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In this paper, we present a comprehensive investigation of the distinctive magnetic properties involving the
remarkable occurrences of negative magnetization (NM), exchange bias (EB), and spin reorientation (SR) in
the ErFe(sCog505; compound. The dc magnetization data, recorded in field-cooled-cooling mode, reveal a
net zero magnetization at the compensation temperature (7comp) of 24 K, leading to the NM phenomenon
in the compound. Rietveld refinement of the neutron diffraction (ND) patterns over 1.5-300 K elucidates the
SR of Fe/Co spins at 100 K (7sg) and Er magnetic ordering <4 K (TNE‘) resulting in ['4(G,), I'u(G;, G,),
['2(G,), and Ty57(G,; A¥ G) magnetic structures at 7> Tgg, Tsg = T > Teomp, Ty < T < Teomp, and T < T,
respectively. It is, theréfore, evident that the SR of Fe/Co moments from I'4(G,) to I'2(G,) gets completed at the
Tcomp of 24 K, and the Er magnetic ordering into an unusual F57(A§‘G?') spin configuration takes place at
T < 4 K. Anomalies in dc magnetization data (coercivity and remanent magnetization) at Tsg, Tcomp, and T."
are also reflected in the ac susceptibility data. Intriguingly, EB field (Hgg) in the compound does not change
its polarity across Tcomp and remains positive even above Teomp. The observed positive Hgg at T > Teomp can
be attributed to a complex spin arrangement as evident from the ND, whereas for T < Tcomp, positive Hgg
has its usual explanation within the framework of the Meiklejohn-Beam model. The maximum positive Hgg
and a broad hump in Hgp at Tcomp and Tsg, respectively, indicate a correlation between the EB and SR in the
compound. Additionally, cooling-field dependence of the EB shows a peak value ~5 kOe; thereafter, an unusual
suppression of Hgg up to 70 kOe cooling field is found. The observed NM below Tcomp is elucidated using
the Cooke’s model, where the polarized Er moment, under the internal magnetic field of the ordered canted
antiferromagnetic Fe/Co sublattice, competes with the ferromagnetic Fe/Co moment. This results in a complete
cancellation of magnetization at Tcomp and the emergence of NM below Tcomp in the compound. The specific
heat data reveal a Schottky anomaly, inferring the dominant polarized nature of the Er moment below Tcopmp.
In this paper, we underscore the pivotal role of Er and Fe/Co exchange coupling in shaping the intriguing and
complex magnetic properties—NM and EB—of the compound. These findings highlight the potential utility of

the compound in spintronic applications.
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I. INTRODUCTION

The negative magnetization (NM) or magnetization-
reversal phenomenon [1,2], wherein the dc magnetization
becomes negative below a compensation temperature (Tcomp)
while cooling the compound under a constant and positive
external magnetic field, has become an interesting topic of
research lately from the fundamental and applications points
of view. The possibility of tuning magnetization signs with
changing temperature involving a zero value of magnetiza-
tion at Tcomp makes the NM compounds potential materials
for thermomagnetic switches and spin-resolving devices [2].
Exchange bias (EB) [3,4], on the other hand, is an another
magnetic phenomenon that has implications in high-density
magnetic storage [5] and voltage-mediated magnetic switch-
ing devices [6]. EB is manifested as the shifting of the hys-
teresis loop when the compound is cooled under an external
magnetic field. Since its discovery [7], various heterogeneous
systems having ferromagnetic (FM)/antiferromagnetic (AFM)
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[8], FM/FM [9], and AFM/spin-glass [10] interfaces have
been reported to show EB. In recent years, attention has been
given to studying EB in homogeneous systems exhibiting NM
which, unlike the heterogeneous systems discussed above, do
not have any clear interface. In this direction, various homo-
geneous systems like orthochromites [11-14], spinels [15,16],
manganites [17,18], and the intermetallic compounds [19,20]
have been studied by various researchers. Moreover, NM and
EB studies in orthoferrites RFeO3 (R is rare-earth) have also
been reported in the literature [21,22].

The RFeO; compounds crystallize in the orthorhombic
crystal structure (space group: Pbnm or Pnma) and have im-
portance in magnetic memories [23] and multiferroic-based
applications [24,25]. In these compounds, Fe spins magneti-
cally order at high Néel temperature (7y ~ 650—740 K) into
G-type AFM spin configuration with a weak FM component
(F) perpendicular to the AFM spins [26]. The weak FM com-
ponent arises from the canting of AFM-ordered Fe spins due
to the Dzyaloshinskii-Moriya exchange interaction [27,28].
Further, the antisymmetric and anisotropic-symmetric ex-
change interactions [29] between the R and Fe spins lead to
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the temperature-induced spin-reorientation (SR) transition in
these compounds, except for R = La, Eu, Gd, Lu, and Y [26].
The SR is continuous except for R = Dy, where abrupt SR
has been reported [26]. In the continuous SR transition, Fe
spins gradually rotate from one direction to another below the
SR transition temperature, leading to a change in magnetic
spin configuration, e.g., G F, to G, F, (Pbnm space group).
Here, G, F, (G, F,) represents the ordering of Fe spins in
G-type AFM configuration along the x (z) axis with a FM
component along the z (x) axis. On the other hand, Fe spins
abruptly rotate from G, F;, to G, in the abrupt SR [26]. In
RFeO3; compounds with R = Nd, Sm, and Er, NM along with
EB have been reported [21,22,30]. NdFeO3 and ErFeO3; show
the EB reversal across their Tcomp (~9.2 K for Nd and ~45 K
for Er) with maximum EB at Tcomp. The sign reversal of
EB across Tcomp (~4 K) is also reported for the SmFeOj3
compound; however, the compound shows zero EB at Tcomp-
In doped RFeOs; compounds such as LuFe(sCrys0; [31],
NdFe 5Cry 505 [32], and YbCr,_,Fe, O3 [33], NM and EB
have also been studied. LuFesCrysO3 and NdFe( 5Cry 503
compounds show EB behavior like SmFeOs, though an
anomalous EB without any sign reversal around the SR has
been reported for YbCr;_,Fe,O3. These studies indicate the
different kinds of EB behaviors in parent and doped orthofer-
rite compounds. Further, the unusual magnetic properties viz.
complex magnetic ordering and metamagnetic and successive
SR have been reported in other doped RFeO3 compounds like
NdFeq sMng 505 [34], (Prgs/Ndg s/Ergs5)Dyo sFeOs [35-37],
and (Tb/Dy/Ho/Er)Fe( 5Cry 503 [38]. However, such studies,
namely NM, EB, SR, and magnetic ordering, in Co-doped
RFeO3; compounds are lacking so far in the literature. More-
over, a correlation between EB and SR in NM compounds
has also not been explored much in the literature. Interest
arises in Co’* doping mainly due to its various spin-states,
i.e., low spin (S = 0; tzﬁgeg), intermediate spin (S = I; tfge;),
and high spin (S = 2; tfgef,). In RCo0;5, Co®* remains in
a low-spin (nonmagnetic) state up to 300 K [39,40]. Above
room temperature, it exhibits spin-state transitions leading
to intermediate- and high-spin states [41]. In this paper, we
aim to study the ErFe(sCoys03; (EFCO) compound, where
replacement of Co at Fe sites modifies the Fe-Fe and R-Fe su-
perexchange interactions, which in turn could give intriguing
and complex magnetism in the EFCO compound.

