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The complex magnetic structures, spin reorientation, and associated exchange interactions have been in-
vestigated in Erg 5Dy, sFeOs using bulk magnetization, neutron diffraction, specific heat measurements, and
density functional theory calculations. The Fe*" spins order as G-type antiferromagnet structure depicted by
I'4(G,, Ay, F,) irreducible representation below 700 K, similar to its end compounds. The bulk magnetization
data indicate occurrence of the spin-reorientation and rare-earth magnetic moments’ polarization below ~75 K
and 10 K, respectively. The neutron diffraction studies confirm an “incomplete” I'y— I'y(F;, C,, G;) spin-
reorientation initiated <75 K. Although the relative volume fraction of the two magnetic structures varies with
decreasing temperature, both coexist even at 1.5 K. Below 10 K, the polarization of Er** /Dy*" moments in a
c® arrangement develops, which gradually increases with decreasing temperature. At 2 K, magnetic structure
associated with cf arrangement of Er**/Dy** moments also appears. At 1.5 K, while the rare-earth magnetic
moments show a c® 4 cR-type arrangement, the Fe*" spins are represented by a combination of a I',+T
(G, Gy) arrangemeht. A clear signature of the magnetic structure with I';(G,) representation, symmetrically
compatible with the cf—type arrangement of rare-earth moments, is not confirmed from the refinement of the
neutron diffraction data. The observed Schottky anomaly at 2.5 K suggests that the “rare-earth ordering” is
induced by polarization due to Fe** spins. The Er**-Fe*" and Er’*-Dy>" exchange interactions, obtained from
first principle calculations, indicate that these interactions primarily cause the complicated spin reorientation
and cff rare-earth ordering in the system, respectively, while the dipolar interactions between rare-earth moments
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result in the cf type rare-earth ordering at 2 K.

DOI: 10.1103/PhysRevB.105.214436

I. INTRODUCTION

Rare-earth orthoferrite materials RFeO3; (R = rare-earth
ion) have shown potential for technologically relevant ap-
plications via observation of spin switching, spontaneous
exchange bias, and optically controlled ultrafast spin dy-
namics [1-7]. Additional important properties include the
large linear magneto-dielectric effect, spontaneous ferroelec-
tric polarization, mutilferroicity, and the magneto-caloric
effect [8—13].

The orthoferrite materials belong to the family of per-
ovskites and crystallize in the structure represented by
orthorhombic space group D?%:Pbnm symmetry, as observed
in the case of manganite and cobaltate materials [14,15].
Unlike manganites, a long-range static Jahn-Teller effect is
absent in orthoferrites [14]. The FeOg octahedra in rare-earth
orthoferrites possess a GdFeOs-type distortion with nearly
equal Fe-O bond lengths [16-20]. The structural distortion
increases with atomic number of R [21].
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The rare-earth orthoferrites (RFeO3) are antiferromagnets
with a Néel temperature(7y ) in the temperature range of 650—
760 K [22,23]. An increase in the atomic number of R results
in systematic reduction of Ty; [23]. At Tni, the orthoferrites
undergo transition from a paramagnetic to G-type antiferro-
magnetic state with ordering wave vector k= (0, 0, 0). The
magnetic structure belongs to I'y irreducible representation,
which can be written as (Gy, Ay, F;) in Bertaut notation [24].
The Fe*" spins order primarily in an antiferromagnetic G-type
configuration along the crystallographic a axis(G,), while A,
and F, correspond to the A-type antiferromagnetic and ferro-
magnetic arrangement of the spins along the crystallographic
b and ¢ axes due to covert and overt canting, respectively
[23,25,26].

The dominant interaction in all the orthoferrite compounds
is an isotropic Fe’*-Fe** superexchange interaction, which
is denoted as Jp._pe. The additional isotropic interactions
are the R3t — Fe’t and R3T — R®" interactions [25]. The
strength of the isotropic interactions is in the following order:
Jre—Fe > Jr—pe > Jr—g. The antisymmetric Dzhyloshinski-
Moriya interaction is responsible for the covert and overt
magnetic orderings (A,, F;) due to small canting of the
Fet spins. Below 7y, the already ordered Fe** moments

©2022 American Physical Society
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in most of the orthoferrites (except LaFeOs) change their
direction cooperatively as a function of temperature while
maintaining the G-type antiferromagnetic structure. This phe-
nomenon is called spin reorientation. Initially, it was proposed
that the temperature dependence of the anisotropic part of
the R*>*-Fe** exchange interaction leads to the observed spin
reorientation in orthoferrites [27]. Later Yamaguchi et al. [25]
established that the antisymmetric and anisotropic-symmetric
parts of R3*-Fe>* exchange interactions are primarily respon-
sible for the spin reorientation in orthoferrites. In addition to
the spin reorientation, R3"-Fe>* exchange interactions also
affect the magnetization of the rare-earth sublattice. The rare-
earth moments can be aligned (polarized) via two different
mechanisms: (1) the rare-earth polarization induced by the
antisymmetric and anisotropic-symmetric R3*-Fe" exchange
interactions, which cause alignment of the rare-earth moments
into a symmetry compatible with the magnetic ordering of
Fe’* sublattice, and a long coherence among such polarized
moments can be observed by neutron diffraction or other
techniques usually below 20-30 K, and (2) independent long-
range antiferromagnetic order of the rare-earth moments, by
virtue of the R**-R** interactions, into a symmetry different
from the one induced by the R3>*-Fe** interactions. Hence-
forth, in this work, types (1) and (2) of the arrangement of
the rare-earth moments shall be described as polarization and
ordering of the rare-earth moments, respectively.

NdFeOs is one of the most studied orthoferrite compounds
for magnetic ordering and the spin reorientation process
[16,22,23,25,26,28-33] in which the Fe3* spins undergo a
continuous I'y;—T'»(Fy, C,, G;) reorientation between 200 and
150 K [29,31,34]. In the I', magnetic structure, the crystallo-
graphic c axis is the easy axis of the ordered Fe*" spins in a
basic G-type antiferromagnetic configuration along with fer-
romagnetic F, and antiferromagnetic C, configurations due to
overt and covert canting of the spins [24,25]. The anisotropic
and antisymmetric parts of the Nd** — Fe** interactions,
which causes the ['y— I'>-type spin reporientation, also leads
to gradual polarization of the Nd** magnetic moments. The
long-range polarization of the Nd** moments is observed in
neutron diffraction experiments below 20 K [26,30,35]. In
most of the orthoferrites (except DyFeQ,), the R** moments
usually order in a structure which is symmetry-compatible
with the G-type arrangement of Fe** spins [25]. For instance,
in NdFeOs, the Nd** moments polarizes as cf, compatible

to the I', representation of Fe3t spins [26,30,35]. At the
lowest temperatures (usually below 2 K) the Nd** — Nd**
interactions begin to supersede the Nd** — Fe?* interactions,
resulting in long-ranged independent antiferromagnetic or-
dering of the Nd?>* moments, which can be considered as a
Landau-type second-order phase transition [36].

Another isostructural, but relatively less studied, or-
thoferrite, ErFeOs;, shows magnetic properties similar to
NdFeO;. Fe*™ spins in ErFeOs; order as canted G-type
antiferromagnet in I'y representation below 620 K (7yp)
[22]. Between ~100/110 K and ~80/90 K, the Fe’*
spins undergo a I['y—I'>-type gradual spin reorientation
[37—41]. The isotropic and anisotropic Er**-Fe** exchange
interactions result in gradual polarization of the Er’*
moments, which causes the spin reorientation of Fe’*
spins.

