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In the present paper, the magnetic structure and spin reorientation of mixed rare-earth orthoferrite
Nd, 5Dy, sFeO; have been investigated. At room temperature, our neutron-diffraction measurements reveal
that the magnetic structure of Fe** spins in Ndy 5Dy, sFeO; belongs to I’y irreducible representation (G,, F.)
as observed in both parent compounds (NdFeO; and DyFeO;). The neutron-diffraction study also confirms
the presence of a spin-reorientation transition where the magnetic structure of Fe*" spins changes from T,
to I'2(F;, G,) representation between 75 and 20 K while maintaining a G-type antiferromagnetic configu-
ration. Such a gradual spin reorientation is unusual since the large single ion anisotropy of Dy** ions is
expected to cause an abrupt I';— TI'{(G,) rotation of the Fe** spins. At 10 K, the Fe’* magnetic structure
is represented by T', (F;, G.). Unexpectedly, the ' structure of Fe** spins re-emerges below 10 K, which
also coincides with the development of rare-earth (Nd**/Dy*") magnetic ordering having cf configuration.
Such re-emergence of a magnetic structure has been a rare phenomenon in orthoferrites. The absence of a
second-order phase transition in rare-earth ordering, interpreted from heat capacity data, suggests the promi-
nent role of Nd*" —Fe*" and Nd*" —Dy*" exchange interactions. These interactions suppress the independent
rare-earth magnetic ordering observed in both parent compounds due to Nd**/Dy** —Nd**/Dy*" exchange
interactions. Our density-functional-theory calculations including Coulomb correlation and spin-orbit interaction
effects (DFT+U+S0) reveal that the C-type arrangement of rare-earth ions (Nd**/Dy>*"), with T, (F,, G,)
configuration for Fe>* moments, is energetically very close to a phase with the same rare-earth magnetic ordering
but I'y (G,, F.) configuration of Fe** spins. Further, the Nd** —Fe** and Nd** —Dy>* exchange interactions
are observed to play significant roles in the complex Fe*™ spin reorientation with the re-emergence of I'y at
low temperature. Consistent with the experimental observations, our calculations established the mixed phase
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(I'; and I'y) to be the magnetic ground state of Fe** moments.

DOI: 10.1103/PhysRevB.102.144432

I. INTRODUCTION

Rare-earth orthoferrites RFeOs; (R = La, Nd, Dy, ---)
have been extensively studied for their potential multiferroic-
ity, magnetoelectric effects, and other functional properties
like ultrafast optical control of spins [1-7]. The orthoferrites
belong to the family of perovskites and crystallize in the
orthorhombic space group Pbnm, which is similar to mangan-
ites [8]. In comparison to highly distorted MnOg octahedra
of the manganites, FeOg octahedra of the orthoferrites show
least distortion with nearly equal Fe—O bond lengths at room
temperature [8—10].
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Due to strong isotropic exchange interactions between the
Fe* spins, the orthoferrites have a relatively high Néel tem-
perature of Ty ~ 700 K, below which the Fe3t spins order
in G-type antiferromagnetic configuration expressed as I'4
(Gy, F,) irreducible representation [11]. Here, G, represents
G-type antiferromagnetic ordering of Fe** spins with moment
direction aligned along the crystallographic a direction, which
is the easy anisotropy axis, and F, corresponds to the weak
ferromagnetic component arising from the canting of the Fe**
spins due to Dzyloshinskii-Moriya interactions.

Temperature-induced spin reorientation of Fe** moments
is an essential characteristic of rare-earth orthoferrites except
when R3T is a nonmagnetic rare-earth ion (e.g., La’t, Eu’t,
and Y3*). Absence of spin reorientation in nonmagnetic rare-
earth orthoferrites confirms that the anisotropic Fe’* —Fe’*
exchange interactions (antisymmetric and anisotropic sym-
metric) do not play any role in observed spin reorientation

©2020 American Physical Society
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of the orthoferrites. Like Fe’* —Fe’*, R3* —Fe" exchange
interaction also consists of the isotropic, antisymmetric, and
anisotropic-symmetric parts. Weak ferromagnetic component
(F.) of Fe’" spins polarizes R** moments ( fZR) through
isotropic exchange interaction between R>* and Fe**. This
isotropic exchange interaction does not play any role in
spin reorientation. As temperature decreases, the polarization
of R** moments increases. Antisymmetric and anisotropic-
symmetric parts of exchange interactions between R3* and
Fe3* ions produce two effective fields, +H,, —H_, which act
perpendicularly on the Fe** moments aligned along positive
and negative a directions, respectively. As a result, the easy
axis of Fe** spins undergo spin reorientation from the a to ¢
axis in the ac plane while having a G-type antiferromagnetic
configuration [11,12]. In general, the orthoferrites show either
a gradual rotation to the ¢ axis with temperature as seen in
R'FeO3(R' = Nd, Tb, Er) [13,14] or an abrupt one near 50 K
as observed in DyFeO; [11,15].

Among the orthoferrites, the most studied compound
NdFeO; has a Néel temperature (7y;) of 690 K [10]. Be-
low Ty, Fe’* magnetic moments order in antiferromagnetic
configuration and the magnetic structure of the Fe** sublat-
tice is represented by I'y (G,, F;) [13]. As the temperature
is reduced below 200 K, the Fe** spins continuously ro-
tate in the ac plane between 200 K and 105 K, thereby
resulting in a I'y(G,, F;) magnetic structure below 105 K.
Recent terahertz spectroscopy studies on single crystals of
NdFeO; reveal a correlation between the gap in spin-wave
dispersion and the changes in magnetic anisotropy of the
system in the spin-reorientation region [16]. Below 25 K,
an additional magnetic Bragg peak (100), corresponding to
the I'» (cf, ff) representation, develops in neutron diffrac-

tion, indicating polarization of Nd** magnetic moments [17].
Nd3**—Fe** exchange interaction is responsible for inducing
such a polarization in Nd*>* magnetic moments. The weak
ferromagnetic moments () associated with Nd** polariza-
tion are antiparallel to the weak ferromagnetic moments of
Fe3*(F,) and compensate each other at 8 K. The ordering
of Nd** and Fe** moments are compatible with each other
from the group theory. Below Ty, = 1.05 K, the Nd** —Nd3**+
interactions give rise to a proper long-range independent G-
type antiferromagnetic ordering of Nd** moments [17]. The
observation of such a long-range antiferromagnetic ordering
is confirmed by observation of a sharp peak in specific heat
data which is superimposed on the low-temperature tail of the
Schottky anomaly [18,19].