In a preliminary study on the EFCO compound, Lohr
et al. [42] showed the presence of the NM phenomenon in
the compound, and neutron diffraction (ND) was performed
only at 300, 60, and 2 K, inferring I'4(G,), I'(G;, G,) and
I5(G.; GE'AE") magnetic structures, respectively. However,
the physics understanding of NM and EB and detailed knowl-
edge of the magnetic structures/magnetic moments of the
EFCO compound using dc magnetization, ac susceptibility,
neutron depolarization, specific heat, and ND techniques are
reported in this paper.

Our dc magnetization data reveal the NM phenomenon
with Tecomp of 24 K in the EFCO compound. Remarkably, in
this paper, we show an unusual EB with the maximum (pos-
itive) Hgg at T = Tcowmp, and Hgg remains positive even for
T > Tcomp in the compound. This Hgg behavior is different in
comparison with other NM compounds, showing zero Hgg at

Tcomp and negative Hgg above Tcomp [11,12,30-32,43]. The
observed unusual EB is attributed to the complex arrangement
of Fe/Co spins, as evident from the ND. In this paper, we also
reveal a correlation between EB and SR. A nonmonotonic Hgg
with cooling magnetic field is also observed. Interestingly, an
unusual magnetic ordering of Er at ,¥" ~ 4K into I's;(A, G.)
spin configuration is found in this paper. The polarized nature
of Er (evident from specific heat and ac susceptibility) under
the internal field of Fe/Co is understood to be responsible for
the NM phenomenon in the compound. The observed unusual
behavior of magnetization (NM) and EB makes the EFCO
compound useful for various spintronic applications.

II. EXPERIMENTAL DETAILS

The polycrystalline EFCO compound was prepared by the
conventional solid-state reaction method. The stoichiometric
ratio of the high-purity (>99.9%) starting chemicals Er,0Os3,
Fe;03, and Co304 was mixed in an agate mortar and pestle
for 8 h. The resulting mixture was sintered in a Carbolite
furnace at 750, 850, and 900 °C for 24 h each; then the furnace
was allowed to cool down to room temperature. The reacted
product was ground again and sintered at 1000 °C for 30 h
with various intermediate grindings.

X-ray diffraction was performed using Cu Ko radiation
for phase identification of the compound. Energy-dispersive
x-ray spectroscopy (EDX; Carl Zeiss, GEMINISEM 300) was
used to study the elemental composition of the compound.
The dc magnetization (M) measurements were carried out
in field-cooled-cooling (FCC) and zero-field-cooling (ZFC)
modes over a temperature (7) range of 3-310 K under vari-
ous magnetic fields (H) using a commercial vibrating sample
magnetometer. The ac susceptibility was measured over a T
range of 7-310 K under 987 Hz frequency using a com-
mercial ac susceptibility setup. Isothermal M(H) hysteresis
loops were recorded in ZFC/field-cooled (FC) modes. For FC
M(H) loops, the compound was first cooled from 310 K to the
measurement 7" under a finite H, and thereafter the M(H) loop
was recorded in a H range of £50 kOe, whereas the ZFC M(H)
loops were recorded after cooling the compound under zero
magnetic field. The specific heat measurements were carried
out on a pellet of the EFCO sample over a T range of 1.8-305
K under various H using a Quantum Design Physical Property
Measurement System. The neutron depolarization experiment
(A, = 1.201 A) was carried out using the polarized neutron
spectrometer at Dhruva reactor, BARC, Mumbai, India. To
study the thermal evolution of the sublattice magnetic mo-
ments and the magnetic structure of the compound, the ND
patterns were recorded at various temperatures under zero H
using position-sensitive-detector-based powder diffractome-
ters viz. PD-1 (A = 1.094 A) and PD-2 (A = 1.2443 A)
at Dhruva reactor, BARC, Mumbai, India. All (x-ray and
neutron) diffraction patterns were analyzed using the Rietveld
refinement [44] implemented in the FULLPROF software [45].

III. RESULTS AND DISCUSSION
A. Structural characterization

Figure 1(a) shows the Rietveld refined [44] x-ray diffrac-
tion pattern of EFCO compound at 300 K. The refinement
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FIG. 1. Rietveld refined (a) x-ray (Cu Ka) and (b) neutron
diffraction (A = 1.094 A) patterns of the EFCO compound at
300 K. Here, the x axis corresponds to momentum transfer, |Q| =
47 (sinf)/X, where A is the wavelength of the x-ray/neutron, and 6 is
the Bragg angle. The experimental data are shown by open symbols
(red color), whereas the black line represents the calculated pattern.
The vertical lines represent the positions of the Bragg peaks of EFCO
(olive) and Er, 05 (pink) phases, respectively. The difference between
the experimental and calculated data is shown by navy blue line at the
bottom of each fitted data.

reveals that the compound crystallizes in the orthorhombic
crystal structure (Pbnm space group), and the derived lattice
constants are a = 5.194 (1) A, b=5.500 (2) A, and ¢ =
7.459 (1) A, which are close to the literature reported values
[42]. The refinement has also revealed a small (~2 vol. %)
phase fraction of the Er,O3 (space group: Ia-3) in the present
compound [vertical pink lines in Fig. 1(a)]. This small R,O3
phase was also reported in RFCO (R = Ho, Tb, Er, Dy, and
Tm) compounds [42]. Since the EFCO compound consists
of neighboring Fe and Co and lighter O elements, x-ray
diffraction is not very effective in determining the occupa-
tion number of Fe/Co and the atomic coordinates of the O
atoms. In this regard, ND is advantageous, as the coherent
neutron scattering lengths of Fe~9.45 fm and Co~2.49 fm
are quite different from each other, and the O scattering length
(~5.8 fm) is also large. The Rietveld refined ND pattern
(A = 1.094 A) of the present EFCO compound at 300 K
is shown in Fig. 1(b). The derived chemical composition of
the compound is ErFeg 46Cog 5403, and the refined structural
parameters are listed in Table S1 in Supplemental Material
(SM) [46]. The Rietveld refinement of the ND data reveals a

random distribution of Fe**/Co’* ions at the 4b site without
any clustering. Further, as shown in Fig. 1(b), the (011) Bragg
reflection at Q = 1.42 A~ is not indexed in the Pbnm space
group, indicating that the compound is magnetic at 300 K.
Therefore, the magnetic phase has been added in the analysis
of ND data [middle set of vertical lines at the bottom in
Fig. 1(b)], details of which are given later (Sec. III B 3).

The EDX spectrum (Fig. S1 in the SM [46]) confirms the
presence of Er, Fe, Co, and O atoms in the EFCO compound,
and the EDX estimated atomic ratios (Table S2 in the SM
[46]) are in good agreement with that from the ND [46].