In the low-temperature phase (below 20 K), the magnetic
arrangement of Fe®" spins is more complex due to the influ-
ence of polarized Er*™ moments on Fe** magnetic structure.
At 1.3 K, Er** moments are polarized in a magnetic structure
given by cf configuration [22]. At this temperature (1.3 K),
Koehler er al. [22] proposed that the Fe’* spins with a G-
type antiferromagnetic structure are confined in the a-b plane.
Based on neutron diffraction data at 1.5 K, Gorodetsky et al.
[42] proposed the possibility of two of the Fe’™ magnetic
structures below the observed polarization of Er’** moments.
The first magnetic structure is given by the mixed representa-
tion of G,,, wherein Fe** spins are aligned in the ab plane
at an angle of 33° &£ 4° with respect to the b axis. As per
the second proposed magnetic structure, Fe** spins should
order as a G-type structure in bc plane (G,;) with the spins
at an angle of 51° & 8° from the b axis. Based on magne-
tization and torque measurements of the same study [42],
Gorodetsky et al. confirmed the existence of a G,, magnetic
structure for Fe** spins at 7 < 4.5 K. The low-temperature
magnetic structure of Fe’>* moments remained unresolved for
a long time. Recently, Deng et al. [8] confirmed with the
help of neutron diffraction and symmetry analysis that the
low-temperature magnetic structure of Fe** spins remains I',
(Fy, G;) below spin reorientation temperature. Additionally,
Deng et al. also detected Cy (C, in Pnma space group) mode
of I'y(Fy, Cy, G;) magnetic structure below 5 K, at which the
Er** moments start to polarize in the long-range antiferro-
magnetic arrangement given by cf (cf in Pnma space group)
configuration [8,42]. Yokota et al. [11] observed the coexis-
tence of ferroelectricity and magnetism in ErFeOj3 thin films
by modification of structure from orthorhombic to hexagonal
via yttria-stabilized zirconia substrate.

In the family of orthoferrites, the DyFeO; exhibits an ex-
ceptional trend in spin-reorientation and rare-earth ordering
[10,37,43-46]. Below Ty (~650 K), the Fe** moments order
with a structure given by I'y representation. However, near
~35K, al'4—T (A, Gy, C)-type spin reorientation occurs
where the antiferromagnetic axis (b axis) becomes parallel
to the Dzyaloshinsky-Moriya vector and weak ferromagnetic
component cease to exist due to a pure uncanted antiferromag-
netic structure [43,44]. This abrupt transition, also known as
the Morin transition, is unique for DyFeOj; in the family of
rare-earth orthoferrites [23,37,43,47,48].

Below Tx» ~ 4 K, due to the Dy**-Dy** exchange and
dipole interactions, the Dy** moments order in a long-range
antiferromagnetic configuration given by I's(g%, af) where the
moments make an angle of 30° with the b axis [23,43,49—
51]. Isostructural Dy-based compounds viz., DyAlO; [52] and
DyCrO; [53], also order in the same configuration. Due to
large single-ion anisotropy, the Dy*" moments are confined
to the a-b plane [54].

Prelorendjo et al. [44] also studied magnetic-field-induced
spin reorientation in DyFeO;. At 4.2 K, I'j — 'y, I'1 = I'y,
and I'} — T4-type spin reorientations of the Fe’* sublattice
were observed in DyFeO; on application of external magnetic
field along the b, a, and ¢ axes of the crystal, respectively
[44]. The ordering (g8, a¥) of Dy’* moments, is not symme-
try compatible with the field-induced I', magnetic structure
of the Fe?T sublattice [48]. Coexistence of the two incom-
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patible magnetic structures breaks the inversion symmetry,
which is essential for a linear magneto-electric effect [48,55].
Experimentally, a linear magneto-electric tensor component
with a value as large as 2.4 x 1072 esu is observed below
the Dy>* antiferromagnetic ordering temperature [10]. Inter-
estingly, large ferroelectric polarization along with magnetic
ordering also is achieved by application of an external mag-
netic field along the ¢ axis of DyFeO; [10,45,56]. Rajeswaran
et al. [56] claimed to observe simultaneous ferroelectric-
ity and weak ferromagnetism above the Morin transition
temperature in polycrystalline DyFeO;. A recent study by
Wang et al. [46] observed a long- to short-range ordering
transition of Dy** concurrent to the magnetic field (along
the c-axis) induced spin reorientation of the Fe** sublattice.
The magnetic-field-induced short-range ordering of the Dy>**
moments is responsible for the observed multiferroic phase
induced by external magnetic field [10,46].

Recently spin reorientation of the Fe** sublattice and rare-
earth ordering in single-crystal DyFeO; was explored using
spin Hall magnetoresistance (SMR) and the spin Seebeck
effect of a thin Pt contact in Hall bar geometry [57]. A
clear signature of the spin reorientation of the Fe’' sub-
lattice (Morin transition) was observed in the SMR signal.
In addition to the usual antiferromagnetic ordering of Dy**
moments at 4 K, a magnetic-field-induced ordering of Dy** is
observed up to 23 K. Hoogeboom et al. [57] proposed that the
additional Dy>* magnetic ordering occurs due to the external
magnetic field and Dy**-Fe** exchange interaction. Such an
ordering might be also related to the magnetic-field-induced
short-range ordering of the Dy’* moments observed by
Wang et al. [46].

In addition to the pure orthoferrites, doping and/or sub-
stitution at the Fe and/or R sites shows interesting variations
in the structural, magnetic, and electronic properties, while
the fundamental characteristic of orthoferrites is still retained
[12,58-63]. For instance, substitution at the Fe site with Mn
has been studied and resulted in a systematic decrease of
the Néel temperature [58,63] and structural distortion due
to the Jahn-Teller effect [14], and modifies the preferred di-
rection of Fe** spins due to single-ion anisotropy of Mn**
ions [58,64]. Substitution at the A site by another rare earth,
however, does not affect the structural behavior and Néel tem-
perature, but affects the spin reorientation and the rare-earth
ordering/polarization. For instance, twofold spin reorienta-
tions are observed in single crystals of Dy, sProsFeO3 and
Hoy 5Dy, sFeO3; with varying temperature and magnetic field
[61,62]. However, in these cases, the nature of the rare-earth
ordering/polarization and its effect on the spin reorientation
is not known.

Considering the striking contrast in the nature of Fe** and
R**-orderings in ErFeOs3 and DyFeO;, it would be interesting
to explore the properties of Erg 5Dy sFeO3 (EDFO). A com-
plex interplay of the various exchange interactions between
the Er’* /Dy’ and Fe’* sublattices along with the R3*-R3*
exchange interaction is expected. Additionally, due to the
large magnetic moments of both rare earths, the classical
dipole interactions are expected to play a prominent role in
determining the complex ground-state magnetic structure at
the lowest temperature. Due to large differences in the nature
of single-ion anisotropy of both rare-earth ions (Er’* and

Dy*) which can compete with the exchange and dipolar
interactions, it would also be interesting to establish whether
the arrangement (independent ordering or polarization) of the
rare-earth moments is long-range or the magnetic ground
state turns into a spin glass. Additionally, the possibility of
a magneto-electric effect is also worth exploring.

Thus, we have experimentally studied the bulk magnetiza-
tion, heat capacity, neutron diffraction, and magneto-dielectric
measurements of polycrystalline EDFO. Theoretically, den-
sity functional theory calculations are performed to under-
stand the ground-state electronic structure and evaluate the
various exchange interactions from the total energies of vari-
ous possible magnetic configurations.