The most intriguing orthoferrite happens to be DyFeOs.
Though isostructural with NdFeOj3, the degree of structural
distortion in DyFeOj is greater. Like all orthoferrites, the Fe3*
spins of DyFeOj; also order in antiferromagnetic configuration
expressed by I's (G, F;) representation below Ty; (~650 K)
[20]. However, near 50 K, an abrupt spin reorientation occurs;
as a result, the magnetic structure changes from I'y (G,, F.)
to I'; (G,) representation, which does not have any ferromag-
netic component. This is also known as a Morin transition.
The I'; (G,) structure persists till the lowest temperatures at
zero field [21]. Below Ty ~ 4 K, a long-range independent
antiferromagnetic ordering of Dy** moments is observed with
the T's(g¥, aff) configuration, making an angle of 33° with the

b axis while the moments are confined to the ab plane. The
studies on similar compounds, viz., DyAlO; and DyScO3,
have also shown that the Dy>" moments order in the same
[s(gf, af) representation below 3.5 K [22,23]. This type of

magnetic ordering is mainly dictated by the Dy’*—Dy’*
exchange interactions. Studies have thus revealed that the
strong Dy*" single ion anisotropy determines the ground-
state magnetic properties [22,23]. Recent reports suggest that
below Tz, the Fe3t spins orient into a different magnetic
structure due to Dy** —Fe* interaction [24]. In DyFeO3, the
I's structure is not symmetry compatible with I';. The over-
all reduction in symmetry due to the Dy>* ordering results
in a linear magnetoelectric effect [12]. A large ferroelectric
polarization is also observed due to the weak ferromagnetic
ordering induced by the magnetic field along the c axis of the
DyFeOs crystals [1].

R* — R* is the weakest among Fe** —Fe’*, R3* — Fe’*,
and R**—R** exchange interactions and is responsible for
antiferromagnetic ordering of rare-earth ions below Ty;. The
effective moments on the R>* ion are determined by the lo-
cal crystal electric field (CEF) effects which reduce the free
ion moment and induce a magnetocrystalline anisotropy. The
magnetization of the rare earth ions is determined by the low-
est energy CEF level. Due to the presence of odd number of
electrons, Nd** and Dy>* are Kramer’s ions having Kramer’s
doublet as a ground state. Both ions can be represented by
an effective S = 1/2 system with an anisotropic g tensor at
liquid helium temperature. All the effects of the crystalline
field are thus incorporated in the g tensor. In this scenario, the
R¥**—Fe®" and R3*—R3* exchange interactions are consid-
ered as effective exchange fields acting on the S = 1/2 spins
through the effective g tensor which results in splitting of the
Kramer‘s doublet. At liquid helium temperature, the magneti-
zation of RFeOj3 is predominantly affected by splitting of the
doublet by R** —Fe** and R** —R3* exchange interactions.

Magnetic anisotropic behavior of rare-earth ions in RFeO3
can be explained in terms of the effective g tensor. In case of
Nd, the g tensor is nearly isotropic with smaller values [25].
However, the g tensor of the Dy** is highly anisotropic with a
large value in the ab plane and negligible in the ¢ direction
[22]. The anisotropic behavior of Dy** ions have already
been studied from optical Zeeman effect and magnetization
measurements [23,26]. In the monoclinic crystal field, the
ground state of Dy’* splits into a series of eight doublets
[22]. Due to low symmetry, there exists only an ab mirror
plane, by which the Dy** moments can lie either in the plane
or perpendicular to it. In the DyMOs; (M = Al, Sc, Fe, ---)
compounds, the Dy®* moments remain in the ab plane with
an angle ¢ (28° to 38°) with respect to the b axis [22,23]. This
direction can thus be considered as axis of quantization, 7.
Thus, by the anisotropy of the CEF, the Dy>* moments can be
considered as Ising spins in the z'direction in all the DyM O3
compounds.

Substitution at the R or Fe site provides the possibility
of achieving the tunability of desired electrical and magnetic
properties in orthoferrites. For example, 50% substitution of
M (Co, Rh, Ir, Mo) at the Fe site and doping of divalent ions
(e.g., Sr?*) at the trivalent La site of LaFeOs foster B-site
cationic ordering and the resultant compound is represented
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by La,_,Sr,FeMOg having a double perovskite structure.
Magnetic ordering of these substituted compounds may lead
to realization of ferromagnetic, antiferromagnetic, and spin-
glass ground states [27-32]. Sr,FeCoQOg exhibits a glassy
state as opposed to La,FeCoOg, which remains antiferromag-
netic despite the prediction of a ferromagnetic ground state
[27,31,33]. Positive exchange bias was reported in case of
LaCrg sFeq 503 [34]. With the substitution, we wish to ob-
serve a change in the magnetic structure of Fe** spins, which
we expected to be influenced by both the rare-earth as well
as the transition-metal ion. Additionally, exchange interac-
tions and magnetic anisotropies in RFeOs can be tuned to
observe successive spin reorientations which can be exploited
for magnetic switching at different temperature regimes. For
instance, substitution of Fe by Mn in NdFeOj; affects the spin
reorientation such that the I'; magnetic structure occurs in a
wide temperature range suppressing the "4 magnetic structure
[35]. In YFe;_,Mn,Os3, ferroelectricity and magnetodielec-
tric effects are observed [7]. Similarly, the presence of two
rare-earth ions at the R site also yield an interesting set of
properties. For instance, an enhanced ferroelectricity is ob-
served in Dy, ;Pro 3FeOs [36]. In Dy, sHog sFeO3, though the
Morin transition occurs at 49 K, an additional I'y—TI'; tran-
sition occurs at 26 K [37]. Interestingly, in Dy, sPrg sFeOs3,
the Morin transition occurs at 75 K itself, followed by an
additional reorientation at a lower temperature [38]. Thus the
Morin transition seems unaffected by Ho’*, while greatly
enhanced by Pr’* ions, even though the low-temperature rare-
earth ordering is affected. Surprisingly, I'y4— I, reorientation
occurs at much lower temperatures (10-6 K) in PrFeO3 [39].
Thus, the nature of exchange interactions between the two
different rare-earth ions and also with that of Fe** can lead to
a behavior different from that of both the parent compounds.

In view of this, it would be interesting to observe behavior
of the compound Nd 5Dy, sFeO; (NDFO). With Nd**, be-
ing a Kramer’s ion similar to Dy*", the result can be more
complex. In the present paper, the magnetic and thermo-
dynamic properties of NDFO have been investigated using
the bulk magnetization, neutron-diffraction, and specific-
heat techniques. In addition, density-functional-theory (DFT)
calculations have been used to establish the ground-state mag-
netic structure of NDFO as well as to qualitatively understand
the underlying mechanism of spin reorientation and the nature
of rare-earth ordering. Our results show that the Nd>* —Fe*
interactions result in I'y—I'; reorientation at relatively higher
temperatures (75 K) in comparison to the Morin transition.
The stronger Dy** —Dy*" interactions which result in rare-
earth ordering and the strong single ion anisotropy of Dy**
can compete with the Nd*"—Fe’" exchange interactions,
thereby affecting the Morin transition and also the rare-earth
ordering. Surprisingly, the presence of 50% Nd completely
suppresses the Morin transition, yielding a successive twofold
spin reorientation (I'y—I',—T4) of the Fe3t spins. Also,
the independent rare-earth ordering completely vanishes even
down to 0.4 K as seen in our specific-heat studies. Rather,
the Nd**/Dy** moments order by means of induced polar-
ization by R3* —Fe" interactions. Also, the absence of any
magnetoelectric effect as predicted by symmetry is confirmed
by dielectric studies under an external magnetic field.

