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Peculiar magnetic states in the double perovskite Nd,NiMnOy
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We present magnetic measurements on Nd,NiMnOg which exhibits a well-known insulating paramagnetic
state to an insulating ferromagnetic state transition when cooled below 200 K. Beyond this basic fact, there is
a great deal of diversity in the reported magnetic properties and interpretation of specific anomalies observed
in the magnetic data of this compound below the Curie temperature. We address specifically two anomalies
discussed in the past, namely, a spin-glass like behavior observed in some samples near 100 K and a downturn
in the magnetization with a lowering of the temperature below approximately 50 K. We show for the first time
that the application of an increasing magnetic field can systematically change the low-temperature behavior
to make the down-turn in the magnetization into an upturn. With the help of first principle calculations and
extensive simulations along with our experimental observations, we provide a microscopic understanding of all
magnetic properties observed in this interesting system to point out that the glassiness around 100 K is absent
in well-ordered samples and that the low-temperature magnetic anomaly below 50 K is a consequence of a
ferromagnetic coupling of the Nd spin moments with the spin of the Ni-Mn ordered sublattice without giving
rise to any ordering of the Nd sublattice that remains paramagnetic, contrary to earlier claims. We explain this
counter-intuitive interpretation of a ferromagnetic coupling of Nd spins with Ni-Mn spin giving rise to a decrease
in the total magnetic moment by noting the less than half-filled 4 f occupation of Nd that ensures orbital and spin
moments of Nd to be opposite to each other due to the spin-orbit coupling. Since the ground state total magnetic
moment of Nd has a contribution from the orbital moment, that is larger than the spin moment, the total moment
of Nd is indeed pointing in a direction opposite to the direction of spin moments of the Ni-Mn sublattice as a

consequence of the ferromagnetic exchange coupling between Nd and Ni-Mn spins.

DOI: 10.1103/PhysRevB.100.045122

I. INTRODUCTION

A versatile and promising class of magnetic materials is
double perovskites with a general formula of A;BB'Og, with
an ordered arrangement of corner-sharing BOg and B'Og units
alternating in the crystal structure [1-4]. This and related
classes of oxides allow a large variety of physical properties,
in particular electric and magnetic ordering with suitable
choices of metal ions at the A, B, and B’ sites. Among such
materials, La,NiMnOg, with A=La, B=Ni, and B'=Mn,
has attracted a great deal of interest due to its rich physics,
particularly large dielectric anomalies, magnetocapacitance
effect and strong coupling between the magnetic, phononic
and electronic degrees of freedom. It is a ferromagnet near
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room temperature with a Curie temperature of 280 K [3-11]
caused by the dominant Ni**—0>~—Mn** ferromagnetic
superexchange coupling of the ordered structure. Further,
a remarkable spin-glass state was found at 70 K due to the
anti-site disorder between Ni** and Mn** ions that leads to
Mn* —0>~—Mn** and Ni>* —0?~ —Ni** antiferromagnetic
couplings.

A clear understanding of the electronic couplings, the
distortion in the Ni**-O>~-Mn** bond and their impact on
the magnetic ordering is of great importance, in particular,
to design different multifunctional materials of a similar
kind. These controlling parameters can be tuned by changing
the rare-earth ion at the A site with the general formula
A;NiMnOg. For example, double perovskites with A = Nd and
Y exhibit monoclinic P2;/n phase, where, on the other hand,
other rare-earth ions at the A site lead to the rhombohedral
(R3) structure with a partial ordering of Ni and Mn atoms.
It has been reported [3,4,12—-16] that mixed valence states of
the Ni and Mn can cause different structures, however, a final
experimental evidence on the mechanism for the different
structures is still missing [4,17]. Moreover, from the view-
point of magnetism, it is interesting to probe the consequence

©2019 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.100.045122&domain=pdf&date_stamp=2019-07-16
https://doi.org/10.1103/PhysRevB.100.045122

SOMNATH PAL et al.

PHYSICAL REVIEW B 100, 045122 (2019)

of replacing the nonmagnetic La ion with a magnetic one, such
as Nd in La;NiMnOg, since the magnetic interaction of the
magnetic rare-earth ion with the Ni-Mn sublattice brings in
another energy scale into the problem, thereby, promising a
richer phase diagram.

Previous experiments [18-22] indeed suggest a richer mag-
netic behavior for Nd,NiMnOg. All past publications agree
on the existence of a clear ferromagnetic ordering of the
Ni-Mn sublattice at about 200 K. This ordering temperature
is somewhat lower than the corresponding value (260 K) in
La;NiMnOg due to a smaller Ni-O-Mn bond angle in the Nd
compound [18], leading to a reduction of the ferromagnetic
super-exchange interaction [3] responsible for the ferromag-
netic state. Interestingly, magnetic properties of Nd;NiMnOg
below this temperature differ significantly between different
reports. For example, there are reports [19,21] of a second
magnetic transition around 100 K. This was explained [19]
in terms of a different magnetic phase arising from different
valence states, Ni°t and Mn?*, instead of the usual Ni2*
and Mn** responsible for the 200 K transition. Another
report [21] pointed to the additional possibility of anti-site de-
fects leading to antiferromagnetic interactions and consequent
magnetic frustrations in analogy to the case of La;NiMnOg
[4], showing distinct signatures of glassiness and associating
it with a cluster-glass behavior. It is to be noted that these
features near the 100 K are not reported in all studies of
Nd,;NiMnOg. However, there is again a general agreement on
the observation of a downturn of the magnetization with a
decreasing temperature at about 50 K which is deep within
the ferromagnetic state [18-22], though there is no clear
consensus on the nature of this downturn in the magnetiza-
tion. On the basis of neutron diffraction studies, it has been
suggested [22] to be yet another magnetic transition where
the Nd moments order ferromagnetically within a sublattice
that is antiferromagnetically oriented with respect to the Ni-
Mn ferromagnetically coupled sublattice. On the other hand,
high temperature susceptibility has been shown [18] to be
consistent with Nd ions being noninteracting and giving rise
to a purely Curie, as against Curie-Weiss, behavior; this would
argue against any magnetic ordering of the Nd sublattice
at a relatively high temperature of 50 K. Within such a
noninteracting scenario, the downturn in the magnetization
with decreasing temperature was tentatively interpreted as a
manifestation of a “large magnetocrystalline anisotropy due
to spin-orbit coupling of the Mn-Ni network to the rare earth”
in Ref. [18]. While the same interpretation of the downturn
in M-T was repeated in Ref. [19], this part of the magnetic
behavior was within what was attributed to the cluster glass
state of Nd,NiMnOg in Ref. [21].

