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A new type of doubly ordered perovskite (also reported as double double perovskite, DDPv) structure combining
columnar and rock-salt orders of the cations at the A and B sites, respectively, was recently found at high pressure
for MnRMnSbOg (R = La—Sm). Here we report further magnetic structures of these compounds. Mn>* spins
align into antiparallel ferromagnetic sublattices along the x axis for MnLaMnSbOg, while the magnetic anisotropy
of Pr3* magnetic moments induces their preferential order along the z direction for MnPrMnSbQy. The magnetic
structure of MnNdMnSbOy was reported to show a spin-reorientation transition of Mn>* spins from the z axis
towards the x axis driven by the ordering of Nd** magnetic moments. The crystal-field parameters for Pr’* and
Nd** at the 4e C, site of their DDPv structure have been semiempirically estimated and used to derive their
energy levels and associated wave functions. The results demonstrate that the spin-reorientation transition in
MnNdMnSbOg arises as a consequence of the crystal-field-induced magnetic anisotropy of Nd>*.
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I. INTRODUCTION

The size and charge mismatches between different
transition-metal cations are commonly used as a strategy in
the synthesis of ordered A BO3 perovskite oxides. Among the
B-site ordered A, B B'O¢ double perovskites, the Mn, M M'Og
family has attracted particular interest in recent years due
to their magnetic and electric properties. The stabilization
of the small Mn?>* at the highly coordinated A site of the
perovskite structure requires high pressures, while the use of
moderate-pressure and high-temperature conditions yields or-
dered corundum derivative structures, e.g., LiNbOs3, Ni3;TeOg,
and ilmenite type. The interest of these moderate-pressure
phases lies in the combination of their high-temperature mag-
netic transitions [1-5] and exotic magnetic behaviors [6] with
their expected spontaneous net polarizations, which makes
these compounds potential multiferroic materials. In this con-
text, the ilmenite-type Mn,FeSbOg is notable for showing a
large magnetoelectric coupling through a nonlinear mechanism
at 260 K [7]. Concerning the ordered perovskite-derived
polymorphs, only a few Mn,MM’'Og¢ have been isolated;
for instance, the first transition-metal-only double perovskite
Mn,FeReOg, which shows spin-reorientation transitions and
switching of magnetoresistance with temperature [8,9], and
Mn,;MnReOg, where a strong magnetic frustration stabilizes
perpendicular spin sublattices [10,11]. It is notable that the
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use of Sb>* as the M’ cation stabilizes both the corundum-
derived and the double perovskite polymorphs of the related
Mn, MSbOg (M = Cr, Fe, Sc) [6,7,12-15].

The combination of simultaneous 1:1 cation orders at both
the A and B sites [16] to give a AA’BB’Og double double
perovskite (DDPv) structure is rare, but was previously re-
ported for the combination of layered A-site and rock-salt B-site
orders, e.g., in NaTbMnWOg [17] and NaLaMgWOg [18]. A
new DDPv type was recently discovered for Mn RMnSbOg
(R = La-Sm) [19]. The difference in the ionic radius between
large rare-earth cations and Mn>* leads to their order at the
A sites in a columnar arrangement. The B sites are occupied
by Mn?* and Sb>* ordered in a rock-salt manner. Magnetic
susceptibility (0.1 T FC-ZFC data) and magnetization loops
at 2 K (scanned from O T towards positive values, reversed
towards negative values, and switched back to 0 T) were
reported in Ref. [19] and are further discussed below. They
show the antiferromagnetic (AFM) order of Mn?* spins below
Ty ~ 48 K for MnLaMnSbOg and the ferrimagnetic behavior
of MnPrMnSbOg¢ below Ty ~ 75K (see Fig. 1). A more
complex magnetic behavior including subsequent y vs T
transitions and a spin-reorientation transition of the Mn’*
sublattices from the z towards the x axis, associated with
additional order of Nd** magnetic moments, was observed
in MnNdMnSbOg at low temperatures [19].

Here we report the magnetic structures of Mn RMnSbOg for
R = La and Pr. It is well known that the magnetic anisotropy
of the R3* cations often influences the magnetic properties
and structures of mixed rare-earth transition-metal compounds

©2018 American Physical Society
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FIG. 1. Experimental magnetic susceptibility and field-

dependent magnetization loops at 2 K (insets) of MnRMnSbOg
DDPvs, R = La (top), Pr (middle), and Nd (bottom). The asterisk in
MnLaMnSbOg shows the magnetic transition of the secondary MnO
minor phase.