II. METHODS

A. Experimental

Powder sample of NDFO was synthesized using solid-
state-reaction method. Nd,03;, Dy,03;, and Fe,O; were
weighed according to appropriate stoichiometry and ground
in an agate mortar for 12 hours. The sample was calcined
and sintered consecutively at 1200°C, 1300°C, and 1400°C
for 24 hours with intermediate grindings. Structural phase
of the sample was identified using a Bruker D8 two circle
x-ray diffractometer at Cu K, wavelength. Bulk magnetiza-
tion measurements were performed using a superconducting
quantum user interface device magnetometer of Quantum
Design Inc.’s magnetic measurement system-XL and vibrat-
ing sample magnetometer option of Quantum Design Inc.’s
Dynacool physical properties measurement system (PPMS).
Temperature-dependent zero field-cooled (ZFC) and field-
cooled (FC) measurements were carried out to identify the
different magnetic transitions and their respective transition
temperatures. Field variation of magnetization was carried out
at various temperatures between 300 and 5 K. Heat-capacity
measurements were carried out using the heat-capacity option
of Quantum Design Inc.’s PPMS for temperature range of
2-200 K and *He refrigerator for temperature range of 0.4—
20 K. Magnetodielectric measurements were carried out using
a custom design probe for PPMS sample chamber.

Neutron-diffraction studies in zero magnetic field were car-
ried out at various temperatures in the range of 1.5-300 K to
identify the crystal as well as magnetic structure and their vari-
ations as a function of temperature. The neutron-diffraction
measurements were performed at powder diffractometers
G 4-1 (A = 2.4206 A) of Laboratoire Léon Brillouin, Saclay,
France. The diffraction data were analyzed using FULL-
PROF [40] suite of programs utilizing the Rietveld refinement
method [41]. Magnetic structure was determined using the
irreducible representations from Baslreps [42] and refined
using FULLPROF.

B. Theoretical

Electronic structure of NDFO was obtained using the
projector-augmented wave psuedopotential and a plane-wave-
basis method within the DFT framework as implemented in
the Vienna Ab-Initio Simulation Program [43]. Calculations
were performed within Perdew-Burke-Ernzerhof generalized
gradient approximation (PBE-GGA) [44] and GGA+U ap-
proximation [45]. The structure was relaxed keeping the
Nd/Dy 4f states as frozen in the core. Ionic positions were
relaxed until the forces on the ions are less than 0.1 meVA~!.
For the subsequent self-consistent calculations, the Nd/Dy 4 f
states were treated as valence states. The (Fe) 3d, 4s, O 2s, 2p
and Nd 5p, 5d, 6s states were treated as valence states. An
energy cutoff of 450 eV was used for the plane-wave-basis set
while a 6 x 6 x 6 Monkhorst-Pack k-mesh centered at the I"
point was used for performing the Brillouin zone integrations.

III. EXPERIMENTAL RESULTS
A. Structural characterization

Figure 1 shows the room-temperature powder x-ray
diffraction pattern of the NDFO. The compound crystallizes
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FIG. 1. Observed and simulated x-ray diffraction pattern of
NDFO at 300 K, refined using Pbnm space group.

in the orthorhombic Pbnm space group. The observed x-ray
diffraction pattern of NDFO shows no traces of any impurity
phase.

The neutron-diffraction patterns were collected systemati-
cally at regular intervals between 1.5 K to 300 K. In Table I,
the lattice constants along with Fe—O(M = Fe) and Nd(Dy)-O
bond lengths of NDFO, obtained from the combined refine-
ment of the x-ray and neutron diffraction data at 300 K are
shown. The values of bond lengths and bond angles at 1.5 K
have been obtained from the refinement of the neutron diffrac-
tion data. Three different Fe—O bond lengths correspond to
the apical and in-plane bond lengths. Unlike the manganites
which have highly unequal bond lengths, the orthoferrites
have nearly equal Fe—O bond lengths. From Table I, we can
infer that a contraction in out-of plane bond length occurs,
while the in-plane bond lengths remain nearly constant with
temperature.

The lattice parameters of NDFO are intermediate to the
lattice parameters of both the parent compounds (NdFeO; and
DyFeO3) [10,15]. The ratio b/a, which increases monotoni-
cally with the atomic number of the rare earth, has a value of
1.024 in case of NdFeOj3. In NDFO, the value of b/a is 1.040,
which is closer to the value obtained for DyFeOs [10,15]. In
Fig. 2, the temperature variation of lattice parameters and unit
cell volume of NDFO is shown. Starting from 300 K, a, b,
and ¢ show a sharper and continuous decrease till 60 K. From
60 K till 30 K, b shows an increase indicating a crossover from
positive to negative thermal expansion. Below 30 K, b shows

TABLE I. Structural parameters of Nd, 5Dy, sFeOs obtained us-
ing combined Retvield refinement of neutron and x-ray diffraction
data at 300 K and refinement of neutron diffraction data at 1.5 K.

300 K
(neutron 1.5K
Parameters and x ray) (neutron)
a(h) 5.377(2) 5.364(2)
b(A) 5.597(2) 5.586(3)
c(A) 7.694(4) 7.669(2)
Fe—O(1)(m)A 2.021(3) 1.966(4)
Fe-O(2)(DA 2.040(2) 2.018(2)
Fe-0(2)(s)A 2.027(2) 2.037(2)

100 150 200 250 300 50 100 150 200 250 300
T(K) )

0 50

FIG. 2. Temperature variation of lattice parameters and unit cell
volume of NDFO. Solid lines are guide to the eye.

a plateaulike behavior with no significant change with further
decrease in temperature. Similar variation in b is also reported
for NdFeO; [10]. However, in NdFeOs, the rise in b starts
at 150 K itself, which is more gradual and finally converging
to a plateau near 50 K. This temperature range (150-50 K)
also coincides with the spin-reorientation range of NdFeOs.
The trend reversal of b below 60 K is also accompanied by
slope changes in a and c. The variation of ¢ below 60 K is
considerably smaller compared to the fluctuations in a. The
slope change in b coincides with the advent of spin reori-
entation of the Fe’* spins in NDFO, which is discussed in
detail further in the subsequent sections. The variation of unit
cell volume V [Fig. 2(d)] is similar to reported variation in
NdFeO; [10]. The unit cell volume variation does not show
any signs related to magnetoelastic or magnetovolume effect
due to spin reorientation.

B. Magnetic properties
1. DC magnetization

As shown in Fig. 3, ZFC and FC magnetization measure-
ments were performed from 2 K to 300 K in presence of
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FIG. 3. ZFC-FC plots of NDFO at (a) 100 Oe and (b) 1000 and
5000 Oe.
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100, 200, 500, 1000, and 5000 Oe (external magnetic field
values). Both the parent compounds, NdFeO3; and DyFeOs,
undergo transition from a paramagnetic state to a G-type an-
tiferromagnetic state with the magnetic structure represented
by I'4(Gy, F;) at 690 K and 650 K, respectively [10,20].
Thus at 300 K, NDFO is already in the antiferromagneti-
cally ordered state with I'4(Gy, F;) structure, similar to end
compounds. As shown in Fig. 3(a), a magnetic transition is
observed in the ZFC-FC magnetization data below ~ 75 K.
In DyFeO3, an abrupt spin reorientation is observed at 50 K
which corresponds to I'y— I'| transition, i.e., Morin transition.
The I'; representation, which corresponds to antiferromag-
netic G, magnetic structure in Bertaut notation, does not
contain any net effective ferromagnetic moment. Although
low-field (100 Oe and 200 Oe¢) ZFC measurements of NDFO
show a drop in magnetization below 60 K (see Fig. 3(a)),
however an increase in 100 Oe and 200 Oe FC magneti-
zation is observed contrary to the expected behavior from
I'y (G,) magnetic structure. The ZFC magnetization values
also increase below 35 K during the 100 and 200 Oe ZFC
measurements. As shown in Fig. 3(a), an observed bifurcation
of ZFC and FC magnetization values can also be expected
from a spin-glass system, but ac susceptibility measurements
(not shown) on NDFO rule out the possibility of a spin
glass phase. As shown in Fig. 3(b), ZFC-FC measurements
were also carried out at higher magnetic fields of 1000 and
5000 Oe. With the increasing field, we see a gradual sup-
pression of the transition below 75 K. As the temperature
decreases, at a field of 5000 Oe, the ZFC as well as FC mag-
netization show a continuous increase without any noticeable
bifurcation.