II. METHODS
A. Experimental

Polycrystalline samples of EDFO were synthesized using
solid-state reaction method. Er,03, Dy,03, and Fe,O3 pre-
cursor powders were weighed in appropriate stoichiometry
and ground in an agate mortar for 12 hr. The steps involved
calcination at 1200 °C for 24 hr, followed by heating at
1350 °C for 24 hr with intermediate grinding. Crystal struc-
ture of the sample was identified using a Bruker D8 two
circle powder x-ray diffractometer with Cu K,, source. Bulk
magnetization measurements were performed using a SQUID
magnetometer of Quantum Design Inc.’s Magnetic Properties
Measurement System-XL (QD-MPMS-XL) and the vibrating
sample magnetometer option of Quantum Design Inc.’s Dyna-
cool Physical Properties Measurement System (QD-PPMS).
Zero-field-cooled (ZFC) and field-cooled (FC) magnetiza-
tion measurements were carried out from 300 to 2 K in the
presence of 0.01 and 0.1 T magnetic field. M-H isotherms
were measured at various temperatures between 300 and 5 K.
Using custom-designed probe for the QD-PPMS and Hioki
EIM3536 LCR meter, magneto-dielectric studies were carried
out in the temperature range of 300-2 K, at frequencies rang-
ing from 1 to 500 kHz in the external magnetic field of 0, 0.1,
and 1 tesla (T). Heat capacity measurements were performed
using the QD-PPMS with 3He option in the temperature range
20-0.4 K and magnetic field values of 0, 2, and 5 T. Powder
neutron diffraction studies in zero magnetic field were car-
ried out at various temperatures between 300 and 1.5 K to
identify the crystal as well as magnetic structure and their
evolution as a function of temperature. The neutron diffraction
measurements were performed at the powder diffractometer
G-41-1 (A = 2.4206 A) at LLB, Saclay, France. The Ri-
etveld analysis of the diffraction data was performed using
the FullProf suite of programs [65,66]. Magnetic structures
were determined using the irreducible representations from
Baslreps [67].

B. Theoretical

The electronic structure of EDFO was studied us-
ing density functional theory implemented in the Vienna
ab initio simulation program (VASP), which uses the projec-
tor augmented wave (PAW) method [68]. Calculations were
performed using the Perdew-Burke-Ernzerhof (PBE) -based
generalized gradient approximation (GGA) [69] and GGA+U
[70]. A cutoff energy of 500 eV was used in the expansion of
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FIG. 1. Observed and refined x-ray diffraction pattern of EDFO
at room temperature. We also show the unit cell of EDFO, wherein
the Er and Dy atoms occupy same crystallographic site. The Er/Dy,
Fe, and O atoms are represented by silver/blue, green, and red
spheres, respectively, in the unit cell.

the plane waves. As shown in the inset of Fig. 1 and Fig. 11, an
unit cell containing 4 formula units of EDFO is considered in
our calculations. The structure was relaxed keeping the Er/Dy
4f electrons as core electrons. Ionic positions were relaxed
until the forces on the ions are less than 0.1 meV A~". For the
electronic self-consistent calculations, the Er/Dy 4 f electrons

were treated as valence electrons. We have considered follow-
ing orbitals in the valence band for each atom: Fe: 3d, 4s, O:
2s, 2p, and Er/Dy: 4f, 5p, 5d, 6s. A 6 x 6 x 6 Monkhorst-
Pack k-mesh centered at the I' point in the Brillouin zone
was used for performing the Brillouin zone integrations. To
establish the nature of the ground-state magnetic order, non-
collinear calculations were performed with the inclusion of
spin-orbit coupling within GGA+U+SO approximation.

III. EXPERIMENTAL RESULTS

A. Structural characterization

Figure 1 shows the room-temperature powder Xx-ray
diffraction pattern for EDFO. The pattern is refined with the
Rietveld method using the FullProf program. The pattern is
refined to a single phase, with no trace of any impurity or unre-
acted phases. The compound crystallizes in the orthorhombic
Pbnm space group. At room temperature, the estimated lattice
parameters are a = 5.2793(5) A, b = 5.5835(6) A, and ¢ =
7.6011(6) A. The lattice (structural) parameters were also
extracted from neutron powder diffraction patterns collected
between 300 and 1.5 K. In Figs. 2(a)-2(c) the temperature
variation of the three lattice parameters is shown. As expected,
a, b, and c continuously decrease from 300 till 100 K. Further
till 10 K, @ and ¢ decrease gradually with temperature, while
b shows a “hump”-like feature between 50 and 10 K. Be-
low 5 K we observe a sharp increase in all the three lattice
parameters with a maximum around 2 K. The temperature
variation of unit cell volume V [Fig. 2(d)] is similar to that
of a and ¢, with a slope change below 100 K. In Fig. 2(e),
we observe a sharp increase in volume with a maximum
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FIG. 2. [(a)—(c)] Temperature variation of lattice parameters, (d) unit cell volume of EDFO, and (e) anomalous rise in volume below 10 K.
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FIG. 3. ZFC-FC magnetization of EDFO at (a) 0.01 T and
(b) 0.1 T. The inset shows enlarged portion of the graph below 70 K.

value at 2 K. In the absence of structural transformation, the
“isotropic” negative thermal expansion effects may be consid-
ered as magneto-elastic or magneto-volume effect [71]. The
anomalous negative thermal expansion is found to be associ-
ated with the long-range arrangement of rare-earth moments.

B. Magnetic properties
1. DC magnetization

Figure 3 shows the temperature-dependent zero-field-
cooled (ZFC) and field-cooled (FC) magnetization measure-
ments for EDFO from 2 to 300 K at magnetic fields of
0.01 and 0.1 T. At 300 K, EDFO is expected to be antifer-
romagnetically ordered in I'4(G,, A,, F;) magnetic structure,
due to which we observe a small difference in the ZFC and
FC magnetization. The spin reorientation of Fe>" spins begins
below ~100/110 K in ErFeOs [37—41]. Unlike ErFeOs, the
signature of spin reorientation in EDFO appears below 70 K,
indicated by the increase in bifurcation between ZFC-FC
magnetization (in 0.01 T) as seen in Fig. 3. Near T ~ 45 K,
the ZFC magnetization shows a drop, whereas the FC mag-
netization increases in a continuous manner with a change
in slope near 15 K. This change in slope might be related
to the polarization of Dy>* moments, observed in neutron
diffraction measurements in this work and observed earlier by
Hoogeboom et al. [57] in SMR measurements. Below 25 K,
the ZFC magnetization rises again, similar to ErFeO3 [72].
Unlike DyFeO;, signature of a clear Morin-like transition is
not observed in EDFO [45]. The ZFC-FC measurements for
0.1 T are also shown in Fig. 3. With a decrease in temperature,
the ZFC and FC curves for 0.1 T show a continuous increase
with a small slope change near 45 K.

The isothermal field variation of magnetization for various
temperatures is shown in Fig. 4. At 300 K, the M-H curve
shows a typical hysteresis loop of a canted antiferromagnet
with a coercivity of nearly 0.2 T, confirming the weak fer-
romagnetism in EDFO. At 50 and 30 K, the M-H isotherm
loops have relatively narrower hysteresis loops with an almost
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FIG. 4. M-H isotherms of EDFO at various temperatures.

linear magnetization at higher magnetic fields. The slope of
linear magnetization at higher fields, which increases with
decreasing temperature, is due to the development of the para-
magnetic moment of both rare-earth ions [72]. At 5 K, the
nonlinear behavior of the magnetization, at higher magnetic
field, suggests polarization of the R3* moments. In a magnetic
field of 5 T, the magnetization attains a near-saturation (M)
value of nearly 8.4 ug. Both Er*t and Dy** ions have a
ground-state angular momentum quantum number J = 15/2,
and their corresponding magnetic moments are ~9.5 ug and
~10.6 up, respectively. Magnetization studies on single crys-
tals of DyFeO; reveal that the magnetic moment along the
b axis attains a maximum value of nearly 9 ug, while a total
magnetization of 10.6 wp is obtained. Similarly, in ErFeOs,
the total magnetic moment reaches a value of 7.6 up in a
magnetic field of 5 T [73]. Thus the value of Mg, in EDFO
lies between that of the corresponding parent compounds.