B. Magnetic study
1. dc magnetization and ac susceptibility

The M(T) curves measured in the ZFC and FCC modes
under an applied magnetic field of 100 Oe are depicted in
Fig. 2(a). It is evident that, with a decrease in temperature
from 310 K, magnetization in both measurement modes in-
creases down to 7~100 K. In the literature, this temperature
is denoted as the SR transition [42]. At T < 100 K, magne-
tization in the ZFC mode starts to decrease, whereas it still
increases in the FCC mode down to ~50 K. With a further
decrease in temperature, the FCC magnetization curve shows
a downturn, crossing the ZFC curve at 7~34 K, and then
becomes zero at a compensation temperature (Tcowmp) of 24 K.
At T < Tcomp, the FCC magnetization becomes negative, and
it remains negative down to the lowest measured temperature
(3 K), whereas the magnetization remains positive in the ZFC
mode in the whole measured temperature range. A kink is
also observed at 7~4 K in both ZFC and FCC magnetization
curves [inset of Fig. 2(a)], indicating a magnetic transition
at low temperature. To get more details about the NM in
the EFCO compound, the dc magnetization data have been
recorded in the FCC mode under various magnetic fields, and
the results are displayed in Fig. 2(b). It is evident that the
compound shows the NM phenomenon up to H = 450 Oe
with Tcomp decreasing with increasing H [inset of Fig. 2(b)].
The Tcomp’s are also calculated using the Cooke’s model
(discussed later), and good agreement is found with the ex-
perimental Toomp’s. For H > 450 Oe, the dc magnetization
remains positive throughout the measured temperature range;
however, a sharp upturn in magnetization is observed for H
> 1 kOe. Figure 2(c) shows the temperature dependence (7—
310 K) of the ac susceptibility under a frequency of 987 Hz.
An anomaly at T~Tcomp [main panel of Fig. 2(c)] and a small
kink at ~100 K [shown by an arrow in the inset of Fig. 2(c)]
are clearly visible in the ac susceptibility data. However, the
magnetic transition at 7~4 K could not be captured due to the
limitation of the restricted temperature range. No signature
of onset of magnetic ordering is found in measured dc/ac
magnetization data, indicating that the magnetic ordering sets
in the compound at 7> 310 K.

In brief, the dc magnetization data, i.e., ZFC and FCC
M(T), reveal anomalies at various temperatures viz. 7~100 K,
Tecomp (24 K), and 4 K. Magnetic anomalies at Teomp and
100 K are also visible in the ac susceptibility data. Interest-
ing features across these temperatures are also observed in
the thermal variations of hysteresis loop parameters viz. Hc;
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FIG. 2. (a) The zero-field-cooling (ZFC, red) and field-cooled-
cooling (FCC, dark yellow) M(T) curves of the EFCO compound
under H = 100 Oe. Inset shows the enlarged view of the highlighted
area showing a kink at 7~4 K. (b) FCC M(T) curves under various
cooling fields. Inset shows the variation of experimental (square) and
calculated (circle) Tcomp With H. (¢) Temperature dependence of the
ac susceptibility (x,.) showing anomaly at 7~Tcomp (main panel)
and a small kink at ~100 K (inset) under 987 Hz.

coercivity, Mg; remanent magnetization, Hgg; horizontal shift
and Mgg; vertical shift (discussed later). To get an in-depth
understanding of these anomalies, temperature-dependent
neutron depolarization (mesoscopic technique) and ND (mi-
croscopic technique) experiments have been performed. The
results are discussed in the next sections.
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FIG. 3. Temperature dependence of the transmitted neutron
beam polarization (P;) of the EFCO compound measured under
H =150 Oe. Inset shows the enlarged view of the shaded region of
the curve depicting the slope change at 7 = Tcomp and a sharp
fall <4 K.

2. Neutron depolarization

The neutron depolarization experiment provides the meso-
scopic understanding of the magnetic behavior of the sample
at a length scale of 100 A to several micrometers [47-49].
In this experiment, a polarized neutron beam is allowed to
pass through the sample, and the polarization of the trans-
mitted beam (Py) is analyzed. During this passage from
the ferromagnetic/ferrimagnetic/canted AFM compound with
a net magnetization, the polarized beam gets depolarized
owing to the Larmor precession from the local magnetic
field of domains. However, no depolarization of the neu-
tron beam is expected from the paramagnetic, colinear
AFM, and canonical spin-glass systems having average zero
magnetization at the mesoscopic lengths scales. Thus, the
neutron depolarization experiment provides a good estimate
of domain-magnetization/size variation with the temperature
of the sample under study.

Figure 3 shows Py as a function of temperature (2-300 K)
under H = 50 Oe for the EFCO compound. A finite depo-
larization is observed mainly <100 K, and it increases with
decreasing temperature followed by a clear change in slope
at Tcomp (24 K) and a sharp fall of Py below 4 K [inset
of Fig. 3]. Surprisingly, a full recovery of the neutron beam
polarization is not observed at Tcomp, Which is in contrast with
other NM compounds, such as YbCrO; [12], DyFesAl; [50],
and Lig sFeCr; 504 [S51], where a full recovery of the neutron
beam polarization at Tcomp Was reported. It may be noted that,
for these reported compounds, the magnetic structure does not
change across Tcomp. Further, an incomplete recovery of the
neutron beam polarization at Tcomp Was reported for the NM
compound NdMnOj [52]. In NdMnOs, an isostructural to the
present EFCO compound, a change in the magnetic structure
was reported at Tcomp, involving a simultaneous reorientation
of the Mn spins by 180° and the Nd sublattice ordering.
These facts indicate that the observed neutron depolarization
behavior (Fig. 3) of the present EFCO compound could be
due to the complex magnetic structural changes across Tcowmp,
which is further needed to be understood. Temperature-
dependent ND experiments (discussed in the next section) are
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FIG. 4. (a) Rietveld-refined neutron diffraction patterns at some
of the selected temperatures. Magnetic Bragg peaks are highlighted
by colored (yellow and cyan) areas. The observed and calculated data
are shown by open symbols (red) and line (black), respectively. The
difference pattern is shown at the bottom of each curve by the navy
blue line. The vertical lines (olive) represent the positions of nuclear
and magnetic Bragg peaks of the EFCO compound, whereas the pink
lines correspond to the nuclear Bragg peaks of the Er,O; compound.
The star indicates the excluded peak coming from the cryostat. (b)
Thermal variations of the intensities of (011) and (101) Bragg peaks.
(c) Simulated Bragg peaks corresponding to G, and A, configurations
of Er spins in the I'5 representation.

carried out on the compound to shed light on this intriguing
neutron depolarization behavior.

3. Temperature-dependent ND

The Rietveld refined ND patterns of the EFCO compound
at some of the selected temperatures are shown in Fig. 4(a).
The (011) Bragg peak at Q = 1.42 A~! is forbidden in
the Pbnm space group. This Bragg peak is purely magnetic,
whereas the (101) Bragg peak at Q = 1.47 A~ has some
nuclear contribution as well. The temperature-dependent vari-
ation in the intensities of these two Bragg peaks are shown
in Fig. 4(b). The intensities of the (011) and (101) Bragg
peaks increase with a decrease in temperature down to 100 K,
a characteristic temperature below which the ZFC and FCC
magnetization curves show opposite behaviors [Fig. 2(a)],
and the ac susceptibility data show a small kink [inset of
Fig. 2(c)]. Below 100 K, the intensity of the (011) Bragg peak
decreases, while that of the (101) Bragg peak still increases.
Such a variation of the integrated intensities of (011) and
(101) Bragg peaks indicates the onset of SR transition in the
compound, as reported for similar Ry sDyo sFeO3; (R = Nd and
Er) [35,37] and SmCrO3 [53] compounds. This contrasting
behavior of (011) and (101) Bragg peak intensities persists
down to 50 K, a temperature at which a maximum positive
dc magnetization is observed in the FCC mode [Fig. 2(a)].
Below 50 K, the intensity of the (011) Bragg peak increases
with lowering of temperature down to 1.5 K, while a sharp rise

in the (101) Bragg peak intensity is observed <4 K. Moreover,
a new Bragg peak (001) at Q = 0.84 A~! is observed <4
K [Fig. 4(a)]. The complex temperature variations of (011)
and (101) Bragg peaks and the appearance of the (001) Bragg
peak indicate the multiple magnetic structures/transitions in
the EFCO compound that are discussed in the next paragraph.