In both parent compounds (NdFeO; and DyFeOs3), the
application of external magnetic fields have drastically dif-
ferent effects. In NdFeOs, although the magnetization data
under applied magnetic fields show anisotropic behavior and
magnetization reversal, but an external field-induced spin re-
orientation is not observed [13]. However in DyFeO3, though
the Dy** —Fe3* exchange interactions do not affect indepen-
dent ordering of both the ions, application of an external
magnetic field along various crystal axes result in multi-
ple spin reorientations. The reorientation can be spin flop
as well as screw rotations, depending upon the direction
of magnetic field. Thus near 77 K (well above the Morin
transition), at a critical field of 4.5 T along the a direction,
the Fe’* spins in DyFeO; undergo a field-induced I'y—T,
reorientation [21]. For field along » and ¢ directions, the
I'y magnetic structure is retained and, eventually, the Morin
transition is suppressed. This suggests that, in NDFO, the
x component of the molecular field Hyg_pe can also cause
the reorientation of a significant fraction of the total Fe’*
spins, in a manner similar to that of the applied field in
DyFeOs. Thus in NDFO, a continuous I'y—TI", reorienta-
tion occurs below 75 K, eventually suppressing the Morin
transition.

Figure 4 shows the M-H curves, measured at different
temperatures. At 200 K, the magnetization is linear at higher
magnetic field, along with slightly nonlinear behavior and
hysteresis at lower field values as shown in the inset. The
similar behavior is observed qualitatively for magnetization
isotherms measured between 300 and 75 K. Below 75 K,

M (u/fu.)

0 20 40
uH (KOe)

FIG. 4. M-H plots of NDFO at 200 K, 75 K, 45 K, 30 K, and 2 K.

coercivity varies significantly with a narrow hysteresis loop
of the M-H isotherms. The reduction in loop width coincides
with the onset of magnetic transition in ZFC-FC measure-
ments. Below 30 K, the magnetization in M-H measurements
shows a nonlinear behavior at high fields. At 2 K, the M-
H isotherm shows a completely different trend qualitatively
as well as quantitatively. A nearly saturation magnetization
along with smaller coercivity is observed below 10 K. A large
magnetization value of nearly 4 ug/f.u. is attained at 5 T
magnetic field. This can be attributed mainly to the large
magnetic moment associated with the Dy** ion (J=15/2).
At 2 K, magnetization studies on single crystals of DyFeO3
revealed that the magnetic moment along a and b crystallo-
graphic directions attain saturation values of 4.32 up/f.u. and
8.59 ug/f.u., respectively, while along the ¢ direction it shows
a linear trend and attains a smaller value of 0.71 ug/f.u. at
5 T [24]. In our polycrystalline NdFeO3; sample, the magnetic
moment reaches a value of 1.28 ug/f.u.inafieldof 5 T at 2 K.
Thus, considering the 50% substitution by Nd atoms and the
polycrystalline nature of our sample, an approximate value of
2.91 pp/fu. for magnetization of NDFO is expected at 5 T
and 2 K. This expected value of magnetic moments is much
lower than the observed one (see Fig. 4), indicating a greater
field-induced polarization in NDFO. Below 10 K, Dy**—
Nd** and Nd**—Fe*" exchange interactions play a crucial
role in observation of higher value of magnetization induced
by the rare-earth ordering/polarization [46]. The hysteresis
loop parameters, viz., coercivity and retentivity at 2 K suggest
a possible ordering of the rare-earth ions.

Thus, the M-T (ZFC-FC) measurements and M-H
isotherms indicate the presence of a gradual spin reorienta-
tion below 75 K. The FC measurements also rule out the
possibility of a Morin transition. These dc magnetization
measurements infer a possibility of rare-earth (Dy>*/Nd>**)
ordering at lower temperatures (< 10 K).

Magnetization measurements can not provide a conclusive
evidence regarding the spin reorientation as well as rare-
earth ordering. Thus, neutron diffraction measurements were
carried out to understand the low temperature magnetic tran-
sitions in NDFO.
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FIG. 5. Evolution of the neutron diffraction data along with re-
finement as a function of temperature.

2. Neutron diffraction

In this section, a systematic evolution of the NDFO
magnetic structure, based on neutron-diffraction data, is
discussed. To obtain the detailed configurations of Fe’* and
R3*(Nd* /Dy*") magnetic moments in the unit cell, the mag-
netic structure has been solved from refinement of the powder
neutron-diffraction patterns for temperatures between 300 and
1.5 K. The Fe atoms occupy the 4b Wycoff positions, while the
R atoms occupy the 4c sites. The magnetic ordering vector re-
mains k = (0, 0, 0) in the entire temperature range for both Fe
and R atoms. Eight irreducible representations, I'; to I'g, exist
from the symmetry analysis by Bertaut e al. [47]. Four out
of these eight representations correspond to zero coefficients
for the Fe site. Thus, only four irreducible representations '
to I'y can be considered which correspond to the Shubnikov
magnetic space groups, Iy (Pbnm), T'y (Pbn'm’), Tz (Pb'nm’),
and 'y (Pb'n'm). Using Bertraut’s notation [47], I'y, ', T3,
and I'y representations can be written in a simplified manner
as Gy, F,G;, C.F,, and G,F;, respectively, corresponding to
magnetic ordering of the Cartesian components of Fe>* spins
in the unit cell. Symbols G and C represent the type of an-
tiferromagnetic ordering and F represents the ferromagnetic
component due to canting of antiferromagneticaly ordered
Fe* spins. Subscripts to the symbol represent the directions
of Fe3* spins.