[20] and that this effect usually depends on the strength of
the magnetic d- f exchange [21-25]. Therefore, here we also
develop a comparative study of the magnetic structures of
MnRMnSbOg (R = La, Pr, and Nd) in terms of the intrinsic
and crystal-field-induced magnetic anisotropies of the R3*

cations. This relation explains the origin of the three different
magnetic behaviors observed in these compounds.

II. EXPERIMENT

Mn RMnSbOg DDPvs were synthesized at 10 GPa and 1473
K using a Walker-type multianvil press, as detailed in [19].
Neutron powder diffraction (NPD) data were collected for
~50 mg samples of MnRMnSbOg (R = La and Pr) using the
high-intensity powder diffractometer D20 instrument at the
Institut Laue-Langevin (Grenoble, France) using a wavelength
of A = 2.4A. Long scans were taken at 80 and 1.7 Kin the 0 <
26 < 130° angular range with a 0.1° step size. Additional short
scans were collected every 2 K for the Pr-containing compound
to study the thermal evolution of its magnetic structure and
to compare it to that of the isostructural MnNdMnSbOg. The
magnetic symmetry analysis was performed using BASIREPS
[26] (see the Supplemental Material [27] for further details)
and the diffraction patterns were fitted through the Rietveld
method using the FULLPROF package [28].

The calculation of the energy levels of 4 f*(n = 2,3) con-
figurations of Pr3* and Nd* in the DDPv structure considered
a total Hamiltonian combining the free-ion (FI) or intraionic
interactions (Hgp) with the crystal-field (CF) effects (Hcg)
arising from the influence of the surrounding charges on the
4 f" electrons. The expressions for Hg; and Hcp and those for
their involved interactions are detailed in Ref. [29].

For a given R, the FI parameters do not vary much in
different hosts. Therefore, these parameters have been taken
from the literature for the current modeling [30,31]. In contrast,
the CF parameters show a large variation depending on the
crystalline environment. Consequently, we have applied the
semiempirical simple overlap model (SOM) [32] to generate
a set of CF parameters (CFPs) from the crystallographic
data of MnPrMnSbOg and MnNdMnSbOg compounds, where
the symmetry of the 4e site occupied by R is C,, with the
binary axis along the [001] direction. The resulting CFPs
are summarized in Table S1 of the Supplemental Material
(SM) [27].

The subsequent calculation of energy levels, i.e., 91 for Pr
and 182 Kramers doublets for Nd, has been carried out using
the program IMAGE [33]. For MnNdMnSbOg, anisotropic g
values (gx,gy,8-) have also been derived for levels with energy
below 5000 cm ™, i.e., *Iy)2, “Ij1 2, and *Iy3,2, and results are
shown in Table S2 of the SM [27].

III. RESULTS AND DISCUSSION

A. Neutron diffraction

The Rietveld fits of the NPD data taken above Ty confirmed
the DDPv structure of MnRMnSbOg (R = La and Pr) with
space group P4,/n. The resulting structural details arising
from these fits are summarized in Table S3 of the SM [27]. Mi-
nor amounts of secondary MnO (7% and 5% wt., respectively)
but no signs of RMnO;3; (<3% wt. from synchrotron x-ray
diffraction in Ref. [19]) could be observed from NPD. Refining
the occupancy of oxygen sites does not give any deficiency,
which points to the presence of imperceptible amounts of
secondary RMnQOj3 and Sb,0y, usually formed in the related
Mn, M SbOg double perovskites.
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FIG. 2. Rietveld fits to the 1.5-80 K NPD difference patterns
showing magnetic peaks for MnRMnSbOg, R = La (top) and R = Pr

(bottom). The (020) and (002) peaks are enlarged as insets. The
asterisk identifies the MnO magnetic impurity.