In the RFeO3; compounds, Fe ions occupy the 4b crys-
tallographic site at positions (%, 0, 0), (%, 0, %), (O, %, %),
and (0, %, 0), and the corresponding magnetic irreducible
representations (IRs) in the Bertaut notation [54] are I'|(A,,
Gy, C,), I'xy(F,, Cy, Gy), T'3(Cy, F, Ay), and T'4(Gy, Ay, F;). On
the other hand, the R ions occupy the 4c¢ crystallographic site
at positions (x, y, %), (—x, =y, %), (x + %, -y + %, %), and
(—x + %, y+ %, i). The associated IRs are I';(C,), I'>»(F%, C),
T'3(Cy. F). Ta(F,). T's(Gy. A,). Te(A2), T+(G.), and T (4., Gy).
The Rietveld refinement of the ND patterns in the temperature
range of 100 K < T < 300 K shows that the ND data are
fitted well with the I'4(Gy, Ay, F,) with G,-type AFM ordering
of Fe/Co spins. At T < 100 K, the ND data do not fit with
only G,-type ordering of Fe/Co spins; therefore, we have
tried other magnetic models allowed by the representation
analysis to fit the observed ND data. Good agreement has
been obtained between the experimental and calculated ND
data in the temperature range of Tcomp < 7 < 100K using
a mixture of AFM G,(I'4) and G,(T";) components of Fe/Co
spins. For instance, at 50 K, a lower value of magnetic profile
factor (Rmag) ~12.2 is obtained using both G(I'4) and G(I"2)
in comparison with the higher Ry, ~ 18.8 and 13.4 obtained
using G,(I'y) and G, (I",), respectively. The analysis of ND
data, therefore, indicates the onset of temperature-induced SR
transition at 100 K, where the AFM Fe/Co moments start to
rotate from the x to the z axis. This SR occurs continuously
down to Tcomp, Where the AFM Fe/Co moments rotate com-
pletely along the z axis. In the temperature range of 1.5 < T
< Teomp, only the G, (I';)-type AFM configuration of Fe/Co
moments gives good agreement between the experimental and
calculated ND data. Further, in the literature, the (001) Bragg
peak is attributed to the Er ordering in I's(G, A,) with both
components G, = 0.65(6) uz and A, = 0.77(6) ugz [42]. In
this paper, the contributions of these two components (G,
and Ay), corresponding to I's, to various Bragg peaks are
simulated using the FULLPROF software [45]. The simulated
patterns reveal that the A, component of I's should give finite
intensity to the (001) Bragg peak, while G, should contribute
to the intensity of the (010) Bragg peak [Fig. 4(c)]. How-
ever, no (010) Bragg peak positioned at Q = 1.14 A~! is
found in the present ND data [Fig. 4(a)]. Thus, the Rietveld
refinement of the ND data at 1.5 K has been carried out by
considering the A,(I's) component for Er moments, and good
agreement between the observed and calculated data has been
obtained [Fig. 4(a)]. The I's(G, A,) corresponding to Er spins
with G, = 0 ug and A, = 0.75 (1) pg accounts only for the
intensity of the (001) Bragg peak but does not account for
the sudden increase of the (101) Bragg peak intensity <4 K.
This increase is accounted by adding I'7(G,) of Er spins in the
Rietveld refinement of the ND data at 1.5 K with G, = 1.42
(2) ug. The result is consistent with the literature report on the
DyFeO3 compound [55], where the enhanced intensity of the
(101) Bragg peak is accounted by I'7(G,) IR of Dy. Thus, the
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FIG. 5. Temperature variations of the antiferromagnetic (AFM)
Fe/Co magnetic moment in I'4(G,) (half-filled square symbols, pur-
ple color) and I';(G,) (half-filled circular symbols, olive color)
configurations. The details about the I'y, I'»4, 'z, and I'zs; con-
figurations over different temperature ranges are given in the text.
Inset shows the variation of rotation angle of AFM Fe/Co magnetic
moment with temperature.

magnetic moment components of Er at 1.5 K are G, = Oug,
A, =0.75 (1) ug, and G, = 1.42 (2) pg corresponding to I's7.
The average magnetic moment (~2 ug at 1.5 K) at the 4b site
indicates that Co®* ions are in the low-spin state (S = 0), as
discussed in the Introduction [39,40]. Here, we mention that
all magnetic Bragg peaks are indexed with the k = [0, 0, 0]
propagation vector, consistent with the Lohr ef al. [42] study
on the EFCO compound. The other crystallographic parame-
ters derived from the Rietveld refinement of the ND data at
1.5 K are listed in Table S1 in the SM [46].

Now we compare the magnetic structure of the EFCO
compound with ErFeOs; and other orthoferrite compounds.
The derived G,(I'y) and G,(I";) magnetic structures for the
present EFCO compound match well with the reported mag-
netic structures for ErFeO3 [56] and are in agreement with
the other orthoferrite compounds [26,35,37]. However, the
temperature-induced SR process spreads over 24-100 K in
EFCO as compared with a narrow range of 100-110 K in
ErFeOs. This may be attributed to the modification of Er-Fe
exchange-coupling because of Co substitution at Fe sites in

F

the EFCO compound. On the other hand, the Er magnetic
ordering in I's7(A, G;) in the present EFCO compound is dif-
ferent as compared with the reported I';(C,) of Er in ErFeO3
[56] and T'>(F; C,) for other RFeO3 (R = Nd, Sm, and Ho)
compounds [26,57,58]. Further discussion about the unusual
Er ordering in the present EFCO compound is given later.

The temperature variations of the AFM G,(T"4) and G,(I";)
moments of the Fe/Co spins in the present EFCO compound
are shown in Fig. 5. At 300 K, the derived AFM G, moment
is ~1.25 ug, which is close to the reported value of 0.98 ug by
Lohr et al. [42]. It increases monotonically with decreasing
temperature down to 100 K (7sgr), where Fe/Co SR starts.
With the onset of SR, the G, moment starts to decrease,
whereas the AFM G, shows an increase. At T~Tcomp, the
AFM Fe/Co moments are completely oriented along the z di-
rection (G,), and no moment corresponding to G, is observed.
We have estimated the rotation angle (9) as a function of
temperature using the AFM G, and G, components of the
Fe/Co moment as 8 = arctan (G,/G,), and the plot of the
rotation angle is shown in the inset of Fig. 5. The rotation
angle first increases with decreasing temperature, reaches to
90 ° (complete SR), and then sustains this value down to 1.5 K
(the lowest temperature in the present ND study). The differ-
ent magnetic structures of the EFCO compound over different
temperature ranges are shown in Fig. 6. Here, we mention
that the observed Tcomp = 24 K (Tsrp) and Tsg = 100 K
(Tsr1) of the EFCO compound prepared by the solid-state
reaction method do not match with the values 9 K (Tcomp),
15 K (Tsr2), and 80 K (Tsr;), respectively, for the EFCO
compound prepared by the thermal decomposition method
as reported by Lohr et al. [42]. Here, Tsg; and Tsro denote
the onset and completion of SR transition, respectively. It
is known that NM and SR phenomena are attributed to the
magnetic anisotropy energy [1,26], which is strongly affected
by various factors, such as strain, grain size, and shape formed
during sample preparation. As different preparation methods
for the EFCO compound are used in both studies (this paper
and Ref. [42]), therefore, the differences in Tcomp and SR
temperatures for the EFCO compound may be attributed to
the strain/grain-size/shape effects [56]. The different Tcomp
and SR temperatures (7sgr; and 7Tgrp) are also reported
in the literature for the ErFeOs; compound, as shown in
Table 1.