Figure 5 shows neutron-diffraction patterns between 75
and 1.5 K. At 300 K, the (101) and (011) magnetic peaks
associated with G-type antiferromagnetic ordering of the
Fe3t spins are observed near 20= 32° (data not shown).
A ratio of 1/3 between the intensities of (101) and (011)
magnetic peaks indicates that the magnetic structure belongs

to the Ty representation with a G, ordering of the Fe** spins
at 300 K which is confirmed by refinement of the data. The
ratio and intensities of (101) and (011) reflections do not
vary down to 75 K. The refined diffraction pattern at 75 K
is shown as Fig. 5(a). Below 75 K, the ratio (/(101)//011))
systematically increases with decreasing the temperature,
indicating a change in the magnetic moment direction without
modification of the G-type magnetic structure, i.e., spin
reorientation. As shown in Figs. 5(a), 5(b), and 5(c), this
variation in the ratio of peak intensities persists down to 20 K,
wherein the intensities of both the peaks have become almost
equal (Z(101)/Lo11) = 1). At 20 K, the presence of magnetic
ordering represented by I'; irreducible representation (Fy, G;)
is evident due to equal intensities of the (011) and (101) peaks.
Below 10 K, the intensity of the (101) peak again increases
with respect to the (011) peak, which suggests a second spin
reorientation/reoccurrence of magnetic phase (I'; — 'y +
I';). At the lowest temperatures, viz., 3.5 and 1.5 K [Figs. 5(d)
and 5(e)], three additional peaks develop at 26 = 25° and
45°, which marks the rare-earth magnetic ordering.

In NDFO, from 300 K till 75 K, the magnetic structure
belongs to I'y representation, wherein the Fe spins are ar-
ranged in G,-type antiferromagnetic structure with a weak
ferromagnetic component (F,) along the crystallographic ¢
direction. From the diffraction pattern, we do not find any
peak corresponding to the ferromagnetic F, component, i.e..
the (002) peak near 26 = 40°. The peak might be undetected
due to small values of canting angle, leading to a small fer-
romagentic moment of less than 0.1 ug/f.u. which is not
seen from our powder-diffraction experiments. The observed
antiferromagnetic spin configuration is consistent with the
established magnetic structure of the orthoferrites [10,13].

Below 60 K, the magnetic structure is best refined with
the mixture of I'; and I'4 representations, indicating the on-
going process of spin reorientation. As shown in Fig. 5(b), the
magnetic structure of NDFO consists of 44 %Iy and 56 %I,
phases at 45 K. The refinements down to 20 K clearly indicate
that a gradual I'y— I'>-type spin-reorientation takes place in
NDFO, which is similar to the usual second-order spin reori-
entation observed in NdFeO; [13]. This is in contrast with the
I'y—T';-type abrupt spin reorientation observed in DyFeOs;
[11,15]. As indicated by the equal ratio of 101y and [o11)
at 20 K, our analysis confirmed that the magnetic structure
belongs entirely to the I'; representation. Inclusion of I'4 leads
to higher values of x2. At 10 K and below, high-temperature
magnetic phase (I'4) again starts to reappear and the magnetic
structure belongs to a mixture of I',+1I"4 representations. In-
terestingly, below 10 K, the volume fraction of I'y increases
gradually, while that of I'; reduces, a trend which is reverse to
the observed spin reorientation between 60-20 K. As shown
in Figs. 5(d) and 5(e), this trend is visible clearly from the
variation in intensities of the (101) and (011) peaks. At lowest
measured temperature (1.5 K), 62 % I', and 38 % I'y phases
constitute the antiferromagnetic order of Fe>* spins in NDFO.

At 3.5 K, the (100) magnetic peak at 25°, (012) and
(102) magnetic peaks around 260=45°, pertaining to rare-
earth ordering, arise due to the cf-type arrangement of
R** (Dy**/Nd**) moments which also belong to the I';
representation. In NDFO, the C-type ordering of Dy /Nd**
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FIG. 6. Temperature variation of magnetic moments of Fe*"
and Nd**/Dy*" spins from 1.5 K to 300 K for the various
representations.

moments is unusual since the Dy**—Dy** interactions and
strong single-ion anisotropy of the Dy*" moments would
have resulted in a G-type (g%, af) ordering [12]. Howeyver, in
NDFO, the neutron-diffraction patterns do not show a signa-
ture of G-type ordering till 1.5 K.

The temperature variation of the magnetic moments for the
Fe’* and R** moments for different magnetic structures is
shown in Fig. 6. From 300 K till 75 K, a small increase in
the magnetic moment associated with the I'4(G,) representa-
tion of Fe3* spins, is observed. Below 60 K, with the onset
of first spin reorientation, there is a systematic decrease in
the magnetic moment along the crystallographic a direction
(M,) while, correspondingly, the magnetic moment along ¢
direction (M) shows an increase. M, attains maximum value
at 20 K, conforming the presence of magnetic structure rep-
resented by I', only. At 10 K and below, the M, magnetic
moment starts to decrease, while the M, again starts to in-
crease. The values of total magnetic moment of Fe** is nearly
3.7 ug, which is lower than the theoretical (ionic) value 5 ug.

Such areduction in magnetic moment can be due to the effects
of covalency and the polycrystalline nature of our sample. On
the other hand, the magnetic moment of Nd** /Dy** is nearly
1.8 up at 1.5 K. This value of magnetic moment (1.8 ug) of
Nd**/Dy?* is twice the value of 0.9 ug which was obtained
from neutron-diffraction measurements on the single crystals
of NdFeOs; [17]. This indicates the greater polarization of
the rare-earth sublattice due to R>*—Fe** exchange interac-
tion, which also causes the alignment of highly anisotropic
Dy>* magnetic moments. As discussed in Secs. IV and V,
the enhancement of the polarization and magnetic ordering of
rare-earth moments are explained by calculating the strength
of various exchange interaction using DFT. The schematic
representation of Fe®" and rare-earth (Nd** /Dy>*) magnetic
structure along with temperature-dependent successive spin
reorientation is depicted in Fig. 7.

C. Heat capacity

The zero field molar heat-capacity data of NDFO have been
shown in Fig. 8(a) for the temperature range from 2 to 200 K.
The heat-capacity data could not identify any distinct signa-
ture associated with the spin reorientations of Fe** moments
within the limit of measurement resolution. The heat-capacity
measurements were extended down to 0.4 K to investigate the
possible rare-earth (Nd/Dy) ordering. The molar heat capacity
data over 0.4—15 K under 0 and 5 T are shown in Fig. 8(b).

To estimate the lattice contribution in the heat capacity,
an isomorphous nonmagnetic compound LaGaOs; was syn-
thesized and its heat capacity was measured in the range
0.4-15 K. The lattice contribution for LaGaO; follows Debye
function with effective Debye temperatures of 390 and 495 K
for (La and Ga) and O atoms, respectively [48]. The lattice
contribution for the heat capacity of NDFO has been estimated
using the Debye function with effective Debye temperature of
495 K for oxygen atoms and 384.8 K (renormalized with the
mass) for Nd/Dy and Fe atoms.