With these controversies and the richness of mag-
netic properties in mind, we synthesized and investigated
magnetic properties of Nd,NiMnQOg, combining dc and ac
magnetic investigations as well as magnetic spectroscopic
study, in conjunction with detailed first principle calculations
to provide a microscopic description of its magnetic interac-
tions and states. Our results clearly show that Nd,NiMnOg
contains only Ni>* and Mn** species with no perceptible
signature of Ni** or Mn3*. Like every other report, our mag-
netic measurements also confirm a magnetic ordering at about
200 K. X-ray magnetic circular dichroism measurements

confirm the ferromagnetic coupling of the Ni and Mn sub-
lattices below this ordering temperature. Our magnetic mea-
surements do not reflect any magnetic anomaly around 100 K,
unlike Refs. [19,21], but consistent with Refs. [18,20,22],
presumably due to a lower number of anti-site defects, nec-
essary to induce sufficient frustrations in magnetic interac-
tions [4]. Accordingly, our ac magnetic measurements also
do not indicate any glassy state at any temperature unlike
Ref. [21]. Our main results relate to the curious downturn
in the M(T) below about 50 K, reported by all studies
[18-23] and interpreted often as an indication of the ordering
of the Nd moments, coupled antiferromagnetically to the
ordered Ni-Mn sublattice. Based on applied magnetic field
and frequency dependencies of the magnetization over the
relevant range of temperatures, we show that this cannot be
associated with a second magnetic phase transition, associated
with a spontaneous, long-range ordering of moments on the
Nd sublattice. Instead, it is to be understood in terms of a con-
tinuously increasing orientational ordering of the Nd moments
due to the decreasing temperature in presence of the internal
exchange field exerted by the ordered Ni-Mn sublattice. Our
detailed, first principles electronic structure calculations help
us to estimate the microscopic exchange interaction strengths
between different ions, establishing that the spin-spin inter-
action between all nearest neighbor pairs, namely, Ni-Mn,
Nd-Ni, and Nd-Mn, are ferromagnetic in nature, apparently in
contradiction with the presumed antiferromagnetic coupling
of Nd moments to the moment of the Ni-Mn sublattice and
driving the downturn in M(T') below about 50 K. We show
that this counterintuitive downturn in M (7T') can be rational-
ized on the basis of the spin-orbit coupling within the Nd
4 f manifold; these conclusions are supported by our detailed
simulation of magnetization dynamics including the orbital
moment on Nd, providing a microscopic understanding of
the curious magnetization behavior of Nd,NiMnOg at lower
temperatures. We note that our findings do not contradict ear-
lier reports on Nd,Ca;_,FeMoOg [24,25], where the change
in magnetization is attributed to a band filling effect and
increased antisite disorder with increasing Nd doping, and
consequently not resulting in any of the magnetic phenomena
observed by us for Nd;NiMnOg.

II. EXPERIMENTAL AND THEORETICAL METHODS

A. Experimental

A pure monoclinic crystallographic phase of Nd;NiMnOg
was prepared by sol-gel method [17,18]. Nd,O3, Ni(NO3),,
6H,0, and MnCOj3 were dissolved in stoichiometric quanti-
ties using dilute nitric acid. Subsequently, ethylene glycol and
citric acid were added to the solution as chelating agents for
the gel formation. The gel was heated at 170 °C to get rid of
the solvent completely. The obtained black colored powder
was then heated at 450 °C for 6 hours to ensure decarboxy-
lation. Following the decarboxylation step, the powder was
pressed into a pellet and sintered at 1350 °C for 6 hours in the
presence of flowing Argon gas for the final sample.

Powder x-ray diffraction (XRD) was collected using a
Philips X'-Pert Diffractometer [Ni filtered Cu K, radiation
(A = 1.54056 A)]. X-ray absorption spectroscopy (XAS) and
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x-ray magnetic circular dichroism (XMCD) measurements
at Nd Mys, Ni L3, and Mn L, 3 edges were performed
at the synchrotron light source, Maxlab, Sweden and the
Advanced Photon Source, USA, respectively. The data were
recorded using the total electron yield method by recording
the sample drain current as a function of the photon energy.
The base pressure of the chamber was maintained at around
3 x 1071 mbar. Clean sample surfaces were exposed for
experiments by scraping the sample surfaces in situ with a
diamond file. Magnetic measurements were performed by
using a SQUID magnetometer from Quantum Design, USA.

B. First-principles calculations

For the electronic structure calculations reported in this
work, the monoclinic crystal structure of Nd,NiMnOg with
the space group of P2;/n has been used, with the lattice pa-
rameters of a = 5.41 A, b=5.46 A, and ¢ = 7.67 A obtained
from experiments. The k integration over the Brillouin zone
is carried out using 12 x 12 x 8 points and the exchange-
correlation interactions are described within the local spin
density approximation (LSDA) [26].

In order to improve the treatment of the localized 3d
electrons of Ni and Mn atoms, the static correction using
the Hubbard U term is added to the LSDA Hamiltonian,
referred as LSDA+U method [27]. The value of Hubbard U
for 3d elements in different compounds depends strongly on
the screening and can vary in the range between 2 to 9 eV.
Hund’s exchange Jy is less material-dependent and usually
takes the value of about 1 eV. In this work, we used U and Jy
to be equal to 4 and 0.9 eV, respectively, for both Ni and Mn
atoms, slightly larger than the values chosen in Ref. [28] for
the effective Coulomb potential. However, the 4f electrons
in Nd behave like atomic states, therefore the conventional
DFT(+4U) fails to properly describe the strong electron corre-
lations in this element [29]. One way to solve this problem,
is to assume that the 4f electrons do not hybridize with
the valence electrons and therefore treat the 4f electrons
as spin-polarized core states. However, since the lanthanides
show different valence states in different compounds (divalent
f"spd)? or trivalent f"[spd]?), one should be careful with
the choice of the occupation of the f orbitals. Nd has been
shown to be trivalent in solids [30]. Therefore we consider a
valence of f3[spd]? for this element treating the three 4 f elec-
trons as core states. The spin moment was selected according
to LS-coupling, i.e., 2 (g7 — 1)J, where J is 9/2 and g; is the
Landé g-factor. This means that the spin moment of the three
core-like 4f electrons was constrained in the calculations to
follow Russel-Saunders coupling and to be consistent with the
Standard model of the rare earths [31]. Using this knowledge,
the electronic structure as well as the magnetic ground state
configuration of the system are investigated in the framework
of the full-potential linear muffin-tin orbital (FP-LMTO) code
RSPT [32], in the scalar relativistic approximation.