2. Magnetic neutron diffraction

In this section, the magnetic structures of EDFO obtained
from neutron diffraction data is discussed. At 300 K (pat-
tern not shown), we observe the structurally forbidden (101)
and (011) magnetic peaks associated with G-type magnetic
ordering of the Fe®" spins. The neutron diffraction patterns
obtained at 200, 45, and 20 K are shown in Figs. 5(a), 5(b),
and 5(c). The magnetic peaks (011) and (101) correspond to
ordering vector, k= (0, 0, 0). A ratio of nearly 1/3 between
the intensities of (101) and (011) peaks confirms that the
Fe** spins are arranged as G, in the I'y magnetic structure
at 200 K [74]. Between 200 and 100 K, the ratio between
the peaks remain nearly constant, while the absolute values
of the intensity increase. Below 75 K, we observe relative
increase in the intensity of (101) peak in comparison to the
(011) peak, which indicates the onset of spin reorientation
(data not shown). As shown in Fig. 5(b), at 45 K, the in-
tensity of (011) peak is approximately twice in comparison
to the intensity of (101) peak. Such intensity ratio suggests
that a mixed magnetic structure, G,,(I's + I'»), exists at 45 K.
The changes in intensity ratio of (101) and (011) peaks are
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FIG. 5. Neutron powder diffraction pattern and refinements of EDFO at 200, 45, and 20 K (left panel) showing the systematic evolution
of intensity of (011) and (101) magnetic peaks. In the right panel, patterns and refinement for 4, 2, and 1.5 K are shown. Additional magnetic

peaks arising due to ordering of Er** /Dy>* moments are marked.

much more gradual than the previously studied mixed doped
orthoferrite, Ndg 5Dy, sFeO3 [75].

Equal intensity ratio between (101) and (011) peaks is
required for a pure I';(G;) magnetic structure [74]. As evident
from Fig. 5(c), the intensity of (101) and (011) peaks is not
equal, hence the spin reorientation transition does not com-
plete even at 20 K. In Figs. 5(d), 5(e), and 5(f), the neutron
diffraction patterns for 4, 2, and 1.5 K are shown. As shown
in Figs. 5(d), 5(e), and 5(f), the intensity ratio of (011) and
(101) peaks remain slightly higher than 1 indicating presence
of a mixed magnetic structure of Fe>* sublattice down to the
lowest measured temperature (1.5 K).

Below 10 K, additional peaks near 26° and 45° develop. In
the Pbnm space group the peak at 26° can be indexed to (100),
while the peaks near 45° can be indexed to (012) and (102).
All the three peaks are structurally forbidden in Pbnm space
group. Development of additional peaks can be attributed to
onset of a long-range polarization (arrangement/coherence)
of rare-earth ordering. With a decrease in temperature, the
intensity of (100), (012), and (102) magnetic peaks increases
in a systematic manner. At 2 K, an additional magnetic peak
corresponding to (010) reflection appears, along with a sudden
increase in intensity of (100) and (012)/(102)peaks related to
rare-earth moments and (101) peak related to Fe>* sublattice
ordering. The magnetic peaks that develop below 10 K can
also be indexed to k = (0, 0, 0).

In Fig. 6(a) the temperature variation of the integrated
intensities of the (011) and (101) magnetic peaks is shown
for temperature range from 300 till 1.5 K. Below 75 K, the
intensity of (011) peak decreases, while that of (101) peak
increases in systematic manner. Such a variation of magnetic
peak intensity confirms the initiation of the spin reorientation
at 75 K. This trend persists till 25 K, though they never
cross over, which is a signature of complete reorientation. In
Fig. 6(b) the enlarged version of intensity variation is shown
between 15 and 1.5 K. Below 15 K, the (011) peak shows a
gradual increase till 4 K, while that of the (101) peak remains
nearly constant with small fluctuations till 4 K. The intensity

of the (101) peak increases considerably below 4 K. Hence,
the ratio of (011) and (101) intensity decreases below 4 K.

Additionally, Fig. 6(b) shows the rise in intensity of the
(100) and (010) peaks, associated with long-range polariza-
tion of R** moments. Between 10 and 4 K, the (100) peak
shows a gradual rise in intensity. However, the (100) peak,
similar to the (101) peak, shows a “discontinuous jump” in in-
tensity at 4 K, which is accompanied by sudden development
of the (010) peak. The overall variations in intensity clearly
suggest coexistence of the multiple magnetic structures of
Fe’* and R** sublattices.

The nature of the multiple magnetic phases in EDFO is
understood in detail from magnetic structural refinements us-
ing representational analysis [76]. The Fe atom occupies the
4b Wycoff position, while the R atoms occupy the 4c sites.
The Fe** spins can arrange in four possible magnetic repre-
sentations (Shubnikov magnetic space group) I'} (Pbnm), I',
(Pbn'm)), I's (Pb'nm’), and Ty (Pb'n’m). In Bertraut’s notation
[24], the three spin components for each representation(I"; to
I'4) in Cartesian form are written as (Ay, Gy, C,), (Fy, Cy, G,),
(Cy, Fy, Ay), and (G, Gy, F,), respectively.

In EDFO, the magnetic structure of the Fe’' sublattice
belongs to I'y representation from 300 to 75 K, which is in
agreement with the general behavior of orthoferrites.

Based on intensity ratios of peaks, the spin reorientation
transition starts to occur at 75 K similar to ErFeOs. Below
75 K, the magnetic structure is refined as a mixed structure
given by I'4+T"; representations. The refinements indicate that
the spin reorientation in EDFO is of the I'y—1I"; type, which
is the usual second-order reorientation observed in various
orthoferrites. In the temperature range below 60 K, we do not
find a signature of I'y—TI"; abrupt transition as observed in
DyFeO;. However, the I'y—I'; reorientation is not complete
even at 1.5 K, the lowest measured temperature.

The rare-earth moments, due to their lower site symmetry,
can arrange in eight possible representations labeled I'; to I'g
[25]. As shown in Fig. 6(b), below 10 K, the (100) magnetic
peak starts to originate near the 26° value of 26 diffraction
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FIG. 6. (a) Temperature variation of intensity of various magnetic peaks between 300 and 1.5 K. (b) Temperature variation of intensity of
various magnetic peaks below 15 K. The development of peaks due to R** ordering and anomalous rise in the intensity of (101) magnetic peak

below 4 K is highlighted.

angle. From representational analysis, the (100) peak asso-
ciated with the long-range polarization of the Er’*/Dy**
moments corresponds to the symmetry of the cf magnetic
structure, which belongs the I', representation. The corre-
sponding magnetic moment is denoted as mf. At 2 K, the
sudden development of the (010) peak corresponds to the
arrangement of the Er’** /Dy** moments in the cf -type mag-
netic structure, which belongs to the I'; representation. The
corresponding magnetic moment is denoted as mZR. The cf
arrangements of Er’* moments were also observed in ErFeOs
[8,42]. In ErFeOs, the Fe** show a probable coexistence of T
and I', magnetic structures coinciding with cf ordering of the
Er*™ moments [42]. Similarly, at 1.5 K, due to the c*-type
polarization of of Er**/Dy*" moments in EDFO, develop-
ment of the I'; structure for the Fe** spins is also expected in
addition to combined I"»4 structure [8]. The signature of the I';
magnetic structure of Fe®* spins can be determined from the
increase in intensity of the (101) peak below 4 K as indicated
in Fig. 6(b). However, to confirm this by refinement, the data
at 2 and 1.5 K are refined to combinations of I'p4 as well as
I'4+T structures. At 2 K, the fitting does not converge with
inclusion of three phases. However, at 1.5 K the goodness
of fit is equal in both cases. In Fig. 7 we show a fitting in
"4 (upper panel) and I'p4+1"; (lower panel), highlighting the
(011) and (101) peak. Considering all three representations of
Fe3*(Ip4+T)), the fitting quality seems to be slightly better.
However, inclusion of the I'; structure in our refinement does
not lead to any observable changes or improvement in the
quality of refinement. Thus, though the coexistence of I'; with
the T4 phase is plausible due to the compatible symmetry
c® arrangement of Er**/Dy’* moments only with the G,
arrangement of Fe’* spins [8], the the presence of the 'y
structure, at 1.5 K, can be neither confirmed nor ruled out from
the refinement of our data.