The molar heat-capacity data of NDFO, after removing the
lattice contribution, have been shown in Fig. 8(c). Below 10 K,
a broad peak in the heat capacity is observed at ~2.2 K which
shifts to a higher temperature under an applied magnetic field
of 5 T. The observed broad peak in NDFO could originate

(c)

FIG. 7. Schematic representation of NDFO magnetic structure at (a) 300 K: I'y (b) reorientation region at 45 K: I'y (c) at 20 K : I'; and

(d) 1.5 K second reorientation : I',4 and ordering of Nd/Dy as Cy.
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FIG. 8. (a) The molar heat capacity of NDFO measured at 0 T
over 2-220 K. (b) The molar heat capacity of NDFO and nonmag-
netic analog LaGaO; measured at O T over 0.4-15 K. Solid red line
shows calculated lattice contribution to the molar heat capacity for
LaGaOj;. Dashed blue line: Renormalized lattice contribution for
NDFO. Open triangles show molar heat capacity of NDFO at 5 T
over 0.4—15 K. (c) Molar heat capacity for NDFO at 0 and 5 T after
subtracting the lattice contribution.

from the Schottky anomaly due to crystal-field splitting of
4f electronic states in Nd>* and Dy>** ions. We could not
satisfactorily fit the observed peak and its field dependence by
considering only the Schottky term associated with crystal-
field splitting of Nd** and Dy>* ions. This shows that the
magnetic ordering of the rare earth also contributes to the ob-
served broad peak of low temperature (<10 K) heat-capacity
data. In NDFO, the presence of two Kramer’s ions can cause
additional complexity due to entirely different strengths of
Nd** —Fe** and Dy** —Fe** exchange interactions which lift
the degeneracy of both the doublets. In addition, the R-R

(b)

FIG. 9. Unit cells of NDFO displaying two possible arrange-
ments of Nd and Dy ions considered in our calculations: (a) alternate,
(b) layered.

exchange interactions also split the doublet in a more complex
manner.

The A-shaped anomaly associated with the second-order
phase transition of rare-earth magnetic ordering is not ob-
served till 0.4 K. The A-shaped anomaly is seen prominently
in DyFeO; at 4.2 K [24]. On the other hand, NdFeO3; shows
a broad Schottky peak along with a less noticeable A anomaly
superposed on the Schottky anomaly at 1.05 K [18]. Thus, as
per our measurements, a distinct discontinuity (second-order
transition) in heat capacity due to independent ordering of the
rare earth is completely absent in NDFO. Thus, the ordering
of rare-earth in NDFO is driven by the effects of molecular
field due to Fe’* spins, rather than independent rare-earth
ordering.

IV. DFT RESULTS

To wunderstand the complex interplay between the
Nd**/Dy** and Fe** magnetic moments, the ground-state
magnetic order is evaluated using DFT. Since the Nd and Dy
atoms occupy the same crystallographic site, their occupan-
cies are random. However, for computational purposes, we
have considered two possible arrangements of the Nd and
Dy: alternate (or 111) and layered (or 001). In the alternate
(111) arrangement, the Nd and Dy atoms are placed adjacent
to each other. Thus, each Nd atom has six Dy atoms as nearest
neighbors and vice versa. In the layered (001) arrangement,
the planes of Nd and Dy atoms are alternately stacked along
the ¢ direction [35]. Figure 9 depicts these two possible ar-
rangements: (a) alternate (111) and (b) layered (001). These
two different arrangements give us scope to probe the nature
of Nd** —Nd**, Dy** —Dy?*, and Nd** —Dy>* exchange in-
teractions. Structural relaxation of the orthorhombic unit cell
with the experimental lattice parameters obtained at 1.5 K
has been performed for both the possible arrangements of
Nd and Dy atoms discussed above. The structure was relaxed
considering the G-type magnetic ordering of the Fe’* mag-
netic moments. The 4f electrons of Nd and Dy are treated as
core electrons during relaxation. To obtain the ground-state
magnetic ordering of Fe*™ and Nd**/Dy>* sublattices, the
electronic self-consistent calculations are performed consider-
ing the effects of Coulomb correlation U for the Fe 3d states
and Nd/Dy 4f states. The values of Hubbard parameters used
(Coulomb correlation U and Hund’s exchange J) are such
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TABLE II. Relative energies (in meV) for two main antiferro-
magnetic orders of R** ions within GGA+U (U.;=6 eV at Nd/Dy
and 3 eV at Fe sites) for the two different Nd/Dy arrangements.

Magnetic structure Alternate Layered
C-type 0 0
G-type +55 +30

that Uy = U-J = 6.0 eV for Nd and Dy, while for Fe,
Ues = 3.0 eV which are also used in the previous literature
[49]. The self-consistent calculations are performed till an
energy difference of 107% eV between successive iterations
is achieved.

The ground-state magnetic structure was determined by
comparing total energies of various arrangements of Fe** and
Nd** /Dyt magnetic moments. As the magnetic ordering of
the Fe** sublattice occurs at a much higher temperature com-
pared to that of the rare-earth ordering, we have performed
calculations of collinear A-, C-, and G-type antiferromagnetic
configurations along with ferromagnetic one in the absence
of magnetic ordering of the rare-earth ions (i.e., we consid-
ered 4f electrons as core electrons for this purpose). The
lowest energy in this case is obtained for G-type magnetic
ordering, which is the preferred ordering of Fe** spins in all
orthoferrites below the Néel temperature and above the spin
reorientation transition.

To probe the rare-earth ordering, the Fe’* magnetic mo-
ments are fixed as G-type in the calculations. In the case
of parent compounds NdFeO; and DyFeOs, the rare-earth
moments order in C- and G-type AFM, respectively [50].
Therefore, in NDFO, the G-type ordering of rare-earth mo-
ments is as likely to occur as that of C type. From our
neutron-diffraction measurements discussed above, we have
observed C-type ordering of rare-earth. To support our ex-
perimental findings, we have performed the self-consistent
total energy calculations within GGA4-U approximation for
both C-type (experimentally observed one) and G-type orders
of the rare-earth moments, keeping the Fe moments in G-
type order. We observe from our calculations that for both
structural arrangements (111 and 001) of Nd and Dy, C-type
magnetic order emerges as the lowest energy state which is
consistent with our neutron-diffraction results. The relative
energies are listed in Table II wherein the C-type ordering is
set to 0 meV. As seen for the alternate arrangement of Nd/Dy
atoms, the G-type ordering has a higher energy as compared
to the layered arrangement. Thus it is established from our
experimental observations as well as our DFT calculations
that the rare-earth ions order in C-type AFM in NDFO.

The most difficult part to probe is the spin-reorientation
behavior of the Fe’* moments. To understand the role of
anisotropy and the T's—TI'; spin reorientation in NDFO,
noncollinear calculations, with spin-orbit coupling within
GGA+U+SO approximation, are performed for relaxed
structural parameters corresponding to 300 K and 1.5 K.
These calculations are performed only for the case of (111) ar-
rangement of the Nd/Dy atoms as this arrangement is found to
be lower in energy than the (001) arrangement. As R3* —Fe*
interactions are nearly an order of magnitude smaller than
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Direction of Fe** spins

FIG. 10. Relative energies (in meV per unit cell) calculated from
noncollinear calculations within GGA+U +SO for Fe** spins along
the three crystallographic directions for 300 K (red) and 1.5 K (black)
crystal structures.