The converged electronic structure calculations were then
used to calculate the inter-atomic exchange parameters. This
is achieved by mapping the magnetic excitations onto the
Heisenberg Hamiltonian:

H=- Zfijei'ej, (D

where J;; is an exchange interaction between the two spins,
located at sites i and j, and e; is a unit vector along the mag-
netization direction at the corresponding site. The effective
interatomic exchange interaction between magnetic atoms,
evaluated this way, ensures incorporating the effects of all
other atoms in the system, as details of the total electronic
structure enters the Greens functions used for these calcula-
tions. In this work, the pairwise exchange parameters were
obtained by means of the magnetic force theorem [33,34]. The
Jij’s were computed between the 3d states of transition metals
and 6s, 6p, and 5d states of Nd, using a projection to the so
called muffin-tin heads [35]. Note here that the interatomic
exchange integrals are evaluated between dispersive valence
band states, where the overlap between site centered basis
functions is finite. The 4 f moment of the rare-earth moment
is locked via a large intra-atomic exchange to the spd states
of the rare-earth site [36], producing an effective exchange
interaction between the largest moments of the system, i.e.,
the 3d moment of Mn and Ni and the 4f moment of Nd.
More specific details regarding the evaluation of the exchange
parameters, especially with respect to the choice of the basis
set can be found in Ref. [37].

The full-relativistic treatment of the Kohn-Sham problem
in the FP-LMTO methods allow to obtain magnetocrystalline
anisotropies K; of the metal ions Mn and Ni from total energy
difference (AE) for two different directions of the magnetiza-
tion, e.g., along (001) and (100). This methodology is however
not applicable for rare earths, if their 4 f electrons are treated
as core states. This is so, because the 4f crystal fields, nec-
essary for the proper description of K;’s, are simply missing
in such a calculation. Based on this knowledge, we obtained
a total energy difference of AE = 0.2 meV favoring (100)
as the easy axis. We associate this energy to the anisotropy
rising from Ni orbital moment. The reason for assigning
the anisotropy to the Ni atom is that the obtained orbital
moments for Ni ions are 0.16 upg and 0.19 up along (001) and
(100) directions, respectively, while for Mn ions this value is
about 0.02 up for both magnetization directions. According
to Bruno’s model, the difference between the orbital moments
along the easy and hard directions is proportional to the
magnetocrystalline anisotropy [38]. Therefore the anisotropy
of each Ni atom is considered 0.1 meV while for Mn it is set
to 0. For the Nd atoms, an ad hoc value of 0.1 meV is used
here, similar to Ni.

The sets of {J;;} and {K;} are then used in Monte Carlo
(MC) simulations of the classical Heisenberg model described
by Eq. (1) at temperature 7 and external magnetic field B.
To estimate the Curie temperatures, we used the fourth-order
size-dependent Binder cumulant [39], which is defined as

_ (M*),
U =1- 20 2

where M is the total or average magnetization. The symbol
(...) in the above equation represents the ensemble and time
average. Binder cumulants exploit the critical point and criti-
cal exponents in a phase transition from the crossing point of
magnetization curves for different sizes L of the system.

We performed Monte Carlo simulations by using the
Uppsala atomistic spin dynamics (UPPASD) software [40] for
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systems with size ranging from 20 x 20 x 20 (8000 atoms) up
to 32 x 32 x 32 (32768 atoms) employing periodic boundary
conditions and 15-30 replica of this system for a proper
average of the properties. To perform hysteresis simulations
at finite temperature, we effectively cooled down our system
to certain T at very strong fields (field cooling). By doing this
we achieve a ground state preferably aligned along the field.
Without further field cooling, the external magnetic field is
varied from —40 T up to 40 T.

III. RESULTS AND DISCUSSION

Powder XRD data of Nd;NiMnOg is shown in Fig. 1.
Rietveld refinement was performed using FULLPROF software,
confirming the phase purity of our sample. Specifically, NiO,
reported [19] as an impurity phase in samples of Nd,NiMnOe,
is absent in our sample. XRD data could be fitted well with
the crystallographic space group P2;/n. The obtained lattice
parameters a= 5.4142(1) A, b = 5.4633(1) A, ¢ = 7.6690(1)
A, and B = 90.0207(1) are consistent with previous reports
[18-21]. The unit cell of the ordered Nd,NiMnQOg is shown
in the inset of Fig. 1 with alternating Ni and Mn atoms
octahedrally coordinated by six oxygen atoms.

In Nd;NiMnOg, Nd and O are expected to be in their stable
oxidation states, namely, +3 and —2, respectively, while
the valency of Mn and Ni may vary depending on their
relative energy positions as well as on the hybridization and
charge transfer energies [4,6,41]. A prior knowledge of the
valencies of Mn and Ni is crucial to understand the magnetic
properties of this sample. To this end, we have utilized the x-
ray absorption spectra (XAS) at the Mn L, 3 and Ni L, 3 edges
of Nd,NiMnOg, as this technique is a sensitive local probe to
study the valence [42], spin character [43,44], and crystal field
(CF) environment of different elements of a compound.