Fe/Ci
6"/ (1 >100K) GL/(100K =T > Teoyp) G2 (Teomp =T >TE) G,/ A5 65 (T < TE)

FIG. 6. Magnetic structures of the EFCO compound derived from the neutron diffraction study in different temperature regions. Here,
golden- and olive-colored spheres represent the Fe/Co and Er ions, respectively. Oxygens ions are omitted for clarity.

104401-6



UNRAVELING INTRICATE MAGNETIC BEHAVIOR ...

PHYSICAL REVIEW B 110, 104401 (2024)

TABLE I. Comparisons of the Tcomp, Tsr1 (onset of SR), and Tsro (complete SR) for ErFeOs; and ErFe( 5Cog O3 compounds.

Compound Tcomp (K) Tsri (K) Tsro (K) Synthesis technique Refs.
ErFeO; 45 110 100 Solid-state reaction [56]
ErFeO; a 105 88 4 [59]
ErFeO; 38 93 76 Hydrothermal synthesis [60]
ErFeO; 48 98 85 Coprecipitation [61]
ErFe5Co¢ 503 9 80 15 Thermal decomposition [42]
ErFe( 5Cog 503 24 100 24 Solid-state reaction This paper
“Not reported.

The variations of derived lattice parameters and the unit-
cell volume with temperature are shown in Fig. 7. It is
evident that lattice parameters a and ¢ decrease monotonically
with temperature down to 1.5 K except for a slight increase
around Tcomp. On the other hand, the lattice parameter b
first decreases down to 50 K, and thereafter, it increases, thus
showing the negative thermal expansion of the unit cell along
the b direction. The negative thermal expansion in the SR
region is also reported in other related compounds [35,57].
The unit-cell volume V varies similarly to a and ¢ and shows
an insignificant magnetoelastic or magnetovolume effect due
to SR.

In brief, our ND study has provided a microscopic
understanding of the magnetic transitions observed in dc
magnetization and ac susceptibility measurements. These
transitions are identified as onset of SR at 100 K, completion
of SR at Tcomp, and magnetic ordering of Er spins at ~4 K.
We, therefore, assign 100 and 4 K temperatures as Tgg and
TE", respectively, for the rest of this paper.

4. Specific heat

Figure 8(a) shows the specific heat (Cp) data of the
EFCO compound over a temperature range of 1.8-305 K
under zero magnetic field. It is evident that, with decreas-
ing temperature, Cp decreases monotonically down to 8 K;
thereafter, it increases and shows an anomaly at 3 K [inset of
Fig. 8(a)]. The Cp anomaly is close to the magnetic ordering
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FIG. 7. Thermal variations of lattice parameters (a, b, and c) and
unit-cell volume of the EFCO compound.

temperature of Er spins. Further, the zero-field Cp data do not
show any marked signatures of SR transitions at 24 and 100 K.
It should be noted that Cp at high temperature (305 K) is 123.7
Jmol~' K~!, which is close to the expected value of 124.7
Jmol~! K~! as per the Dulong-Petit law [62], indicating good
Cp data and quality of our sample.

To determine the nature of the observed anomaly at low
temperature, Cp data have been recorded over a temperature
range of 1.8-30 K under various magnetic fields [Fig. 8(b)].
The Cp data under magnetic fields show behavior like that
of the zero-field data; however, the anomaly becomes broad
and shifts toward higher temperature with increasing magnetic
field. This kind of behavior of the Cp anomaly is a signature
of the Schottky anomaly. Therefore, the present Cp data under
zero and finite magnetic fields are fitted by considering the
two-level Schottky term along with the phononic terms using

120

©
o
!

Cp(J mole™K")
[<2]
bt

o 0kOe
15- ®) A 30 kOe

P o 50 kOe

14 — Fit using eq. 1
"o 10-

<)

£

2 5]

o —

0 i T T
0 10 20 30

T (K)

FIG. 8. (a) Specific heat (Cp) data of the EFCO compound over
a temperature range of 1.8-305 K under zero magnetic field. Inset
shows the zoomed view of the data showing an anomaly at ~3 K. (b)
The low-temperature Cp data under H = 0, 30, and 50 kOe magnetic
fields and its fitting (black curve) using Eq. (1).
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the following equation [63]:

Cp(T) = BT + BsT® + BT’

AN (A/T)
() i)
p(A/T)]

Here, B, Bs, and B7 describe the phononic specific heat
terms derived from the low-frequency expansion of the
Debye function [64]; A (oc H) is the splitting of the
ground-state doublet of a magnetic ion (Er in the present
case); and N/R is the number of free spins with R as
the gas constant. It is evident from Fig. 8(b) that the
low-temperature Cp data under zero magnetic field fit well
with the above equation, and the derived parameters are
= 1.45x1073Jmol ' K*, Bs = —2.16x107%Jmol~' K,
B =1.17x 10 Tmol ' K8, N=624Tmol"'K~!, and
A =6.45 K. The values of derived phononic parameters
(along with their signs) are comparable with the values
reported for other similar compounds [12,65,66]. The derived
A = 6.45 K value is slightly higher than the reported value
of 4.52 K for the ErFeO3; compound as determined from the
optical studies [37,67]; however, the value is quite close to
the reported 5.6 K for the ErgsDygsFeO; compound [37].
Further, the Cp data under magnetic fields are also fitted
with the above equation, and good agreement is observed
[Fig. 8(b)]. The estimated value of A is 7.33 K (12.74 K) for
10 kOe (30 kOe), and it increases to 18.99 K for 50 kOe. A
similar increase in the A value is reported in the literature for
the Ery 5Dy sFeO3 compound [37].

It is known that Cp data show a A-shaped anomaly at the
magnetic ordering temperature of the transition metal present
in the sample. For instance, in Yb/Er/NdCrOs; compounds,
the A-shaped anomaly at 120/133/220 K is attributed to the
magnetic ordering of Cr spins owing to Cr-Cr superexchange
interaction [12,68,69]. In the present EFCO compound, no
A-shaped anomaly corresponding to the ordering of Fe/Co
spins is observed over the temperature range of 1.8-305 K
because the magnetic ordering temperature of the compound
is >310 K, as discussed earlier. On the other hand, at the mag-
netic ordering temperature of the rare earth, either a A-shaped
(like the transition metal) or Schottky anomaly is observed
depending upon the strength of the exchange/molecular field
of the transition metal experienced by the rare-earth spins.
For instance, in the NdCoOs; compound, authors reported a
sharp A-shaped anomaly in the Cp data corresponding to Nd
ordering owing to Nd-Nd exchange interaction due to the
nonmagnetic nature of Co, and the molecular field acting on
the Nd ions was zero [70], while the finite exchange field on
Nd spins in Nd(Fe/Ni/Cr)O3; compounds due to magnetic or-
dering of Fe/Ni/Cr ions gives a Schottky anomaly-type feature
in the Cp data of the corresponding compounds [65,69,70].
Thus, in the present EFCO compound, the molecular field of
Fe/Co spins experienced by the Er spins may be higher than
the Er-Er exchange interaction, leading to a Schottky anomaly
instead of a A-shaped anomaly in the Cp data of the compound.
A similar Schottky anomaly, instead of a A-shaped anomaly,
at the magnetic ordering temperature of Sm spins was
reported for the SmCrO; compound; however, the inde-
pendent magnetic ordering of Sm due to Sm-Sm exchange

ey

interaction was evident from the ND study [53,71], as is the
case for the present EFCO compound.