the Fe’* —Fe** exchange interactions, for 300 K the 4 f elec-
trons of Nd and Dy are considered as core electrons and thus
nonmagnetic. In such a scenario, we performed calculations
with Fe’>* moments pointing along crystallographic a, b, and
c axes in G-type antiferromagnetic arrangements. The trend in
relative energies from our noncollinear calculations are shown
in Fig. 10. It is clearly seen that in case of 300 K structure,
the magnetic order with Fe moments pointing along crystal-
lographic a direction [I'4(G,)], is the preferred one which is
in agreement with our neutron data. For 7 = 1.5 K, the 4f
electrons of Nd and Dy are considered as valence electrons
with the magnetic moment fixed according to c§ compo-
nent of I', representation. The calculations were performed
for the three different directions of Fe magnetic moments
corresponding to c¢(I";), b(I'}), and a(I'y) directions. From
Fig. 10, we see that the c(I";) direction of Fe* has the
lowest energy, indicating it to be the easy axis of Fe** spins,
consistent with experimental results and symmetry analysis.
On the other hand, the b direction which is the easy axis of
Fe** spins in DyFeOs, has highest energy. Interestingly, one
also observes from Fig. 10 that in the low-temperature phase,
the ¢(I";) and a(I'4) configurations are energetically closer
to each other than b(I";). Whereas, in the high-temperature
phase, c(I'») and a(I'4) configurations are well separated in
energies. This observation can be directly correlated with our
neutron diffraction measurements, where it is seen that at high
temperatures there exists a pure a(I'4) phase whereas at low
temperatures, a mixed phase of c¢(I';) and a(I'4) emerges.
This implies a significant role of Nd/Dy 4f states in the
reappearance of a(I'y) phase at low temperatures. To establish
the exact ground-state magnetic order, we have calculated the
total energy of the mixed phase [considering 50% c(I';) and
50% a(TI'y)], where Fe spins point along 45° in the ac plane
(see Fig. 11). We observe that this phase is lower in energy
by about 23 meV with respect to that of the pure c(I";) phase.
Therefore, this mixed phase with Fe spins canted in the ac
plane is indeed the true ground-state magnetic structure of
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FIG. 11. Magnetic structures of NDFO in (a) I', phase and
(b) mixed phase of I, and I'y with Fe spins canted in the ac plane
considered in our calculations. As shown in (b), the mixed phase is
observed to be the ground state.

NDFO, as also observed in our neutron-diffraction experi-
ments.

In the orthoferrites, below the spin-reorientation temper-
ature, the R>* —R** exchange interactions compete with the
R* —Fe®" exchange interactions. In the Nd-based isostruc-
tural compounds where the B-site atom is nonmagnetic, for
instance, NdGaO; and NdScOj;, the Nd** moments order
as G-type [51,52]. The highly anisotropic Nd**—Cr** ex-
change interactions in NdCrQOs, though polarizing the Nd**
moments, clearly affect and eventually suppress the Nd**
ordering [18]. Similarly, in NdFeOs, Nd** —Fe** exchange
interactions cause polarization of the Nd3** moments, which
thereby order as ¥, shifting the Nd** ordering to Ty, ~1.05 K.

On the other hand, in DyFeOj3, the Dy3+ moments order
independently as (g, a¥), indicating negligible polarization
of Dy** due to Fe** moments. Thus in NDFO, it would be
interesting to obtain an idea of the order of various exchange
interactions as the Nd** —Fe3* anisotropic exchange interac-
tions seem to play a much larger role compared to the large
single ion anisotropy of Dy>* ion and the Dy** —Dy** inter-
actions. We have determined the strengths of the Nd*>* —Nd**,
Dy**—Dy**, and Nd** —Dy>* exchange interactions within
the GGA+U approximation (Ut = 6 eV). Additionally, the
strength of Nd**/Dy** —Fe3* exchange interactions are also
determined. The exchange interaction strengths are evaluated
by mapping the energy difference between the ferromagnetic
and antiferromagnetic configurations to the Heisenberg spin
Hamiltonian as per the method used by Weingart et al. [53].
The calculations were performed on “artificial unit cells”
in which, except for the selected Fe or Nd/Dy atoms, the rest
of the magnetic atoms were replaced by nonmagnetic atoms.
Thus, the Fe atom is replaced by Al, while Nd and Dy are re-
placed by La atoms. The AI** and La*" ions are nonmagnetic.
The interaction strengths (J) are determined between the pair
of atoms that are (a) in ab plane and (b) out of plane along
the ¢ direction and are listed in Table III. The Fe** —Fe’* in-
teraction which is strongest is antiferromagnetic in-plane and
out-of-plane, corresponding to the G-type magnetic ordering.
The highly isotropic nature is seen from the small difference
between J,;, and J.. Compared to Fe’™—Fe®", rest of the
interactions are nearly an order of magnitude smaller. The
interaction strength between Nd** —Fe* has the second high-

TABLE III. In-plane (ab) and out-of-plane (along c¢) exchange
interaction strength (J) between the R>* and Fe** in NDFO. + sign

corresponds to AFM, while ‘—’ sign corresponds to FM interactions.
Exchange Interaction Jap (MeV) J. (meV)
Nd**—Na** —0.028 —0.40
Dy*"—Dy** -0.31 -1.8
Nd**—Dy** 0.40 —0.31
Nd**—Fe** —0.62 —0.68
Dy** —Fe*t 0.015 0.020
Fe*™ —Fe*t 5.40 5.28

est value which determines the magnetic ordering of the R3*
moments below the reorientation region. On the other hand,
the Dy®T —Fe’* exchange interaction is the weakest. This is in
agreement with the previous experimental studies which show
that the Dy** —Fe®* exchange field in DyFeOs is ~ 2 T [54],
while in NdFeOs, the Nd*" —Fe*" exchange field is nearly
6.6 T [17]. The Nd**—Nd** and Dy’*—Dy’* exchange
interactions are highly anisotropic. The magnitude of the latter
is considerably higher along the ¢ direction, which is expected
since the Dy*" moments in the parent compound DyFeO;
order nearly at 4.5 K. However in NDFO, 50% substitution
by Nd tends to suppress the Dy>* —Dy>* interactions. Most
importantly, the nature of Nd** —Dy>* exchange interaction
is clearly C-type with opposite signs for in-plane (AFM)
and out-of-plane (FM) interactions. Moreover, the competing
exchange interaction strengths of Nd3*—Dy’*, Nd** —Fe’*+
evidently play a major role in driving the spin-reorientation
of Fe moments at low temperatures. Note that even though
R**—R** exchange interaction strengths are much weaker
than R3* —Fe* or Fe3* —Fe** exchange interaction strengths,
these are an order of magnitude higher than the corresponding
dipolar exchange interactions between rare-earth ions.

To correlate the various exchange interactions estimated
from DFT (see Table III) with the magnetic and spin-
reorientation transitions observed in the experiments, we
have performed mean-field calculations on a Heisenberg spin
Hamiltonian considering a simple cubic arrangement for Fe
sublattices. We have considered three cases where the molec-
ular exchange field experienced by the Fe sublattice originates
from (i) the Fe>* —Fe3* exchange, which is responsible for
high temperature paramagnetic to G-type AFM transition,
(ii) the Nd**/Dy** —Fe*" exchange, which is believed to
be responsible for the first reorientation transition of Fe’*
spins around 75 K, and (iii) Nd** —Dy>* exchange, which
results in an effective molecular field responsible for the sec-
ond reorientation transition of Fe** spins around 10 K. In
Fig. 12, the temperature dependence of Fe sublattice magneti-
zation is presented using the respective exchange interactions
from Table III. Though mean-field approximation is known
to overestimate the transition temperatures, the order of all
three transition temperatures are clearly consistent with those
observed in the experiment, which further establishes the
role of various exchange interactions in spin-reorientation
transitions.
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FIG. 12. Temperature dependence of Fe sublattice magnetiza-
tion under molecular exchange field provided by Fe-Fe exchange
(gray), Nd/Dy-Fe exchange (red), and Nd-Dy exchange (blue).
Next-nearest-neighbor Fe-Fe exchange of —0.143 meV is included
in addition to the near-neighbor exchange interactions given in
Table III. The Nd-Dy exchange field was considered along b direc-
tion only as Nd/Dy order in ¢, configuration.