Figures 2(a) and 2(b) display the photon flux-normalized
Mn L,3 spectrum from Nd;NiMnOg at two temperatures
and from a few standard Mn oxides with Mn in different
valence states, respectively. Similarly, Figs. 2(c) and 2(d)
display the photon flux-normalized Ni L, 3 XAS spectra from
the sample at those two temperatures and from a couple of

850 860 870 880 864 867 870 873 876
Energy (eV) Energy (eV)

FIG. 2. (a) Mn L, 5 edge XAS spectra collected at 150 and 300 K.
(b) The characteristic XAS spectral of standard Mn-oxide samples,
MnO,, LaMnOs, and MnWO, corresponding to Mn*", Mn**, and
Mn?**, respectively. The spectrum of MnWO, is taken from Ref. [45].
(c) Ni L, 3 edge XAS spectra collected at 150 °C and 300 °C. (d) The
characteristic XAS spectral of standard Ni-oxide samples, NiO and
PrNiO; corresponding to Ni** and Ni**, respectively. The data for
these two spectra of NiO and PrNiO; are taken from Ref. [4].

standard oxides of Ni with Ni in different valence states,
respectively. In all these cases, each spectrum corresponds
to the 2p°3d"™ — 2p>3d™! transition and consists of two
groups of multiplets, namely, the L3 [Av ~ 642(853) eV for
Mn (Ni)] and L, [hv ~ 653(872) eV for Mn (Ni)] separated
by the spin-orbit splitting of the 2p core level. The line shape
of the L, 3 XAS spectrum of the transition metal elements
depends strongly on the multiplet structure of 3d-3d and
2p-3d Coulomb and exchange interactions, as well as the
local crystal field effects and the hybridization with the O 2p
ligands, thereby providing characteristic changes in spectral
features with the valence state of the transition metal ion as
evident in Figs. 2(b) and 2(d).

The Mn L, 3 XAS spectra of our Nd;NiMnOg sample
are similar to those measured on La,NiMnOg [4,6], and the
features clearly suggest that Mn is in +4 oxidation state in
Nd,;NiMnOg [compare spectral features of Mn L, 3 of MnO,
sample in Fig. 2(b)]. The Ni L, 3 XAS spectra are shown in
Fig. 2(c) for two different temperatures, and inset shows the
magnified L, edge spectra. The line shape of Ni L, edge is
very similar to that of NiO rather than that of PrNiO; [see
Fig. 2(d)]. Therefore we further confirmed from the Ni L; 3
XAS results that the oxidation states of Ni ions are +2, which
is consistent with the observation of the Mn in +4 state, i.e.,
fulfilling the charge balance requirement.
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FIG. 3. (a) The filed cooled (FC) and zero filed cooled (ZFC)
M /H, measured with an applied magnetic field (H) of 20 Oe. (b) The
temperature variation of the imaginary part of the ac susceptibility
at 17 Hz and 170 Hz with an amplitude of the ac field of 4.0 Oe.
The two insets show the temperature variation of the real part of the
ac susceptibility and an enlarged plot of the imaginary part of the ac
susceptibility below 100 K in separate panels.

Figure 3(a) shows the magnetization (M) versus tempera-
ture (7') plots measured with an applied field of 20 Oe under
both zero field cooled (ZFC) and field cooled (FC) conditions.
The M(T) data show a clear ferromagnetic (FM) transition
at ~200 K and a magnetic anomaly at around 50 K, where
the FC magnetization starts to show a gradual downturn with
further lowering of the temperature of the sample. While
the high-temperature transition is well established to be the
FM ordering of Ni-Mn sublattice, there is no consensus yet
about the broad feature observed at the lower temperature.
The downturn is obviously an indication of some antiferro-
magnetic alignment of some of the moments, its microscopic
origin has not been satisfactorily described so far. While
neutron diffraction results [22] have been used to suggest a
ferromagnetic ordering of the Nd sublattice, coupled antifer-
romagnetically with the ferromagnetic Ni-Mn sublattice, the
nature of M(T') plot in Fig. 3(a) is not the sharp change in
magnetization that one would expect from the presence of a
true phase transition with a spontaneous long-range magnetic
ordering below the critical temperature; instead M (T ) shows
a more gradual change with a lowering of T. This point of
view is further supported by the data obtained from the ac
susceptibility measurements, discussed below.

Alternating-current measurements were performed at two
different frequencies (17 and 170 Hz) of the ac field. Fig-
ure 3(b) shows real (x’) (inset) and the imaginary (x”)
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T T T I T T T
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FIG. 4. (a) Magnetization vs field loop measured at different
temperatures. (b) Magnetization vs temperature measured at different
applied field.

component of the ac susceptibility in the temperature range
of 2-300 K. The magnetic phase transition at ~200 K driving
a ferromagnetic long-range order in the Ni-Mn sublattice is
clearly indicated by the typical sharp changes in both x’
and x”. There is no such sharp change in these quantities at
any other temperature shown in Fig. 3(b), arguing against a
second magnetic phase transition in this system at ~50 K.
Instead, we only notice faint features in the out-of-phase
component of the ac susceptibility, around ~50 K [see in-
sets of Fig. 3(b)], suggesting the lack of any reentrant spin
glass behavior observed, e.g., in La;NiMnOg [4,46]. We do
not notice any perceivable frequency dispersion in this low-
temperature magnetic feature, indicating an absence of any
glassiness in the magnetic phase.

We have performed magnetization (M) measurements as a
function of the applied magnetic field (H) at different temper-
atures to find a rather unusual magnetic behavior that has not
been discovered or appreciated so far. M (H) plots for various
temperatures below the ferromagnetic transition (200 K) are
shown in Fig. 4(a). The data for the highest temperature shown
in the figure, namely, 100 K, exhibit the M-H hysteresis
loop expected from a soft ferromagnet with a small coercive
field (~200 Oe) and a near saturation of the magnetization
at about 4.0 pg/f.u. for higher applied fields. In a normal
situation, a lowering of the temperature should lead to a more
clear saturation of the magnetization along with the possibility
of an increasing coercive field, but M(H) plots shown for
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successively lower T in Fig. 4(a) exhibits a progressively
enhanced nonsaturation of M with H at higher fields. This
magnetic behavior suggests a magnetic configuration where
paramagnetic Nd moments begin to be significantly influ-
enced by coupling to the ferromagnetically ordered Ni-Mn
sublattice well below its ferromagnetic transition temperature.
An indication of the origin of this unexpected behavior is in
the shape of the M (H) curve for smaller values of H, where
an enhanced coercivity is observed along the expected line.
But along with that, the M-H loop opens with an unusual
shape, reminiscent of metamagnetic phenomena, suggesting
that the applied magnetic field is responsible for influencing
the magnetic state of the sample within this H and T ranges.
Since the Ni-Mn sublattice orders ferromagnetically at a rela-
tively high T of about 200 K, Ni-Mn sublattice at temperatures
below 100 K is expected to be deep in the ferromagnetic state
with little influence from the applied magnetic field. Thus
the only magnetic entity that can give rise to these unusual
observations in M (H) data is the magnetic moment of Nd3*+
ion and its interaction with the Ni-Mn sublattice and the
external, applied magnetic field.