The temperature variation of the magnetic moments for
the Fe** and R3* moments for different representations is
shown in Fig. 8(a). The values of the total magnetic moment

of Fet is nearly 3.2 up, which is lower than the theoretical
expected value of 5 . Such reduction might be due to effects
of covalency, disorder and the polycrystalline nature of our
samples. From 300 to 75 K, we observe a small increase in
the magnetic moment(M,) associated with G, configuration.
With the onset of spin reorientation, there is a decrease in M,,
while correspondingly the M, shows an increase. Below 20 K
both M, and M, remain nearly constant with small fluctuations
as shown in Fig. 8(b). Also, as seen in Fig. 8(b), from 10
to 1.5 K m(f shows a gradual increase, while mf shows a
sudden development at 2 K. The m® and m® moments attain
values of nearly 1.4 and 1.7 up respectively, resulting in a total
rare-earth sublattice moment of 2.4 upg at 1.5 K. The possible
M, component of the Fe?>* moments which exists only at 1.5 K
has a much larger error bar as shown in Fig. 8(b).

LD A I
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1’=2.43

[l 1
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FIG. 7. (011) and (101) magnetic Bragg peaks showing results
of fitting by I'y+I', (upper panel) and I';+I',+I"; (lower panel)
magnetic structures of the Fe** spins.
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FIG. 8. (a) Temperature variation of magnetic moment of Fe**
and Er’**/Dy*" spins from 1.5 to 300 K for the various magnetic
structures. (b) The variation of magnetic moments in the temperature
range from 10 to 1.5 K. The arrow shows the discontinuity/sudden
rise of m~.

In Table I we list the magnetic configurations of EDFO
at various temperatures. The magnetic configurations of the
parent compounds of ErFeO3 and DyFeO; are also listed as
a reference at the corresponding temperatures. The Fe** and
Er** /Dy** magnetic structure of EDFO and its variation is
closer to ErFeOs rather than DyFeO;. The magnetic struc-
tures of EDFO at 50, 4, and 1.5 K depicting the Fe** and
Ed**/Dy*" moments are shown schematically in Figs. 9(a)-

(©).

3. Specific heat

The heat capacity C,, of EDFO for 0, 2, and 5 T are shown
in Fig. 10 from 0.4 to 20 K. The zero field heat capacity
shows a rise below 8 K with a peak at 2.2 K. The A-shaped
anomaly associated with second-order phase transition, seen
in DyFeO; [49] at 4.2 K, is absent in EDFO. Independent
magnetic ordering of the R3* ions is absent till 0.4 K, which is
in agreement with our neutron diffraction results. The feature
observed in EDFO is similar to the peak observed in ErFeOs;
due to the Schottky effect [77].

%0 (0 | ®o o Ff g
Ny %y ARy % gt
i © 0o © ©4o g §g
Jolag sy ayafy b ogbly
(a) S0 K (b)4K (¢) 15K

FIG. 9. Magnetic structure of EDFO at (a) 50 K: G,, G, ar-
rangement of Fe’* spins, (b) 4 K: (G,, G, cf), and (¢) 1.5 K:
(G, G, cf?, cf). Red spheres represent Fe atoms, violet spheres
represent Er/Dy atoms.

FIG. 10. The low-temperature specific heat of EDFO for 0, 2,
and 5 T. The dashed and solid lines show the fitting of specific heat
to Schottky and lattice terms.

In EDFO, the Er’** and Dy*" being odd-electron sys-
tems, the ground state of each ion is a Kramer’s doublet
split by molecular, exchange, and dipole fields. Thus the
low-temperature peak in C, is due to the splitting of the
ground-state doublet of both the rare-earth ions. To extract
information about the splitting of the doublets, the specific
heat is fitted in the temperature range 0.4-20 K as a sum of
“two-level” Schottky terms corresponding to both the rare-
earth ions and the 72 lattice term as

I & AE,  exp(—5F)

Cp = ER Z Wi k_T —AE2

=1 Bl [1+exp(—¢7)]

In Eq. (1) AE,/kg and AE,/kg correspond to the doublet
splitting in each R3* ion, while B; is the lattice term. A
single energy splitting is insufficient to simulate the correct
magnitude of the peak in C,,. From the fitting, the value B3 =
4.04 x 107* J/mole-K* is obtained, which yields a Debye
temperature of 457 K for EDFO. At 0 T, we obtain AE; /kg
= 1.5 K and AE,/kg = 5.6 K. These values are in good
agreement with the optical spectroscopy studies on both par-
ent compounds as discussed further.

Optical studies on ErFeO; revealed that the splitting of the
ground-state doublet in the I', phase is nearly constant from
77 to 5 K with a value of 3.17 cm~'(0.39 meV or 4.52 K) [78].
Similarly, above the Dy** ordering temperature, the splitting
of the ground-state doublet in DyFeO; is nearly 1.5 cm™!
(0.185 meV or 2.14 K) within experimental resolution [79].
The splitting in both cases is attributed to the R>*-Fe* inter-
actions. Thus, the values of AE,/kg and AE,/kg in EDFO
can be attributed to the doublet splitting in the Dy** and
Er** ions, respectively. However, due to complex temperature
dependence of AE, especially in the case of the doublet of
the Er** ion [80], temperature-independent AE terms cannot
satisfactorily fit the Schottky peak, especially for a zero field.

The C, measured at 2 T, fitting Eq. (1) yields AE; = 59K,
while AE; increases to 26 K. At5 T we obtain AE; = 13.6 K
and AE; = 34 K. Thus, the effect of magnetic field on the
ground state of Er** is more drastic, indicating greater po-

+ B3T3 (1)
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TABLE I. Magnetic structural details of Ery sDy, ;FeO; from the present study and comparison with the literature for ErFeO3 and DyFeOj.
The “—” and “~”" denote a complete and incomplete reorientation, respectively.

Compound Iv > T > Ts SR Tsp > T > Ty T >T >4K T =15K
Fe** Type Fe** Fe3* R¥* Fe** R** Reference
Erg 5Dy, sFeO; G.F, Ly~T, G,. G,. cf Model 1: G,;  cff cf This work
Model 2: Gyy:  cf cf This work
ErFeO, G, F, r—T, F. G. F.CG. [8,22,37-42]
DyFeO, G, F. r—T, G, G,y — G, g ak [10,23,37,43-46,50,51,54]

larizablity due to external fields. The values of AE for both
ions though obtained indirectly are close to the experimental
splittings observed directly from Zeeman effect studies on
both parent compounds [78,79,81].