Figure 2 shows the fit of the difference pattern obtained
by subtracting the profiles collected at 80 K (well above Ty;
see Fig. 1) from those collected at 1.5 K for MnLaMnSbOg
(top) and MnPrMnSbOg (bottom). Subtraction of the nuclear
contribution determined at 80 K from the 1.5 K data leaves
the magnetic peaks in the difference patterns. Except for
the main magnetic peak arising from the secondary MnO
(identified with an asterisk in the figure), all the peaks in
these patterns could be assigned to the main Mn RMnSbOg
phase indexed by the propagation vector k = [0 0 0]. The most
notable difference observed in the patterns is the presence
of magnetic (020) and (002) peaks for R = La, but only a
single (020) reflection for R = Pr in the 3.85 < d < 4.05 A
region. This difference evidences that these two compounds
develop different magnetic structures. Comparing the labeled
magnetic peaks with those reported for MnNdMnSbOg, the
magnetic structures of MnRMnSbQOg, with R = La and Pr,
are expected, and confirmed below, to be similar to those of
R = Nd at low temperature and above the spin-reorientation
transition temperature, respectively. As further discussed in
Sec. IIIB, the origin of the different magnetic structures of
these three compounds is their different magnetic anisotropies:
the absence of any paramagnetic R3* cation induces the
intrinsic DDPv magnetic structure to MnLaMnSbQOg, while
the magnetic anisotropy of Pr3* and Nd3* originates a dif-
ferent magnetic structure for Mn RMnSbOg (R = Pr and Nd).
The rotation of magnetic moments in MnNdMnSbOg at low
temperature is demonstrated here to arise as a response to the
crystal-field-induced magnetic anisotropy.

yAi—'x y}'x\ N

Mn,/ /Mn,/

FIG. 3. Magnetic structures of (a) MnLaMnSbOg and (b)
MnPrMnSbOg at 1.5 K. Those of MnNdMnSbOyg at (c) 60 K and
(d) 1.5 K are shown for comparison.

Magnetic symmetry analysis was performed to determine
the allowed irreducible representations (IRs) and their basis
vectors (BVs) for the Wyckoff 2a (Mny ), 2b (Mny'), 4c (Mng)
and 4e (R) positions in space group P4, /n and for the magnetic
propagation vector k = [0 00]. Tables S4-S6 of the SM [27]
display the resulting allowed IRs.

Mn?* spins align along the x axis for MnLaMnSbOg,
following BV 1 of IR I'; in Table S4 (Mn4/Mny ) and BVs
145 of I'; of Table S5 (Mnjp) of the SM [27]. In the resulting
collinear AFM structure, depicted in Fig. 3(a), the ordered
magnetic moments of Mn?* are 4.8(1) up at 1.5 K.

In MnPrMnSbOg, both Mn?* and Pr’* magnetic moments
order along the z direction following I'; of their respective IRs
in Tables S4 and S6 and BV 3 of I'; in Table S5 of the SM
[27]. The resulting magnetic structure, depicted in Fig. 3(b),
can be described as the AFM coupling between the FM Mn?*
sublattices and the FM aligned Pr** magnetic moments along
the z axis. The maximum values of the magnetic moments
reach 5.1(1) ug/Mn** and 2.2(1)ug/Pr3*. The latter is in
good agreement with the ~1.8 up magnetization at saturation
obtained in the hysteresis loop measured at 2 K (Fig. 1).

The thermal evolution of the magnetic moments in
MnPrMnSbOg is depicted in Fig. 4. The progressive increase
of both Pr’* and Mn>* magnetic moments, which order
simultaneously at Ty =~ 62 K, confirms their collinear align-
ment along the z axis for the complete temperature range, in
contrast to the spin-reorientation transition reported for the
related MnNdMnSbOg. The data have been fitted to the criti-
cal law u(T) = u(0)[1 — (T/Ty)]? in the temperature range
(Ty/2) < T < Ty, shown as dashed red and black lines in
Fig. 4 for Mn and Pr, respectively. The resulting 8 parameters,
0.36 and 0.37 for Mn?>* and Pr’*, respectively, are in good
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FIG. 4. Thermal evolution of the magnetic moments of Mn>*
(purple) and Pr3* (orange) in MnPrMnSbOg. The dashed red (Mn?+)
and black (Pr’*) lines show the fits to the critical law w(T) =
() % [1 = (T/Ty)1F.

agreement with the three-dimensional (3D) Heisenberg model,
and the fitted Ty values, 62.2(2) and 62.3(3) K, respectively,
demonstrate the simultaneous order of both sublattices.

B. Crystal-field parameters

As previously reported [19], the magnetic structure of
MnNdMnSbOg below Ty, ~ 76 K can be described as the
AFM coupling of the FM Mn?*A and B sublattices ordered
along the z axis [Fig. 3(c)]. Upon cooling the sample below
Ty2 ~ 42K, the Nd3+ magnetic moments start to order, induc-
ing a spin-reorientation transition of the Mn* spins, which
ends with all the magnetic moments lying along the x axis.
Similar magnetic behaviors are commonly observed among
mixed transition-metal rare-earth compounds, which often
include spin-reorientation transitions in the presence of Nd but
not in that of Pr, e.g., in the R,Fe 4B permanent magnets [34].
This feature is commonly assigned to crystal-field-induced
magnetic anisotropy [35].