If we combine our experimental results of M(T') at low H
in Fig. 3(a) and of M(H) at low T in Fig. 4(a), it presents an
intriguing summary of magnetic behavior of Nd** ions—with
a decreasing temperature, it increasingly aligns antiferromag-
netically to the Ni-Mn sublattice, thereby reducing the total
magnetization with decreasing 7', while it increasingly aligns
ferromagnetically to the Ni-Mn sublattice with an increasing
H, showing an increasing trend in M. Thus it appears that the
effect of a decreasing T on Nd** ions can be opposed by an
increasing H, since the two effects appear to influence it in
a reversed manner. Thus we investigated M (T') in the low-T
regime for various values of the applied field, H and found
the remarkable results, shown in Fig. 4(b), that the downturn
in M(T) for low H can be reversed into an upturn for H > 3T,
with H = 3 T being close to a compensation point.

While we shall discuss in detail implications of these
unusual experimental observations later in conjunction with
theoretical inputs, it is clear at a qualitative level that only
the following scenario is consistent with all observations,
described here so far. Moments on Nd ions tend to align
antiferromagnetically with respect to the magnetization of
the Ni-Mn sublattice, leading to the decrease in the sample
magnetization with decreasing 7 for low applied fields; the
continuously decreasing trend of the magnetization with 7 is a
reflection of lowering of T that allows a progressive reduction
in the thermal disordering of Nd moments rather than a
spontaneous magnetization developing in the Nd sublattice
due to a magnetic phase transition. With an increasing external
magnetic field, moment on the Nd ions prefer to align with
the applied field, overcoming the internal antiferromagnetic
coupling with the Ni-Mn sublattice. Thus the existence of
this compensation point at H = 3 T, not realised in the
literature before, represents a balance between the internal
antiferromagnetic coupling and the coupling to the external
field of Nd moments, thereby allowing us to estimate several
important quantities for this system. For example, it is evi-
dent that the compensating field of 3 T provides us with a
reliable measure of the exchange interaction strength between
the Nd>* ion and the Mn-Ni magnetic sublattice. Since a

moment of 1 up in 1-T magnetic field has an energy of
5.8 x 1072 meV, the compensating magnetic field of 3 T for
the total magnetic moment (3.27 up) of a Nd** ion represents
about 0.6 meV as an estimate of the coupling of the Nd ions
to the Ni-Mn sublattice. Moreover, at this compensated point,
the magnetization follows the usual Bloch 732 nature of a
ferromagnetic sample with contribution from Nd moments
essentially removed; therefore, we obtain a reliable estimate
of the low-T saturation moment of the Ni-Mn ferromagnetic
sublattice as ~4.7 ug per fu. [see Fig. 4(b)]. This would
suggest that there is a high degree (~97%) of Ni/Mn order,
since the ideally ordered structure has a combined (Ni+Mn)
moment of 5 up per f.u. and each antisite disordered Ni-Mn
pair decreases the moment by 10 upg per pair. This low level
of antisite defect density (~3%) in our sample is possibly
responsible for avoiding the glassy physics observed [21] in
some samples of Nd,NiMnQOg. In order to obtain microscopic
evidence into the nature of exchange couplings between dif-
ferent magnetic sites, namely Ni, Mn and Nd, in this sample,
we have carried out detailed XMCD studies, since this is the
only technique that can provide element selective magnetic
information by tuning of the x-ray energy to the resonance
absorption edges of specific elements. We discuss XMCD
results obtained at Ni and Mn L, 3 edges and Nd M, 5 edges
of our sample next.

Figures 5(a), 5(b) and 5(c) show the XMCD spectra col-
lected at Mn L, 3, Ni L, 3, and Nd M, s edges, respectively,
at 95 K. This temperature is chosen to be well below the
high-temperature magnetic transition at ~200 K, but above
the lower temperature (< 50 K) region where the M (T ) shows
a downturn with a decreasing temperature. Both Ni and Mn
XMCD data [see Figs. 5(a) and 5(b)] exhibit substantial
intensity, clearly establishing the ferromagnetic nature of both
Ni and Mn sublattices. We note that the sign of the leading
edge of the XMCD signal with its relatively large weight
[see Figs. 5(a) and 5(b)] are given by the orientation of the
spin moment contributed by that magnetic site. Therefore the
signs of the XMCD signals from Ni and Mn, with the leading
edges being negative in both, indicate the same orientation of
the spin moments on Ni and Mn sites, establishing the ferro-
magnetic exchange coupling between Mn and Ni sublattices,
leading to a ferromagnetic Ni-Mn sublattice below the phase
transition temperature of ~200 K, as also proposed in the case
of LapyNiMnOg [3]. In sharp contrast, there is no noticeable
dichroic signal at the Nd edges, shown in Fig. 5(c), recorded
at the same temperature. It clearly suggests that Nd moments
are randomly oriented at this temperature, contributing no
measurable net magnetization to the sample.

In order to see the origin of unusual magnetic properties
observed below 50 K and at various magnetic fields, we
recorded XMCD at Nd edges at 75, 25, and 15 K, for a
low field (0.3 T) and a high field of 5 T. We could not find
any perceivable XMCD signal at the low field, suggesting
the persistent paramagnetic nature of Nd ions at these low
temperatures, arguing against any interpretation based on
a spontaneous magnetization of the Nd sublattice with a
long-range magnetic ordering via a phase transition. At the
high filed of 5 T, the paramagnetic moments on Nd ions
are polarized by the external field, thereby giving rise to a
measurable XMCD signal, shown in Fig. 5(c). Interestingly,
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FIG. 5. X-ray magnetic circular dichroism (XMCD) data col-
lected over (a) Mn L, 3, (b) Ni L, 3, and (c) Nd My 5 edges at 95 K
with an applied field of H = 0.3 T. (d) XMCD data collected over
Nd M, 5 edge at 15, 25, and 75 K with an applied field of 5 T.

the leading edge of the XMCD signal from Nd at 5 T has the
opposite sign compared to those at the Ni and Mn edges [see
Figs. 5(a) and 5(b)], indicating that the spin orientation of Nd
moment is opposite of those of Ni and Mn. To the extent any
magnetic moment would like to align itself with the external
magnetic field in order to lower its energy, one would expect
the spin moments of Ni-Mn ferromagnetic sublattice and that
of the Nd sites would both be aligned with the applied field,
thereby leading to a parallel arrangement of spins between
Nd and Ni-Mn at this high-field limit. The opposite result,
observed here, can be understood by noting that the moment
at the Nd site is not given only by the spin moment, but
by the spin-orbit coupled total moment. Since Nd with its

12

DOS (1/eV)
o

‘6 -4 2 0 2 4
E-E, (eV)

FIG. 6. Total density of states for majority and minority spin as
well as the 3d-projected density of Ni and Mn atoms in Nd,; NiMnOg.