IV. DFT CALCULATIONS

The magnetic structure of EDFO is also explored using
density functional theory. In the Pbnm structure, the Er and Dy
atoms occupy the 8c sites in a random fashion. For computa-
tional purposes, we have considered two regular arrangements
of Er and Dy atoms, viz., the (111) and (001) arrangements
[75]. In the (111) arrangement, the Er and Dy atoms are placed
adjacent to each other. Thus each Er atom has six Dy atoms as
nearest neighbors and vice versa. In the (001) arrangement,
Er and Dy atomic planes are alternately stacked along the
c axis [75].

For both cationic arrangements, structural relaxation of the
orthorhombic unit cell has been performed using the experi-
mental structural parameters obtained for 300 and 1.5 K. The
structure was relaxed considering G-type magnetic ordering
of the Fe>* magnetic moments. The electronic self-consistent
calculations were performed to obtain the total energies of
various structural (cationic) and magnetic arrangements of
EDFO, for which the Hubbard U on Fe and Er/Dy was
incorporated. The Hubbard parameters U = 8.5 eV and J =
0.5 eV for Er and Dy; and U =5.0 eV and J =1 eV
for Fe are used because these are the typical values used
in previous literature for 4f states of rare-earth ion and
3d states of Fe in orthoferrites [34]. We have used U =
U-J (Dudarev’s approach [82]), which is 8 eV for Er/Dy
4f states and 4 eV for Fe 3d states. The iterations were
performed till an energy difference of 107 eV was achieved.
Energetically, it is found that the (001) arrangement has
lower energy as compared to the (111) arrangement. In
the case of the Fe’* sublattice, the lowest energy corre-
sponds to G-type magnetic ordering, which is common in all
orthoferrites [83].

The rare-earth ordering was probed for various non-
collinear magnetic structures with the inclusion of the
spin-orbit coupling within the GGA+4U+SO approxima-
tion. We have considered two possible arrangements of the
Er’*/Dy** moments, (1) cX and (2) ¢¥. The Fe’* spins were
kept fixed in a G, magnetic configuration in these calculations.
As seen in Table II, c§ has a lower energy as compared to
g® in both cationic arrangements. The magnetic moment of
Fe3t obtained from DFT is 4.2 g, which is smaller than
the free ion value of 5 wp, though larger than the exper-

imentally obtained value. The reduction can be attributed
to effects of hybridization with the O 2p bands. The spin
magnetic moment values of Er’t and Dy*" are found to
be 2.8 up and 5 up, respectively. The corresponding or-
bital moment values are 5.0 up and 4.1 wp, thus yielding
total magnetic moments of 7.8 up and 9.1 up for Er’t
and Dy>*, respectively. These values match quite well with
those reported in previous studies on DyFeO; and ErFeO;
(see Table III).

Figures 11(a) and 11(b) show the the partial density of
states of EDFO for (111) and (001) arrangements calcu-
lated within the GGA+-U+-SO approximation for noncollinear
magnetic states shown in the inset. In both arrangements, a
band gap of ~ 2.2 eV is obtained. Just below the Fermi energy,
the spectral character of DOS is mainly the combination of
strongly hybridized Fe 3d and O 2p states. In both arrange-
ments, the behavior of Fe 3d bands appears similar. However,
the 4 f states of Er and Dy show a slightly different behavior
in these two arrangements. In (001) arrangement Er/Dy 4f
states overlap more with each other than the same in the (111)
arrangement in the energy range —3 to —5 eV below the Fermi
level while the Fe 3d states are seen to hybridize with the
Er 4f state in both arrangements in the energy range —6 to
—7 eV below the Fermi level. Er and Dy 4f states show a
sharp spectral feature with high intensity about —6 eV below
the Fermi level.

The strengths of the magnetic exchange interactions be-
tween Er’t-Er**, Dy’*-Dy**, and Er’*-Dy*" have been
determined from our density functional theory -calcula-
tions within the GGA+U approximation. Additionally, the
strengths of Er** /Dy**-Fe3* exchange interactions are also
determined. The differences in energies of ferromagnetic and
antiferromagnetic arrangements are mapped to the Heisenberg
Hamiltonian [83,89]. The calculations were performed on “ar-
tificial unit cells” using the experimental structure of 1.5 K,

TABLE II. Relative energies (in meV) for two main anti-
ferromagnetic ordering with Er’"/Dy’* magnetic moments in
noncollinear arrangement calculated within GGA+4U+SO approx-
imation. The Hubbard parameters used are U = 8.5 eV and J =
0.5 eV for Er and Dy. The Fe** spins were fixed in the G. antiferro-
magnetic arrangement.

Magnetic structure Alternate (111) Layered (001)
ey 0 0
& +62.8 +52.0
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TABLE III. The various exchange interaction strengths in Erg 5Dy, sFeOs obtained from DFT. Also listed from literature are the R-R and
R-Fe interaction strengths of some of the parent orthoferrite compounds, obtained from various experimental techniques. Wherever applicable,
the values are given in terms of fields as well as interaction energies for both cases: exchange and dipole interactions.

Magnetic moment Exchange Dipole
of rare earth energy/field energy/field
Compound (up) (meV)/teslas (meV)/teslas Reference
Er( 5Dy, sFeOs 7.8(Er) Er-Fe 2.886 meV This work
9.1(Dy) Dy-Fe 0.019 meV
Er-Dy 1.381 meV
Er-Er —0.037 meV
Dy-Dy 0.585 meV
DyFeO, 92+1.0 [43]
Dy-Dy 0.07 meV [49]
9.2 Dy-Dy 0.56 T [79]
Dy-Fe 0.17T
Dy-Fe 6.5+1.1T [44]
Dy-Fe 0.1 T (isotropic) [84]
Dy-Fe 20T
ErFeO; 5.8 [22]
6.6 +0.2 Er-Er 05T [78]
Er-Fe 0.22 T (avg)
Er-Fe x0.28and 0.84 T x0.09T [81]
Er-Fe y44and2.6 T y031T
Er-Fe x-2T
Er-Fe y-1T [85]
Er-Fe z-0.12T
GdFeO; Gd-Gd 0.005 meV [86]
Gd-Fe 0.008 meV
Gd-Fe 0.033 meV [87]
Gd-Fe 0.019 meV [88]
NdFeO; <0.5 [22]
Nd-Fe 3T [36]
Nd-Nd 0.075 meV
0.66 [30]
0.9 Nd-Fe 6.6 T [26]

in which except for the selected Fe or Er/Dy atoms, the rest
of the magnetic atoms are replaced by nonmagnetic atoms.
Thus the Fe atom is replaced by Al, while both Er and Dy are
replaced by La atoms, since La** ion is nonmagnetic [83].