V. DISCUSSION

In NdFeO3, the anisotropic nature of Nd**-Fe** exchange
interactions causes the I';— I, reorientation of the Fe3t spins
in the temperature range 200—105 K. In NDFO, these interac-
tions are greatly diluted due to the Dy>* ions which cause the
reorientation to start below 75 K. In the reorientation region,
effective molecular fields arise in the a-c plane and act on
the magnetic moments of Fe** and the rare-earth ions. The
effective field Hyg_e, arising due to the Nd** —Fe’* interac-
tions, eventually results in (f%, cﬁ) polarization of the Nd**

moments [11]. Due to comparatively weaker Dy>* —Fe* ex-
change interactions in NDFO, the extent of Dy*" polarization
is expected to be smaller in comparison to that of the Nd**
moments.

Below 25 K, the Nd** moments of NdFeO; start to po-
larize in c§ configuration [17]. A similar kind of polarization

also occurs in NDFO. The ordering c§ results in development
of the y component of Hng_re, corresponding to the effec-
tive field in the b direction, wherein the sign is alternate on
each Fe’T ion. In NDFO, the y component of Hng_pe can
induce additional reorientation of the Fe** spins towards the
I'y phase. Moreover, the noncollinear calculations show that
I', and I'y phases are energetically very close to each other.
Thus even small effective fields can result in the re-emergence
of the 'y magnetic structure of the Fe>™ spins. Therefore,
the Fe** spins show an additional spin reorientation between
10-1.5 K. As a result, the magnetic structure of Fe** spins
in NDFO is given by I'y;14(I'>+1'4) representation at low
temperatures (<10 K).

In NDFO, the (100) peak associated with long-range cf
ordering of the rare-earth ions is observed only from 3.5 K
onward. The same peak in NdFeO; is observed below 25 K.

The lower ordering temperature in case of NDFO might be
due to the lower strength of the Dy** —Fe** interaction. Inter-
estingly the R** ordering, in NDFO, shows a greater magnetic
moment of 1.8 up, indicating a partial polarization of Dy**
moments as well. Enhanced magnetic moment of rare-earth
ions is attributed to Nd** —Dy*" interactions. Also, due to
crystal-field effects in Nd** and Dy** (Kramer’s ions), a
large difference between the effective magnetic moments of
both ions occurs. The Nd** ion has a moment in the range
~0.9-1 ug, while the Dy** ion has a moment of nearly 9 15
[17,22]. Thus, the effective field can induce polarization of the
large Dy>* moments also in the (fX, c¥) configuration.

In DyFeOs3, as magnetic field along the b direction results
in the development of I'y structure, the Dy** moments un-
dergo a reorientation to (cf , fyR ) [55]. However, a signature of
(001) magnetic Bragg peak is not observed in NDFO, which
corresponds exclusively to c&.

Finally, we discuss the possibility of magnetoelectric
effect in NDFO. In NdFeOs;, the magnetic point group
Dy, (Cop)m'm’'m  possesses inversion symmetry. As a re-
sult, its magnetoelectric tensor is zero. In DyFeOs, the
Ts5(g¥, af) magnetic structure of Dy** belongs to the
magnetic point group Dp,(D;)m'm’'m’ which has nonzero
diagonal elements in the magnetoelectric tensor [12,56]. Be-
low Tx», the magnetic structure of Fe’*/Dy**, with I'js
(Ay, Gy, C:38%, af) representation, has a polar magnetic point
group D,(D,)222, which is responsible for a nonzero mag-
netoelectric tensor (¢;;) [12]. The magnetic point group of
NDFO, corresponding to I'p4 representation, is Cpy (C;) 2m’
which is a non-polar point group and hence does not possess
any magnetoelectric coupling terms due to inversion symme-
try [12]. Thus the magnetic structure of NDFO does not lead
to magnetoelectric effect. From our structural studies, we do
not obtain reduction in structural symmetry which can result
in ferroelectric polarization. The absence of magnetoelectric
effect is also confirmed from dielectric measurements in the
presence of magnetic field up to 5 T (data not shown).

VI. SUMMARY AND CONCLUSIONS

To summarize, NDFO polycrystalline samples were stud-
ied in detail to understand their complex magnetic and
electronic properties. The material crystallizes in the space
group Pbnm with both Nd and Dy, occupying the same crys-
tallographic position and thus being randomly distributed in
the crystal. Though the magnetic properties of NDFO are
similar to that of NdFeOs, there are many interesting and
significant differences between the two. Below Ty (~ 700 K),
magnetic structure belongs to I'4(G,, F) representation, with
the a axis being the easy axis of the Fe** magnetic moments.
The large single anisotropy of Dy>* which induces an abrupt
I'y—T'; spin reorientation in DyFeOs is suppressed with 50%
Nd substitution. Instead, a gradual I'y— I'; reorientation of the
Fe* spins is observed which begins close to 75 K and results
in a magnetic structure represented by I'; (Fy, G;) at 20 K with
the c axis as the easy axis. Interestingly, the magnetic structure
given by I'y re-emerges again below 10 K.

This also coincides with the development of (100) mag-
netic Bragg peak which corresponds to the ¢X arrangement

of the Nd**/Dy*" magnetic moments. This is unlike the
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G-type (¢¥) magnetic ordering associated usually with Dy>"
moments. The symmetry of the rare-earth ordering also does
not support any magnetoelectric coupling, which is also con-
firmed from field-dependent dielectric measurements.

At 1.5 K, the rare-earth ordering results in a magnetic
moment of 1.8 ug which is lower than the expected average
magnetic moment of ~5 g from Nd**/Dy** magnetic sub-
lattice, but the observed value (1.8 wg) is much higher than
the experimentally observed moments from Nd ordering in
NdFeO;. The complete absence of a A anomaly in specific
heat clearly indicates that the ordering of Nd**/Dy** mo-
ments is induced by effective molecular fields arising due
to Fe’* spins. The process of reorientation and rare-earth
ordering is explained by our first-principles DFT calculations,
considering both collinear and noncollinear spin arrangements
within GGA+U +SO approximation. The rare-earth ordering
clearly shows a preference of C-type over G-type ordering.
The noncollinear spin calculations show that the Fe** spins
prefer to align as G, which is symmetry compatible with the
cf arrangement of the Nd/Dy moments. The mixed phase of

I'; and I'y with Fe** moments canted in the ac plane is found

to be the ground state of NDFO from our DFT calculations.
The various “bare-exchange” interactions obtained for simpli-
fied unit cells show that while the Dy** —Fe®* interaction is
weakest, the Nd** —Fe’* and Nd** —Dy>* interactions com-
pete with the Dy>*—Dy** interactions, which leads to the
strong polarization of the rare-earth (Nd** /Dy*") sublattice.
It can be concluded that due to the highly unequal magnetic
moments of the rare-earth ions, a molecular field acts on the
R as well as the Fe’* moments. The net field can lead to a
successive I',— I'y spin reorientation of the Fe** spins.
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