4f3 configuration is less than half-filled, the ground state
has the orbital and the spin moments oppositely aligned and
the larger orbital moment dictates the orientation of the total
moment. Therefore the antiparallel orientation of the Nd spin
moment with respect to the spin moment of Ni-Mn sublattice,
in reality, ensures a parallel orientation of the total moment on
the Nd site with that of the Ni-Mn sublattice, since dominant
orbital moment of Nd is oriented in a direction opposite of that
of its spin moment.

The above discussion, in conjunction with the magnetic
data presented in Fig. 4(b) provides an interesting insight
into the exchange coupling between Nd and Ni-Mn sub-
lattice. XMCD data suggests that at 5-T applied field, the
spin moment of Nd is antiparallel to Ni-Mn spin moments.
Results in Fig. 4(b) showed that 5-T applied field is above
the compensation point of 3 T and therefore, at 5 T, the
spin orientation of Nd is opposite of what it will be at low
fields of less than 3 T. This implies that the ground state
exchange coupling between Nd and Ni and Mn sites must
in fact be ferromagnetic, making the spin orientation at Nd,
Ni and Mn sites all being in the same direction. This view
is consistent with the downturn in the magnetization with
decreasing T [see Fig. 3(a)], because the parallel orientation
of the spin moment of Nd ensures an antiparallel orientation of
the orbital moment which is larger than the spin moment. This
interpretation provides a natural explanation for the unusual
observation [18] of a similar downturn in the magnetization
of SmyNiMnOQg with a decreasing temperature whereas other
LnyNiMnOg with Ln = Gd, Tb, Dy, and Ho exhibit an upturn;
clearly, this is related to the less than half-filled nature of
Sm** in contrast to the half-filled or more than half-filled
nature of the 4 f orbitals in Gd, Tb, Dy, and Ho.

A. Ab initio results

In order to give a firm footing to the above mentioned
interpretation of magnetic properties of Nd,NiMnOg, we have
performed first-principles calculations in order to get quanti-
tative insights into the microscopic origin of various magnetic
interactions.

In Fig. 6, the total density of state for the majority and
minority spins as well as the total contribution of the d states
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FIG. 7. The crystal structure of Nd,NiMnOQOg. The labels indicate
the exchange couplings between, as an example, Ni, and the other
atoms in the system. The exchange parameters between atom Ni,
Mn, and Nd with the neighboring atoms in meV are as following:
Ji =0.03 (0.23) between Ni (Mn) and Nd, J, =5.99, J; = 4.90,
Jy = 19.05, and Js < 0.01 (due to the distortion in the system and
smallness of J; and Js, the averaged values are given). For the further
neighbors the exchange parameters quickly decay to almost zero.
For more detail, see Table I. The orientations of magnetic moments,
including the spin and orbital contributions, at different sites in the
ground state are shown on three types atoms in the top left corner
of the unit cell. For the Nd site, the spin moment is oriented in a
direction opposite to that of the total moment or in other words, in a
parallel orientation with the spin moments of Ni and Mn shown here.

of Ni and Mn atoms in the ground state are shown. A clear
band gap of about 1 eV can be seen in the system, consistent
with its insulating properties. The ground state of the system
predicts parallel alignment of the Mn and Ni spin moments,
with 2.87 wp for Mn and 1.49 pp for Ni ions. The total
moment of Nd is, however, antiparallel to the moments of Ni
and Mn. The Nd ion has a total moment of 3.6 g, associated
with the spin and orbital momenta contributions in the LS-
coupling scheme. The spin moment of a rare-earth from such
calculations is best evaluated via Landé factor and the total
angular momentum J which, as was described in Sec. II B, is
about 2.44 1 p.

Based on the obtained electronic structure, we have cal-
culated the magnetic exchange parameters (see Fig. 7 for
labeling of different exchange parameters). Considering, as
an example, the ion labeled Ni, at site i, J; will be the
couplings between Ni, and its the nearest neighbours (labelled
Nd; and Nd,). This has quite small contribution to the total
exchange interaction of the system. J, corresponds to the
coupling between, e.g., Ni, and the Mn; ions. Due to the dis-
tortion, Nip ion has two types of Mn, neighbors with the
same distance but different Ni-O-Mn angle (147° and 158°).
J3 and Jy represent the interactions with Mnj, ions of the angels
147° and 158°, respectively. Clearly, the leading interaction is
the in — plane J4 interaction. Finally, Js labels the coupling
between Nd ions of different sites (Nd; and Nd,) and as

TABLE 1. Exchange parameters (J;;) between Ni and Mn in meV
for different directions. Note that according to Eq. (1), the value of
the magnetic moment of each site is included in the definition of J’s.

Ni-Mn Ni-Ni Mn-Mn

Rij Jij Rij Jij Rij Jij

0,0, +0.5] 599 [=1,0,0] —095 [0,—1,0] —027
[0, 0, —0.5] 599 [+1,0,0] —-0.95 [0,+1,0] —-0.27
[-0.5,+40.5,0] 19.05 [0,0,—1] —-2.04 [0,0,—1] 0.01
[—0.5,-0.5,0] 490 [0,0,+1] —2.04 [0,0,+1] 0.01
[+0.5,4+0.5,0] 490 [-1,-—1,0] =3.27 [-1,—1,0] 0.25
[+0.5,-0.5,0] 19.05 [+1,+1,0] —3.27 [+1,+1,0] 0.25

expected it is very small, due the extreme localization of
the 4f electrons in rare-earth elements. In Table I, a list of
the exchange parameters for different directions is shown.
Note that according to Eq. (1), only the value of individual
spin moments are encoded to the J;;’s parameters, not the
total moment associated to the spin and orbital momenta.
We find that the dominant exchange parameters between the
neighboring magnetic atoms (in meV) are as follows: J; =
0.03 (0.23) between Ni (Mn) and Nd, J, = 5.99, J; = 4.90,
and J4 = 19.05 between various Ni-Mn pairs and Js between
nearest neighbor Nd-Nd sites <0.1. For the further neighbors
the exchange parameters quickly decay to almost zero.