30

(a) (111) arrangement
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From the calculations, it is found that the Dy**-Fe** in-
teraction is the weakest, with a value of 0.019 meV, which is
smaller than the single ion anisotropy of Dy** ion [48]. This
is also consistent with previous studied by Zvezdin et al. [84]
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FIG. 11. Partial density of states(DOS) of EDFO for the (a) alternate (111) (b) layered (001) calculated within GGA+U+SO approximation

with noncollinear spin arrangements of Er and Dy as shown in the inset.
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on DyFeO; where it was observed that the isotropic part of the
Dy>*-Fe** exchange interaction (which is calculated here) is
usually compensated and attains a relatively smaller value of
0.1 T. The Er**-Fe** interaction, with a much higher value
of 2.88 meV (which is consistent with previous studies [81]),
thus plays important role in the I'y— I'; reorientation. Among
the interaction strengths between the rare earths, the Dy>*-
Dy**, Er**-Er**, and Er**-Dy* exchange interaction values
are found to be 0.58, —0.037, and 1.38 meV, respectively
(negative sign indicates AFM interaction). Experimental stud-
ies on DyFeO; indicate an ordering temperature of 3.5 K
for the Dy*>* moments, while in DyAlO; and DyScO;, the
Dy3Jr moments order at 4.5 K [52,54]. Berton et al. [49]
have extracted an effective nearest-neighbor exchange J/kg by
considering an Ising model and simple cubic lattice to fit the
experimental specific heat and rare-earth ordering temperature
in DyFeO; and found it to be in the range 0.7-0.8 K. In
our case, three types of R3*-R3* nearest-neighbor exchange
interactions (Dy>*-Dy**, Er**-Er**, and Er’*-Dy?*) are at
play. Moreover, the Dy>*-Dy>* exchange interaction is found
to have values 0.58 meV in the ab plane and —1.21 meV
along the c direction, respectively. Though the Dy>*-Dy3*
exchange interaction is found to be much larger (J/kg ~
6.7K-14 K) in EDFO compared to that obtained by Berton
et al. [49] in DyFeO;, the presence of multiple exchange in-
teractions and their competing nature can lead to a much lower
ordering temperature in our system. The small size of the
Er**-Er’* interaction further indicates that the Er** moments
can be polarized by the molecular field of Fe, suppressing
the independent ordering of Er*™ moments as in ErFeO;. An
appreciable value of Er*T-Dy3* exchange interactions helps
in establishing the long-range ordering by polarization of the
Er/Dy sublattice below 10 K.

V. DISCUSSION
A. T4—T, “incomplete” reorientation of Fe** spins

In the I'y phase below the Ty, due to the F, component
of Fe*" spins, an effective molecular field along the z axis
develops. Such an effective field induces a net polarization on
the R** moments, which by symmetry, should align as ff.

The Er**-Fe’* interactions are much greater than the
Dy>*-Fe** interactions as seen in our first principles calcu-
lations and optical studies [78,79]. According to the effective
field model by Yamaguchi er al. [48], the anisotropic-
symmetric and antisymmetric parts of Er’t and Fe’t ex-
change interactions cause rotation of the Fe’' spins below
75 K, resulting in the I'y—I'; reorientation near 75 K. This
behavior is identical to the reorientation in ErFeO5 [42].

During reorientation, the spontaneous weak ferromagnetic
component of Fe>* moments changes from F. to F,. Due
to two dissimilar rare-earth ions, a local variation in the
exchange field develops in the system. The Dy** ions do
not affect the spin reorientation to a large extent, since the
smaller Dy*-Fe®* interaction does not play a major role.
Thus, instead of reorientation occurring in a short interval of
10 K as in ErFeO; [42], a very gradual reorientation takes
place in EDFO. This results in coexistence of I'4(Gy, Cy, F,)
and I'y(F;, Cy, G;) in the entire temperature range below

75 K, wherein F, and F, play a role similar to the external
applied field.

The external field along various crystal axes causes spin
reorientations in both parent compounds. However, compared
to ErFeOs [73], the effect of the field is more drastic in
DyFeO; at smaller fields. For a field along the a direction,
above a critical field (of nearly 1-2 T), a I'y—1I'4 transition
is induced. A relatively small field along the ¢ direction and
b direction, I'y—TI'; reorientation is induced in DyFeO; [44].
The effective molecular fields along the a, b, and ¢ directions
eventually suppress the Morin transition in EDFO. At 50 K,
coexistence of both magnetic structures exists as shown in
Fig. 9(a), which persists till 1.5 K. We also explored the
possibility of an additional magnetic phase I'; in addition to
the I'y4 at 1.5 K. Hence, the spin reorientation in EDFO can
be considered to be an “incomplete reorientation.”

B. Polarization of rare-earth moments

1. Development of cf arrangement of R** moments

Just as the predominant Er’*-Fe>* interaction causes the
I'y—T'; reorientation, this also results in the polarization of
the R* moments in the (f}%, ¢¥) configuration. The polarization
of Er** moments is much easier as compared to the Dy** mo-
ments. Though the preferred arrangement of Dy** moments
is (gf, aﬁ), this is actually the spin-flopped configuration of
(X, cf) with the energy difference smaller than the single-ion

anisotropy of Dy’ [48]. Thus the effective field along the
x axis can also partially polarize the Dy** moments along
with the Er’t moments. Hence, at 4 K, Fe’* spins are in
the 'y, configuration, and the R3** moments are in the cf
configuration [Fig. 9(b)].

2. Development of c¥ arrangement of R3** moments

At 2 K, a sudden appearance of the cf magnetic Bragg
peaks occurs. As shown in Fig. 8(b), the magnetic moment
(mf) shows a sudden rise. The mechanism behind the sudden
appearance of cX and abrupt reorientation G,— G, which is
a characteristic feature of ErFeOs, is more complex to under-
stand. In Fig. 9(c) we show the coexistence of cf and cf along

with Fe** spins having (G, G.) at 1.5 K. The mechanism
behind the sudden appearance of a peak related to the cX-type
structure, which is a characteristic feature of ErFeOs, is more
complex to understand. In Fig. 9(c) at 1.5 K, we show the
coexistence of magnetic structure of Er**/Dy** and Fe’*
sublattices.

C. Symmetry of the rare-earth magnetic structure

The ground state of Dy** and of Er*" ions, viz., *Hjs)a
and *Ij5)», respectively, is split by the monoclinic crystal
field [Cy(m)] into eight Kramer’s doublets [52,81]. Inelastic
neutron studies reveal that the splitting between the ground
state and first excited doublet of Er** is around 5.5 meV,
while in the case of Dy>* a separation of nearly 6.8 meV is
observed. Below 50 K, only the lowest doublet is populated
in both ions. Hence, the Er*™ and Dy** ions are described as
“effective spin” Sg = 1/2 (R: rare earth) systems, which are
twofold degenerate. The degeneracies of the ground state of
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both ions are Zeeman split by an energy AE due to external
field as well as internal molecular fields ﬁeff due to R3+-Fe3t,
R3**-R3*, exchange, and dipolar interactions. The coupling of
the Er** and Dy>* “spins” to the effective fields occur via the
anisotropic “g” tensor [78,79].

Mean-field studies pertaining to rare-earth magnetism in
RCrO;(R =Nd, Er), show that temperature evolution of the
magnetic moment of R*T and AE are related in a self-
consistent manner. The sublattice magnetization of R3* is
defined as m® = 1 /2gyuBN < Sg >; where the thermal av-
erage of the R** “spin” is related to the doublet splitting as
< Sg >= Bs(AE /kgT). Here Bg(x) is the Brillouin function,
which becomes tanh(x) for Sz = 1/2 [90].

Optical spectroscopy and mean field analysis on NdCrO3
and ErCrO; show that, below Ty;, AE is proportional
to temperature-dependent sublattice magnetization of Cr’*
spins < § >/S(S =3/2 for Cr*"). However, below the
spin reorientation temperature(Tsg), when the R**-R3* in-
teractions become nonnegligible, AE is proportional to the
sum of (1) sublattice magnetization of Cr’* spins and (2)
tanh[AE (H, T')/2kg T] [80,90].

