theoretically. Interestingly, an
anomalous second transition, as shown in Fig. 2(a), was also
observed where the magnetization below 15 K becomes nega-
tive. This can be understood as some moments getting aligned
in a direction opposite to the direction of initial magnetization.
Such low-temperature behavior is not uncommon and has
been observed in rare-earth-based systems. What fascinates
the most is the source of the peculiarity because it strongly
depends on the magnetic nature of the A site atom (which
in this case is paramagnetic) and the surrounding environ-
ment created by other atoms. Our detailed investigation using
macroscopic and microscopic techniques reveals some fasci-
nating features around this temperature related to the ordering
of Nd moments. Here, we discuss such features and the origin
of the magnetic anomaly.

The local site symmetry and CEF anisotropy created by
surrounding atoms may alter the electronic structure of rare-
earth ions. The CEF removes the spin-orbit-coupled (2J +
1)-fold degeneracy of the ground state. In the case of the
Kramer’s ion, the ground state is a doublet and is consid-
ered to be a pseudospin-1/2 state having a finite moment.
In this light, Nd** being a Kramer’s ion with local C; site
symmetry, CEF splits the total J = 9/2 into five ground-

state doublets well separated in energy. The presence of
such a pseudospin-1/2 moment in this system is indicated
by the change in magnetic entropy AS,,. As discussed ear-
lier, in zero field, this value comes out to be 5.76 J/(mol
K), as expected for a Jo = 1/2 system. Fitting the zero-
field data below 20 K with a two-level Schottky function
gives the lowest doublet splitting energy of ~0.4 K, which
is very small. Furthermore, as shown in Fig. 3(d), the ther-
mal dependency of C,/T vs T behavior shows an upturn
below 14 K. These observations suggest coupling between
pseudospin-1/2 moments of the Nd>* jon. The broad hump
in C,(T) at low temperature infers that the coupling is short
ranged, which otherwise would show a A-like anomaly. From
these results, it appears that the CEF effect is contributing
to determining the low-temperature ground state. However,
inelastic neutron-scattering or temperature-dependent Raman-
scattering measurements would be insightful for a complete
understanding of CEF in this system and to comment on the
energy scales of interaction. Such pseudospin-1/2 doublets
of Nd** have also been reported in other Nd-based systems
[54,55].

The neutron diffraction and muon spin spectroscopy re-
sults further corroborate our speculation of ordering of the
Nd** pseudospin-1/2 moments. As discussed in Sec. IIID,
the thermal evolution of the neutron-diffraction peak profile
shows the emergence of two new reflections on one hand and
a reduction in the intensity of pre-existing {0 1 3} magnetic
peaks on the other hand, happening simultaneously at low
T (£20 K). Meanwhile, a strong reduction in the values
of magnetic moments in Fe and Cr atoms was observed in
the same temperature range. This speaks of the substantial
effect of the Nd ordering on other magnetic atoms present
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in the system. Magnetic refinement of the peak considering
the moment at the Nd site yielded ung = 2.13p, which is
very close to the observed value of 2.37u5/Nd atom for a
ground-state doublet [43,55,56]. Furthermore, the estimated
magnetic structure contains Nd moments arranged opposite
to the Fe-Cr sublattice magnetization, concomitant with the
magnetic anomaly. The localized nature of probing combined
with the greater sensitivity to small magnetic changes makes
WSR an ideal microscopic lens to examine the Nd ordering in
detail. wTF-uSR confirms a long-range ordering (LRO) below
250 K due to the presence of the TM-atom. If the Jo = 1/2
moments of Nd** undergo a second transition below 20 K,
a further reduction of muon asymmetry is expected, which is
not observed in this case. This may be due to the fact that the
system had already achieved a fully ordered state above the
Nd ordering temperature. In ZF-u SR, well-defined muon os-
cillations were observed at low temperatures, confirming the
commensurate magnetic structure. The most striking features
were observed in the relaxation rates. In addition to the first
transition peak at 250 K, A; shows a second much stronger
peak, kicking in below 50 K and maximizing at 11 K. Since
Ar is regarded as the reflection of dynamic fluctuation in
the internal field at the muon site, a huge jump points to a
very rapid arrangement of moments in this temperature range.
This prominent feature in A, strongly supports the idea of
3D LRO of Jer = 1/2 moments of Nd** ions. Moreover, a
slight enhancement in A7 is observed at 11 K, which coincides
with the peak position in A; and should not be ignored. This
can be considered as a change in slope due to the second
magnetic ordering. Similar behavior was also found for the
pyrochlore system Nd,Ir,O7 [57], in which the second peak
was attributed to the ordering of Nd** moments. It is interest-
ing to note that the internal field is almost constant, ignoring
small fluctuations at low temperature, in contrast with the one
observed in Ref. [57]. This could be due to the presence of
high and rapid fluctuations, as indicated by the values of A,
and )uT.

For a given Nd moment of 2.13 45 and a distance (a) of sep-
aration ~ 3.8 A between two nearest neighboring Nd atoms,
the magnetic dipolar interaction energy Egip & pog*i3/4ma’
is proportional to g?/16 (g is the Landé factor), which is very
small. This implies a dominant superexchange interaction be-
tween Jeif = 1/2 moments of Nd**. In conclusion, based on
our investigation employing experimental techniques such as

specific heat, neutron diffraction, and muon spin relaxation,
we suggest that the bulk magnetization starts to fall as the
LRO of Jegr = 1/2 moments of Nd** starts to develop, in
addition to the complex Nd-Fe/Cr interaction, below 50 K and
compensates for the magnetization of the TM lattice. Eventu-
ally, below 15 K, when the moments are completely ordered,
magnetization becomes negative. We believe that the present
investigation offers a distinct origin behind the occurrence
of negative magnetization in double-perovskite oxide systems
from the unique presence of ordering in Nd, coupled with spin
ordering in Nd and TM atoms. The combined investigation
through uSR spectroscopy and neutron diffraction offers an
atomistic insight into understanding the detailed origin of
long-range ordering in a complex oxide system, which is an
important step toward the development of oxide spintronics
and quantum materials.
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