Note that the exchange parameters discussed in the para-
graph above were calculated for the ground state magnetic
structure, where all spin moments are coupled ferromag-
netically. The transferability of these parameters to handle
spin-configurations that are not the ground state configuration
is a natural question, and we note that this issue has been
discussed in the past, e.g., in Refs. [47—49]. Reference [49]
is particularly relevant for the present study, since it also
describes calculations of Heisenberg exchange interactions
of a 3d transition metal oxide. In this work, the influence
of the oxygen atoms was discussed, with a specific discus-
sion of the fact that a relatively large polarization of the O
states can provide a strong configurational dependence of
the exchange parameters between transition metal atoms. In
the present investigation, the hybridization induced moment
on the O atoms of the ground state configuration is in the
range 0.004-0.067 wp/atom, depending on the position of
the O atom in the unit cell. For spin configurations with
higher energies, e.g., canted or antiferromagnetic couplings,
the hybridization induced O moments is expected to be even
smaller. The renormalization procedure of the Heisenberg
exchange interactions, suggested in Ref. [49], is relevant only
for situations where the O moment is distinctly different
between different configurations, which is not the situation
in the presently investigated systems. Hence, one can expect
high transferability of the exchange parameters evaluated at
the ground state configuration of Nd, NiMnOg.

Within our convention, a positive value of the J;; indicates
a FM coupling between the atomic spin moments at the two
sites involved, indicating all dominant exchange couplings,
Ji — Jy are ferromagnetic in nature. The dominant exchange
interactions between Ni and Mn sites, J, — J4, being all
ferromagnetic, is consistent with the prominent ferromagnetic
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state of the Ni-Mn sublattice in this compound. Nd-Nd inter-
action strength (Js) is found to be very small, consistent with
our interpretation that the magnetic anomaly seen around 50 K
cannot be associated with a spontaneous ordering of Nd spins.
Finally, it is interesting to note that the exchange coupling
(J1) between Nd and Mn/Ni being ferromagnetic (data not
shown), is consistent with our interpretation of experimental
results that suggested the total (spin-orbit coupled) moment of
Nd is antiferromagnetically aligned with the spin moment of
the Ni-Mn sublattice, thereby reducing the magnetic moment
of the sample with a decrease in the temperature at low
applied fields. Noting that the total moment of Nd** ion is
oriented opposite to its spin moment, it is clear the spin-spin
exchange interaction between Nd and Ni-Mn sublattice being
ferromagnetic, as calculated here, is the driving force for the
total moment of Nd being opposite to that of the Ni-Mn
sublattice in the low-field limit. Thus the calculated results
provide a qualitative and microscopic understanding of the
magnetic properties observed in this material.

We note in passing that the average values of J; (0.036
and 0.226 meV for Nd-Ni and Nd-Mn, respectively) would
suggest a somewhat larger magnitude of the compensating
field compared to 3 T obtained experimentally. Noting that
each Nd site is coordinated by four Ni and four Mn sites,
the total coupling strength between the Nd spin moment and
the Ni-Mn sublattice works out to be 1.04 meV, whereas the
corresponding value estimated from experimentally obtained
compensating field of 3T is about 0.6 meV. This mismatch is
not unexpected, since the estimates of exchange interaction
strengths can have sizable percentage inaccuracies for such
weak coupling strengths.

B. Magnetism from an effective spin Hamiltonian

The exchange interactions between the atomic magnetic
moments dictate their thermal behavior. For this reason, we
performed Monte Carlo simulations based on the Metropolis
algorithm and the classical spin-Hamiltonian (1) and obtain
the magnetic phase diagram. To do the simulations in a proper
way, one has to take into account that the Nd moment is anti-
parallel to the Mn and Ni moments. The spin component of
the Nd moment couples ferromagnetically with the moments
of Ni and Mn ions. However, the relatively big orbital moment
of Nd aligns antiparallel to the spin one, following the third
Hund’s rule.

Since the ferromagnetic coupling strength of a Nd ion with
its six nearest neighbor Nd ions is relatively weak (*0.6 meV
= 7 K) and is much smaller than the Nd-Mn or Nd-Ni inter-
actions, the Nd sublattice magnetization is very temperature
dependent. It looses correlation to other Nd atoms already
at below 5 K. The calculated M versus T plot [Fig. 8(a)]
shows a clear downturn with decreasing temperature below
about 50 K, caused by the antiferromagnetic coupling between
moments on Nd and Ni/Mn atoms. This is in excellent agree-
ment with the behavior of the experimental M (T') plot (Fig. 3).
Calculated results suggest that the correlation of Nd to other
atoms (Ni and Mn) drops off beyond about 65 K, leaving
the system in a state where ferromagnetic coupling between
the 3d ions dominates the magnetic behavior. From Binder’s
cumulant we obtain a critical temperature of 7, = 203 K,

100 300
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FIG. 8. (a) The total magnetization of Nd,NiMnOg calculated as
a function of temperature 7. The inset shows the calculated specific
heat as a function of temperature. The red arrow indicates the peak
in Cy related to ferromagnetic phase transitions. (b) Element-specific
magnetization calculated as a function of the temperature, where
different elements are indicated by different colours. The inset shows
the inverse susceptibility of Nd moments in presence of the internal
field arising from ordered Ni+Mn moments(see text for more details)
as a function of the temperature, suggesting a very close adherence
to the Curie-like behavior.