5. Understanding of the NM

In the present EFCO compound, the dc magnetization data
show anomalies at Tsg ~ 100 K, Teomp (24 K), and TF" ~
4 K [Fig. 2(a)]. The microscopic understanding of these
anomalies has been obtained from the ND study where the
magnetic ordering of Fe/Co and Er spins into AFM G, (T's),
G.(T'), and A GE'(I's7), respectively, are evident. It is known
that, in RFeO3 compounds, the AFM Fe spins cant due to
the Dzyaloshinskii-Moriya interaction [27,28], and this small
canting gives rise to a weak FM moment. The weak FM
Fe/Co moments in the present compound lie along the z (F,)
and x (F;) axes in I'y and I', spin configurations and can-
not be measured from the present powder ND study, though
their signatures are evident from the dc magnetization studies
[Figs. 2(a) and 2(b)]. It is also known that, in R(Fe/Cr)O;
compounds with magnetic rare-earth ions, at 7 > TR rare-
earth ions polarize under the internal field (H;) of the Cr/Fe
sublattice either parallel or antiparallel to the net FM moment
of Cr/Fe [29]. The polarization of Er moments in the present
EFCO compound is evident from the monotonic increase in ac
susceptibility at low temperatures [Fig. 2(c)] and the Schottky
anomaly in the specific heat data [Fig. 8]. Thus, we have
used the Cooke’s model [72], which involves fitting of the dc
magnetization data, to find the direction of the polarized Er
moment Mg, with respect to the weak FM moment of Fe/Co
(MFeco) in the EFCO compound. We used the same model in
our recent reports on La;_,Pr,CrO; [11,14] and YbCrOs; [12]
compounds, and other researchers used it to explain the NM in
NdCrl,anxO3 [43], ErFeo'le’lQ_503 [73], and Yl,XPI‘XCI‘O3
[74] compounds. According to this model, the temperature
dependence of the dc magnetization (M) under some applied
magnetic field (H) around the Tcomp (T < 50 K for the present
case) can be fitted to the following equation:

(H + Hy)

M = Mrejco + Crgr T+ 0

, @)
where Mr.,c, is the FM moment of the Fe/Co sublattice, Cg,
is the Curie constant of the Er ion, 0 is the Curie-Weiss con-
stant, and H; and H are internal and applied magnetic fields,
respectively. The value of Cg, is 11.473 emuK Oe™! mol~!,
as determined from the effective paramagnetic moment of the
Er ion (ter = 9.58 ug). The M vs T curves for H < 450
Oe (the maximum field under which the compound shows
NM) have been fitted with Eq. (2), and one of them is shown
in Fig. 9, and the parameters Mr./co and H; (see inset) are
estimated. For the fitting under different applied magnetic
fields, a constant value of 6~10.7 K was maintained. Using
the derived Mre;co and |H;| values, Tcomp is calculated from
Eq. (2) and found to match very well with the experimental
values of Tcomp [see inset of Fig. 2(b)]. The fitted values of
Mk co and |H;| increase significantly with increasing H (inset
of Fig. 9), as reported for other polycrystalline compounds
viz. La0.5Pr0.5CrO3 [1 1], YbCI‘Og [12], and NdCrl,XMnxO3
[43]. However, in the case of the ErFeO; single-crystal sam-
ple, Fita et al. [75] reported weakly increasing FM moment
(Mp.) as well as H; as a function of H, which may be due to
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FIG. 9. Field-cooled-cooling M vs T curve (open square black
symbols) measured under H = 200 Oe and its fitting using the
Cooke’s model (solid red line). Inset shows the variation of Mg.co
and H; with H. The solid lines in inset are guides to the eye.

the single-domain magnetic state of the sample, whereas for
the present polycrystalline EFCO compound, the domain size
grows under increasing H due to the multidomain structure of
the sample. This leads to an increase in MFe;co, Which in turn
increases Hj acting on the Er site. It should be noted that the
derived Hj values are negative for all the fitted M vs T curves.
The larger negative values of H; in comparison with positive
H make the effective field (H + H;) negative, inferring the
alignment of Mg, opposite to Mpe/co. At T < Tcomp, ME: gets
polarized more and more in the direction opposite to Mg./co
and results in NM in the EFCO compound.

6. EB

The FC M(H) hysteresis loops recorded at some of the
selected temperatures under a cooling field (Hcoor) of 10
kOe are shown in Figs. S2(a)-S2(d) in the SM [46], while
their enlarged views are shown in Figs. 10(a)-10(d). The
FC M(H) hysteresis loop shows a slight opening in the low
magnetic-field region indicating the presence of a FM moment
in the compound, and linear behavior at the high field region
is attributed to the dominating AFM moment. We have esti-
mated the hysteresis loop parameters viz. coercivity (Hc) and
remanent magnetization (Mg) for all recorded loops using the
expressions: Hc = |Hci — He2|/2 and Mg = |Mgry — MR»|/2,
where Hci(Hcy) and Mg (Mg,) are the left (right) coercivity
and up (down) remanent magnetization, respectively, corre-
sponding to M = 0 and H = 0 during descending (ascending)
branch of the hysteresis loop. Temperature variations of Hc
and My are plotted in Fig. 11(a). It is found that, with de-
creasing temperature from 300 K, Hc increases and becomes
maximum at 7~Tgr. With further cooling, Hc decreases and
shows a minimum value at 7~33 K [a temperature where ZFC
and FC magnetization curves cross each other, Fig. 2(a)]. At
T < 33 K, Hc increases gradually down to Tcomp [middle
inset of Fig. 11(a)], and thereafter, a sharp rise in Hc in
Tcomp > T > 10 K followed by a sharp decrease <5 K [top
left inset of Fig. 11(a)] are observed. The My follows a similar
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FIG. 10. Enlarged views of field-cooled M(H) hysteresis loops at
some of the temperatures under Hcoor. = 10kOe.