In EDFO, the situation is more complex, since the temper-
ature dependence of AE, is different for the Er** and Dy’**
ions. Thus, in EDFO, the variation in mlf can be attributed to

sum of the three terms, (1) Fe3* sublattice magnetization, (2)
tanh(AEg, (H, T)/2kgT), and (3) tanh(AEpy (H, T)/2kT). In
EDFO, even above 75 K, the Fe’t spins have attained their
maximum value. In the range 1.5-10 K the net sublattice
magnetic moment of Fe* is nearly constant. The eventual
rise in the intensity of the cf peak below 10 K can be at-

tributed to the interaction between the R3* ions along with
a stronger Er’*-Fe>™ exchange interaction. In view of the
negligible Er**-Er’* exchange interactions, the increase in
c® intensity can be attributed to the the Er’*-Fe’*, Er**-
Dy’*, and Dy**-Dy?* exchange interactions. Though optical
spectroscopy studies on DyFeO; and DyAlO; suggest only a
stronger dipole interaction which leads to the gf-type ordering
of Dy** moments below 4 K, our first principles calculations
suggest a strong exchange interaction can also exist between
the Dy** moments. Additionally, the Er’*-Dy** exchange
interactions which are higher than the Dy**-Dy*" interactions
also facilitate the polarization of Er’**/Dy>* moments in the
cR arrangement.

Below 4 K, due to sudden development of a magnetic peak
related to the cf-type arrangement, the total R3* sublattice
magnetic moment shows a sudden increase. Similar behavior
is observed in ErFeOs, in which below 5 K the Er** moments
order as cf along with an increase in AE, which attains a
maximum value of 6.5 cm™! (0.8 meV or 10 K) [78]. In or-
thochromate ErCrOs3, a discontinuity in AE occurs at Ty [80]
accompanied by the cX ordering of Er** moments. Usually, in
orthoferrites, R3*-R*" and R*>*-Fe’* exchange interactions,
in comparison to the dipolar interactions, are considered im-
portant for determination of the magnetic ground state of the
rare-earth moments. But, due to the large magnetic moment of
the Er’* and Dy>* moments and the highly localized nature
of the 4f electrons of Er** /Dy*", the role of magnetic dipolar
interactions cannot be neglected, and it may exceed the negli-
gible R*T-R** exchange interactions, particularly in the case

of Er’*. This is also clear from various optical spectroscopy
measurements performed to examine the Kramer’s doublet in
various Er’**- and Dy>*-based oxides [52,54,78-81,91] The
Er**-Er** dipole interaction which causes the c® ordering
is maximum between Er’* moments along the ¢ direction
[80,81].

Even though the dipole interactions result in magnetic or-
dering of the R3T ions at the lowest temperature, the direction
of the moments is decided by the anisotropic g tensor. From
optical spectra of ErFeOs, it was observed that g,,(min)= 1.2,
gy(max)=4.5 and g (z||c axis)= 5.6 in a-b plane [81].
Thus, a slightly larger anisotropy along the z axis facilitates
the c® ordering of the Er** moments below 5 K. In Dy*,
gxy(min)= 3.2, g,,(max)= 18.4, g, = 2.0, due to which the
Dy** moments have a strong Ising character with moments
in the direction of g,,(max) [52], which is also clear from
the long-range antiferromagnetic ordering of Dy>* moments
with the I's(gf, aﬁ) configuration in DyFeO;, DyAlO,, and
DyScO;. Thus the ¢¥ is completely opposed by the the a-b
plane anisotropy, even though optical studies on DyAlO; re-
veal that Dy**-Dy>* dipole interaction has maximum strength
along the c direction [91]. Estimate of the dipolar energy in
DyScOj; for various magnetic configurations in the a-b plane
reveal that for the experimental (g¥, af) configuration, the
lowest dipolar energy (—3.61 K) is achieved, which is also
close to the Ty, while the (fF, cf) has the highest energy
(4+2.44 K) at zero field [54].

In a similar manner, an estimate of the ground-state energy
of the rare earth in the context of dipolar energy is carried
out in EDFO. The magnitude of magnetic moments is fixed
according to the experimentally obtained values. The dipo-
lar energy is calculated for Er and Dy arranged alternately
for a radii of nearly 6 A containing 18 atoms. For the four
magnetic arrangements, cX, cf, (cf, k) and (g%, af), the
energies obtained are —0.158, +0.092, —0.08, and —0.138 K,
respectively. Thus the cf -type polarization is most favored by
the Er’**-Dy** dipolar interaction, while the ¢f one is least

favored. However, the character of the g tensor of Dy3Jr tends
to suppress the cf polarization to a lower temperature, due to
which the peaks appear only at 2 K with a lower magnetic
moment than observed in ErFeO;.

D. Symmetry of the ground state

Finally, we discuss the symmetry aspects of the magnetic
structure of EDFO at 1.5 K. Based on the representation
analysis, the resultant magnetic structure can be written as
I'y+I+T wherein I'; corresponds to the magnetic struc-
ture of the Er’**/Dy’* and Fe’* (possibly) sublattices, I'»
corresponds to the combined magnetic structure of Fe’* and
Er**/Dy** sublattices, while I'y corresponds to the Fe’*
sublattice. To simplify things, we consider the net magnetic
structure at 1.5 K as combinations of I'y4, I'14, and I'j,. The
I'1» and I'14 belong to the point group Cy,(Cy,)(m), while the
I',4 belongs to the point group Cy;(C;)(m’) [48]. The I'y4 and
I'j; are invariant under the symmetry operations (E, Gy, i,
iCyy) and (E, Cs,, i, iCy.), respectively. On the other hand, the
I"»4 is invariant under (E, i, RCzy, iRC‘zy). Here i corresponds
to the inversion symmetry operation and R corresponds to
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the time-reversal symmetry operator. In the case of I'p4, there
occurs an effective field, which is absent in the case of I'y.
Considering the coexistence of three phases, the only symme-
try elements remaining are (E, i). The presence of inversion
symmetry rules out the possibility of a spontaneous ferro-
electric polarization. Moreover, reduction in the structural
symmetry due to the simultaneous presence of cf and cf does
not occur, unlike as speculated by Deng et al. [8]. The absence
of any ferroelectric polarization or magnetodielectric effect is
also confirmed by temperature-dependent dielectric studies in
the presence of the magnetic field (data not shown).
However, the coexistence of c§ and cf structures coincides
with a negative volume expansion occurring below 10 K as
shown in Fig. 2(e). Though this suggests a magneto-volume
effect, the detailed analyses are beyond the scope of this paper.

VI. CONCLUSION

In conclusion, we have investigated magnetic behavior
of polycrystalline EDFO using various experimental tech-
niques like bulk magnetization, neutron powder diffraction,
and specific heat, while the observed properties were cor-
related with theoretical estimations from density functional
theory. At 300 K, the magnetic structure belongs to the I'4
configuration. The 50% substitution of Er** and Dy** results
in a complex spin reorientation of EDFO. The gradual I'y—1I",
reorientation of the Fe** spins begins below 75 K. However,
the reorientation remains incomplete even at 10 K, and the
magnetic structure with two representation continues to coex-
ist at lower temperatures. The ordering of rare earth due to

its polarization starts below 10 K resulting in a c§ peak in
the I'; representation. At 2 K, the sudden development of the
peak related to a cf -type magnetic structure occurs, though a
clear confirmation of G,-type magnetic structure (having I'y
representation) of Fe** spins is not obtained from the analysis
of the neutron diffraction data. The specific heat shows a
Schottky peak of relatively larger intensity, indicating the
absence of a second-order phase transition. The strengths
of exchange interactions estimated from density functional
theory calculations suggest that the Er’t-Fe’*, Er’t-Dy**,
and Dy>*-Dy** exchange interactions are of comparable
strength, while the Er**-Er** and Dy**-Fe’* interactions
are the weakest. The cf—type magnetic structure of rare-earth
magnetic moments is consistent with experimental data. The
development of ¢ can be attributed to the Er*™-Er 3*dipole
interactions, while the strong anisotropy of Dy>* ions tends to
suppress this transition to lower temperature.
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