which is slightly below the phase transition temperature in-
dicated by the peak in the specific heat [inset of Fig. 8(a)],
which appears at 7. = 210 K. The calculated critical temper-
ature is in excellent agreement with the experimentally mea-
sured T, suggesting the reliability of the calculated exchange
interaction strengths within the Ni-Mn sublatticce. To get
a deeper insight into the magnetic behaviors, we looked at
the evolution of element-specific moments as a function of
the temperature for all three magnetic sites and the results
are shown in Fig. 8(b). These plots clearly establish that
Ni and Mn moments exhibit a typically ferromagnetic phase
transition and have the same phase transition point at 7, with
the spontaneous growth of magnetization at these two sites.
Interestingly, the behavior of the calculated Nd moment is
distinctly different from those of Ni and Mn, with the Nd
moment smoothly varying in a way reminiscent of paramag-
netic ions in an external magnetic field. In order to explore
this description further, we have normalized the calculated
Nd moment by the sum of Ni and Mn moments at each
temperature point; then we have plotted the inverse of thus
normalized Nd moment as a function of the temperature [inset
to Fig. 8(b)]. This normalized Nd moment can be viewed
as the susceptibility of the Nd moment, where Myq is the
magnetization of the Nd moment with the “applied magnetic
field” on the Nd moment being proportional to (M, + Mn;)
that provides an internal field to align Nd moments. The
inverse of this way extracted effective Nd susceptibility, plot-
ted as a function of the temperature, shows a clearly nearly
Curie law, indicating that the Nd sublattice does not show
any indication of any long-range order at any temperature,
but behaves only as individual paramagnetic moments in an
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FIG. 9. Total magnetization, M, as a function of temperature for
different applied magnetic fields (different colors) varying from O to
353T.

internal field provided by the moments of Ni and Mn via the
exchange coupling.

As already discussed, the total Nd moments are oriented
in a direction opposite to those of Ni and Mn moments,
giving rise to the downturn in the total moment with a de-
creasing temperature below about 50 K. We have also seen
experimentally that it is possible to reorient and align the
Nd total moments in the same direction as those of Ni and
Mn by applying a large enough external magnetic field. It
is interesting to estimate theoretically the magnitude of this
external field required to turn around the Nd moments. Since
the Heisenberg Hamiltonian (1) is isotropic and, thus, does
not describe the hysteresis in the system, we have to extend
the Hamiltonian (1) by adding the anisotropy term:

Hyis = Y Ki(e; -a)’ 3)

with the easy axis along a and the atom-specific magne-
tocrystalline anisotropy constant K;. From relativistic total
energy simulations as described in Sec. II, we found negligible
magnetocrystalline anisotropy for the Mn atoms, while an
in-plane magnetization for Ni atoms with K = 0.1 meV.
The anisotropy for Nd was chosen as a parameter in the
simulations, which was fixed to K = 0.1 meV. Our external
field was applied along the easy axis (z direction). Taking
into account H,,s, we performed a series of simulations of
the system under different external fields to capture the spin
reorientation of Nd moments.

Figure 9 shows the theoretical values of magnetization
versus temperature, for various external field strengths. It can
be seen that without an external field the M vs T curve has
a decreasing trend below 65 K, which represents a compen-
sation point where the Nd and Mn and Ni moment cancel
each other out. An applied field changes this picture, as Fig. 9
shows, since the Zeeman term starts to rotate the Nd moment
to become gradually more and more parallel to the Mn and
Ni moments. Hence, the possibility for a compensated sample
disappears as the strength of the applied field increases, which
is consistent with our experimental observations. However,
it requires a relatively large field (=30 T) to align all the

moments parallel to each other. Compared to experiment [cf.
Fig. 4(b)] the theoretically obtained switching field is by a
factor six larger than the experimental one. The discrepancy
is caused by multiple contributions that are not considered
within the first principle model: (i) J;; parameters [50] as
well as magnetocrystalline anisotropies [51] depend on the
temperature of the system and (ii) our Monte Carlo simula-
tions based on the semiclassical Heisenberg Hamiltonian take
into account only the spin degree-of-freedom. To reflect the
proper physics, it requires to simulate combined dynamics of
orbital moment and spin degree of freedom, which serves as
separate study in a future implementation. Here in particular,
the Zeeman term gJ x B with a modified Landé factor g will
be considered in the spin-orbit Hamiltonian, which couples
the total moment gJ to the field; (iii) we did not take crystal
field effects into account for the Nd moment, which may
be important. Finally, we note that although we approached
the phase transition temperature observed in experiment by
our theory, a mismatch of £10 K ~ £1meV =~ £20 T can
be observed. Hence, reproducing the exact energy caused by
the external magnetic field is beyond the accuracy of our
parametrization and numerical method for a weakly coupled
moment as that of Nd.

IV. CONCLUSION

In conclusion, with the help of new magnetic measure-
ments in conjunction with extensive first principles electronic
structure calculations and simulations based on realistic pa-
rameters, we show that there is no second magnetic transition
below the ferromagnetic one at about 200 K in well-ordered
Nd;NiMnOg. The magnetic transition at 200 K is due to the
ferromagnetic ordering of the Ni-Mn sublattice arising from
ferromagnetic superexchange Ni-O-Mn connectivities, as has
been reported earlier. Earlier reports of a second transition
at about 100 K, also attributed to a glassy state by some
reports in analogy to the case of La;NiMnOg, is absent when
the antisite disorder between Ni and Mn are suppressed,
leading to a crystallographically well-ordered sample. Thus
it indicates that the magnetic anomaly observed in some of
the earlier studies is due to antisite disorders giving rise
to antiferromagnetic superexchange Ni-O-Ni and Mn-O-Mn
connectivities within the Ni-Mn sublattice, leading to frustra-
tions within the ferromagnetic system and cannot be attributed
to a second magnetic transition. The pronounced magnetic
anomaly in terms of the downturn of the magnetization with a
lowering of temperature below 50 K observed in all samples
was predominantly explained in the past as an ordering of
the Nd sublattice antiferromagnetically coupled to Ni-Mn
sublattice. Our results clearly show that there is no long-range
magnetic ordering of the Nd sublattice and that this down-turn
is a consequence of a ferromagnetic spin coupling between
Nd and Ni-Mn sublattice, with the spin-orbit coupling within
less than half-filled Nd 4 f levels making the orbital moment
point opposite to the spin moment. Our results also show
that the weak ferromagnetic spin coupling between Nd and
Ni-Mn sublattice can be overcome by the application of an
applied external magnetic field, to make the downturn into
an upturn, with the external and the internal fields nearly
canceling each other at about 3-T applied field; this provides
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us with a quantitative estimate of the internal field experienced
by the Nd spins.
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