temperature dependence [Fig. 11(a); right scale] as that of Hc
down to 10 K. At T < 10 K, a sharp rise in My is observed
down to 2 K. The decrease in Hc below Tsg and Tl\?r is
related to the SR and magnetic ordering of Fe/Co and Er spins,
respectively. However, the increase in H¢ below Tcomp may
be attributed to the increasing polarization of the Er spins, as
evident from the Schottky anomaly (Fig. 8) and the Cooke’s
model (Fig. 9), under the internal magnetic field of Fe/Co
spins.
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FIG. 11. Temperature dependencies of (a) Hc and Mg showing
anomalies at T]\lf‘r, Tcowmp, and Tsg. The middle inset in (a) shows the
enlarged view of Hc and My curves in the vicinity of Tcomp, and the
zoomed Hc behavior in the low-temperature region is shown in top
left inset. (b) M(H) loops recorded at Tcomp under Heoor = 0 and
+10kOe. Here, the measurement range was £50 kOe; however, for
clarity, magnetization data only up to +2 kOe are shown. Thermal
variations of (c) Hgg and (d) Mgg, showing anomalies at TI\',Sr, Tcomp,
and T, under Heoor = 10 kOe. Inset in (d) shows the enlarged view
of Mgp near Tsg.
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Further, the M(H) loops are found to be asymmetric along
the horizontal (vertical) magnetic field (magnetization) axis
(Fig. 10), indicating the presence of EB in the compound.
Sometimes this loop shift arises due to the minor loop effect
[76]. To exclude this effect, we have recorded the M(H) loop
at Tcomp (a temperature at which maximum EB is observed,
discussed later) under Hcoor = —10 kOe in the N-type H-
sweeping protocol: (—50 kOe) — (0 kOe) — (+50 kOe)
— (0 kOe) — (—50 kOe) [Fig. 11(b)], whereas M(H) loops
shown in Fig. 10 have been recorded in the P-type H-sweeping
protocol: (450 kOe) — (0 kOe) — (—50 kOe) — (0 kOe)
— (450 kOe). The symmetric and opposite shifting of M(H)
loops recorded under Hcoor, = £10 kOe with respect to ZFC
M(H) loop [Fig. 11(b)] indicate that the observed loop shift or
EB is not due to the minor loop effect.

The EB parameters Hgg and Mgp for the present compound
are estimated using the following expressions: Hgg = (Hcy +
Hc1)/2 and Mgg = (Mg + MR2)/2, where Hgg and Mgg rep-
resent the horizontal and vertical shifts, respectively, in the
hysteresis loops. Figures 11(c) and 11(d) depict the thermal
variations of Hgg and Mgg. Finite Hgg in the proximity of TI\I;:r s
Tcomp, and Tsg is evident from Fig. 11(c). At 200 K, Hgg is
found to be slightly negative. With decreasing temperature,
Hgg remains almost constant down to 120 K; thereafter, it
shows a broad hump at Tgg with positive Hgg. With further
decrease in temperature and <50 K (a temperature where
maximum positive magnetization is observed [Fig. 2(a)]), Hgp
increases and interestingly becomes positively maximum at
Tcomp- It may be recalled from Sec. III B 3 that Toomp is the
temperature where complete spin orientation takes place. In-
triguing Hgp behavior at Tcomp and Tsg indicates a correlation
between the EB and SR in the EFCO compound. We have also
reported a correlation between EB and SR in DyFesAl; [50],
and Padam et al. [77] have reported it in Co(Cr;_,Fe,),04.
Further, at T < Tcomp, Hes decreases followed by a small
increase at T < TI\’IE‘. The maximum Hgg at T = Tcomp in
the present NM EFCO compound is consistent with RFeO3
(R = Nd and Er) compounds [22] showing NM. The pos-
itive Hgg at T < Tcomp is also in agreement with RFeOs
(R = Nd and Er) [22], LagsPrgsCrO; [11], YbCrO;s [12],
SmFeO; [30], RFe(5Crp 503 (R = Lu and Nd) [31,32], and
NdCr;_,Mn, O3 [43] compounds. However, the positive Hgg
in the present EFCO compound even at T > Tcomp iS quite
exotic in comparison with the negative Hgg reported in all the
above-mentioned literature compounds. It is also worthy to
note that the maximum Hgg at T = Tcomp in the present EFCO
compound is different in comparison with the zero value re-
ported for compounds shown in Refs. [11,12,30-32,43]. Thus,
based on the reported EB behavior in NM compounds and
their comparison with the present one, an unusual Hgg in
the present EFCO compound is evident. The Mgg varies like
Hgg, albeit with the opposite sign and interestingly showing
anomalies at .Y, Teomp, and Tsg [Fig. 11(d)].

The observed Hgg behavior in the present EFCO com-
pound can be explained qualitatively with the model given in
the literature [78]. According to this model, Hgp is represented
as Hgp = JiNnT/|MnNet| cos @, where Jiny is the exchange-
coupling constant between two AFM coupled sublattices and
is negative [26], My is the net magnetization, and 6 is the
angle between My, and H. This model is reminiscent of that

given by Meiklejohn and Bean [7] to explain Hgg behavior
in FM/AFM interfacial systems. At T~Tcomp, Mnet 18 very
small [Fig. 2(a)]; therefore, as per the above model, Hgp
diverges at Tcomp [Fig. 11(c)] for the EFCO compound. A
similar explanation is given in the literature to elucidate the
maximum Hgg at Tcomp Of 150 and 45 K in single crystals
of GdCrOj; [13] and ErFeOs; [21] compounds, respectively.
Further, for the present compound, this model explains the
Hgg behavior in TI\]{:r < T < Tcomp very well because, in this
temperature range, net magnetization |Mye| is increasing with
decreasing temperature below Tcomp [Fig. 2(a)], consequently
Hgg decreases as per the above model. The small rise in Hgg
below 7" is attributed to the magnetic ordering of Er spins,
as evident from our ND study. The above model also explains
the Hggp sign below Tcomp. At T < Tcomp, |Mnet| orients
opposite to H, making 6 = m or cosf® = —1 (negative) and
Jint < 0. This gives Hgg positive which is consistent with the
literature of related compounds [11,12,14,18,30-32]. Interest-
ingly, the present EFCO compound shows positive Hgp even
at T > Tcomp, indicating the unusual EB in comparison with
the usual EB with negative Hgg at T > Tcomp reported for
YbCrO; [12], ErFeOs [21], SmFeO5 [30], and other related
compounds [31,32]. This shows that the positive Hgg at T
> Tcomp is generally not common in all NM compounds;
however, it has been reported in a few NM compounds, such
as Ndg7sHogsAly [19] and GdCo,/Co multilayers [79]. It
is also interesting to note that a positive Hgg at T > Tcomp
was realized in the ErFeO; single crystal [21] when using the
field-heating mode (as opposite to field cooling), as a result
of which H was directed oppositely to the canted FM moment
Mg, at the beginning of the M(H) loop. It should be noted that,
in these systems, magnetic moments do not exhibit the SR in
the measured EB range. This indicates that the SR of Fe/Co
spins in the present EFCO compound leads to the complex
exchange coupling between Er and Fe/Co spins which may be
responsible for the observed unusual EB effect at T > Teomp.