According to Kramers theorem, the crystal field splits the
ground term of a Nd3* cation (419/2) into a doublet, while
that of Pr3* (*Hy) is a singlet. We have estimated the CFPs
for 4 f2 and 4 f3 configurations of Pr3* and Nd3* cations in
Mn RMnSbOg oxides using the semiempirical simple overlap
model (see SM [27] for details) and considering the C,
symmetry of their crystallographic position (4e Wyckoff) in
the DDPv structure. The results are summarized in Table
S1 in the SM [27]. The energy levels (Table S2 of the SM
[27]) and their associated wave functions have been estimated
by diagonalizing a Hamiltonian which includes these CFPs
along with the FI contributions. By applying the magnetic
dipole operator L + g.S, which is represented by a first-rank
tensor having three components that characterize the magnetic
anisotropy, we calculated the temperature evolution of their
paramagnetic susceptibilities (Fig. 5) according to the Van
Vleck formalism. In the case of Nd3* Kramers doublets, the g
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FIG. 5. Simulated reciprocal magnetic susceptibilities of (a) Pr3*+
and (b) Nd** shown as independent components along the main

crystallographic directions. The crossover temperature induced by
the crystal field in Nd** (58.2 K) is marked with a line.

factors, shown in Table S2 of the SM [27], are also determined.
Note the paramagnetic contributions depicted in Fig. 5 (direct
values in Fig. SF1 of the SM [27]) are only arising from
the R3* cation and are not comparable in magnitude to the
experimental values shown in Fig. 1, which also includes the
Mn?* sublattices.

From Fig. 5(a), the presence of a strong magnetic anisotropy
is clear along the z direction for Pr3*, as denoted by a dominant
character of the z component for the studied temperature range.
This anisotropy is in good agreement with the presence of the
single (020) magnetic peak in the 3.85 < d < 4.05 A region
of Fig. 2, with the magnetic structure determined from the
NPD data and with its thermal evolution shown in Fig. 4. In
contrast, both x and z components have comparable values
at temperatures close to Ty; ~ 76 K in the Nd** compound.
Thus, the magnetic structure is governed by the macroscopic
negative Stevens coefficient (o) of the Nd** cations, which
induces the alignment of the spins along the z axis [36] as it
does for the related Pr** sample. However, below ~58 K [see
Fig. 5(b)], the x component of the susceptibility overcomes
that along the z direction, the reciprocal value becoming 0.25
times that of the z contribution at low temperatures due to the
crystal-field effect. As a consequence, upon further cooling
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the sample, this crystal-field-induced magnetic anisotropy
overcomes the intrinsic one lead by the «y coefficient. This
results in the reported switch of the magnetic moments of
MnNdMnSbOg at T ~ 42 K [19]. Otherwise, in the absence
of any crystal-field splitting of the singlet ground state of Pr3*
cations, the magnetic behavior of MnPrMnSbQOg is governed
by the intrinsic magnetic anisotropy of Pr3* for the complete
temperature range.

IV. CONCLUSIONS

The DDPv Mn RMnSbOg oxides show collinear magnetic
structures constituted of two FM sublattices at Mny 4 and
Mnjg (+ R for R = Pr, Nd) which are AFM coupled to each
other. Three different types of magnetic anisotropic behaviors
have been found in these compounds. MnLaMnSbOg, with no
paramagnetic R** cation, shows the intrinsic DDPv magnetic
structure, where Mn2t spins lie along the x axis. Otherwise,
the magnetic anisotropy of Pr’** and Nd** cations induces

the order of the magnetic moments along z in MnPrMnSbOg¢
and MnNdMnSbOg. However, the separate order of Nd3+
moments induces a spin reorientation towards the x axis.
We have calculated the energy levels of the ground term for
both paramagnetic rare earths under their experimental point
symmetries. The results reveal that the crystal-field-induced
magnetic anisotropy overcomes the FI contribution in the case
of Nd** due to the presence of Kramers doublets. As a con-
sequence, MnNdMnSbOg exhibits a different, temperature-
dependent, magnetic anisotropy.
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