For further understanding of the EB in the present EFCO
compound, M(H) hysteresis loops, under various Hcoor,, have
been recorded at Tcomp (24 K), a temperature at which max-
imum EB is observed. Some of them (enlarged view) are
shown in Fig. 12(a), and the variations of Hgg and —Mgp
with HcooL are plotted in Fig. 12(b). It is evident that both
Hgp and |[Mgg| first sharply increase with increasing Hcoor,
become maximum at Hcoor, ~ 5 kOe, and remain constant
up to Heoor = 20 kOe, followed by a gradual decrease with
further increase in Hcoor up to 70 kOe (maximum Hcoor,
used in this paper). The Hgg and |Mgg| behaviors, i.e., first
increase with Hcoor, and then constant, are usual and re-
ported in many single-phase compounds such as YbCrOs;
[12], DyF65A17 [50], Dy0,33Nd0,67CrO3 [80], and TbMIleiz
[81]. However, a decrease in Hgg and |Mgg| at higher HcooL is
rarely observed and is reported in only a few compounds such
as LaO.SPI‘O‘SCI‘O»@ [] ]], LuFeO‘SCrO_503 [31], YF60_5CI‘0_5O3
[82], and Dy(,NdpgCrOs; [83]. Sharma et al. [82] ex-
plained the decreasing Hgp/|Mgg| under higher Hcoor in
the YFe( 5Cry 503 compound by considering the competition
between effective Zeeman and interfacial exchange energies
between FM and AFM regions. At higher Hcoor, more and
more FM spins align in the direction of Hcpop, causing
Hgg/|Mgg| to decrease. In LuFe( 5Cry 503 [31], the decrease
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FIG. 12. (a) Zoomed view of the M(H) loops recorded under
various Hcoor, at Tcomp = 24 K. (b) Variations of Hgg (left scale)
and _MEB (I'lght scale) with HCOOL at TCOMP-

of Hgp/|Mgg| was explained by considering the competition
of various Dzyaloshinskii-Moriya interactions between Fe3*+
and Cr** spins. The competition between Pr** and Cr** mo-
ments was responsible for the decrease in Hgp/|Mgg| at higher
HcooLr in Lag sPry sCrO; [11]. These reported studies suggest
the role of the exchange coupling between the two competing
magnetic sublattices, which for the present EFCO compound
are Fe/Co and Er, in explaining the decrease in Hgp/|Mgg| at
higher Hcoor. Recently, Zhang et al. [84] studied the single
crystal of ErFeOs;, a compound like the present EFCO, in a
static and pulsed magnetic field using magnetization study.
They showed that magnetic interactions between Er and Fe
moments get weaker at higher magnetic fields. This weak-
ens the exchange coupling between two sublattices, causing
Hgp/|Mgg| to decrease at higher Hcoor in the present EFCO
compound.

IV. DISCUSSION ON Er ORDERING

Now we discuss the unusual Er ordering into I's; IR in the
present EFCO compound. It is known from the literature that
the IRs of the R and Fe spins in a given RFeO3; compound may
or may not be the same. For instance, the magnetic ordering
of Fe spins into I';(G;) is compatible with the rare-earth
(R = Nd, Sm, and Ho) ordering into the same I';(F}, C,) IR
[26,57,58]. Similar compatible IRs of rare-earth and Fe spins
are reported for doped orthoferrites, NdysDyosFeO3 [35],
Er0.5Dy0.5FeO3 [37], and RFCO.5CI‘0'503 (R = Tb, HO, and
Er) [38]. However, for ErFeO5 [56] and HoFey 5Coy 505 [42]
compounds, Er and Ho orderings into I'{(C;) and I'>(F; C,)

IRs are not compatible with the I',(G;) and I'14(G, G,) IRs of
Fe and Fe/Co spins, respectively. Here, it must be noted that,
in all above-mentioned compounds, rare-earth orders either
into I'y or I', which give intensity to {(100)(010)} or (100)
Bragg peaks, respectively. These Bragg peaks are not found in
the present ND data [Fig. 4(a)]; thus, the possibility of Er or-
dering into I'; or I'y spin configurations is excluded. Further,
the ND studies on SmCrOj3 [53] and DyFeOs3 [55] compounds
revealed the Sm and Dy ordering (at low temperatures) into
I'; and I's; spin configurations, respectively. In the DyFeO;
compound, it is reported that I's(A,) of Dy accounts for the
intensity of the (001) Bragg peak, while the enhanced inten-
sity of (011) is accounted by I'7(G;), which is consistent with
our ND results (Fig. 4). Further, Biswas et al. [55] and Citter
et al. [85] recently showed the splitting of the (001) Bragg
peak positioned at Q = 0.84 A~! into a doublet using high-
resolution ND data on the DyFeO3; compound. At ~2 K, the
ND was fitted with a nonzero propagation vector (k, = 0.017
[55] and 0.028 [85]), leading to the incommensurate ordering
of the Dy sublattice in the DyFeO3; compound. Our inference
of Er ordering into the I's; spin configuration in the present
EFCO compound from ND results matches well with reported
results on the DyFeOs; compound. However, splitting of the
(001) Bragg peak could not be confirmed from our present ND
data [Fig. 4(a)], which may be due to the limited resolution of
our ND instrument. Further, according to Yamaguchi et al.
[86], the magnetic ordering into the I's-I"g spin configuration
leads to the magnetoelectric effect in the compound, which is
extensively studied in the DyFeO3; compound [24,87]. Thus,
based on the literature reports, further studies in the EFCO
compound would be worthy of investigation.

V. SUMMARY AND CONCLUSIONS

We have studied the structural and magnetic properties of
the ErFe(sCop 503 (EFCO) compound using x-ray diffrac-
tion, EDX, dc magnetization, ac susceptibility, specific heat,
neutron depolarization, and ND experimental techniques. The
dc magnetization study reveals the NM phenomenon in the
compound with the compensation temperature (Tcomp) of
24 K. The Rietveld refinement of ND patterns over 1.5—
300 K infers the onset of SR transition at 100 K (Tsr) in
the compound, leading to the different magnetic structures
over different temperature ranges. In the 300-100 K range, the
magnetic structure of the compound is I'4(G,), which changes
to I'2(G,) at Teomp after going through the intermediate 'y
structure in the temperature range of Tcomp < T < Tsr. The
marked anomalies are observed in ac susceptibility data at
Tsgr and Tgomp. Interestingly, <4 K (Tr\lfr), Er shows mag-
netic ordering into an unusual F57(A§‘rGfr) spin configuration.
However, at T > TI\FI, the Er moment (MFg;) is polarized under
the internal field of ordered Fe/Co moments. The polarized
nature of the Er moment is evident from the Schottky anomaly
observed in the specific heat data and monotonic increase
in the ac susceptibility below Tcomp. The observed NM in
the present compound is explained within the framework of
the Cooke’s model, where Mg, competes with the weak FM
component (Mrec,) of canted AFM Fe/Co moments. The
negative internal magnetic field, derived from the Cooke’s
model, aligns Mg, in an opposite direction to Mr,co as well as
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to the applied magnetic field below Tcomp, thus bringing the
compound to the NM state.

Further, the FC hysteresis loops reveal that the compound
exhibits anomalous behaviors of coercivity and remanent
magnetization showing marked anomalies at Tsr, Tcomp, and
T.¥". Interestingly, the compound shows unusual positive Hgp
(EB field) at T > Tcomp Which could be attributed to the
complex spin arrangement (SR) of Fe/Co spins. A correla-
tion between EB and SR is also evident from the maximum
positive Hgg and broad hump in Hgg at Tcomp and Tig,
respectively. Moreover, the EB behavior involving positive
Hgp at T < Teomp along with its maximum value at Teomp
is explained within the framework of the model reminis-
cent of the model of Meiklejohn and Bean [7]. The unusual
EB involving a nonmonotonic variation of Hgg with cooling

magnetic field is also found in the compound. Such unusual
temperature- and magnetic-field-dependent magnetic proper-
ties make the EFCO compound a promising candidate for
application in magnetic memories, thermomagnetic switches,
and other spintronic devices.
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