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We present the discovery and refinement by neutron powder diffraction of a new magnetic phase in the
Na;_,Ca,Mn;O, quadruple perovskite phase diagram, which is the incommensurate analogue of the well-
known pseudo-CE phase of the simple perovskite manganites. We demonstrate that incommensurate
magnetic order arises in quadruple perovskites due to the exchange interactions between A and B sites.
Furthermore, by constructing a simple mean field Heisenberg exchange model that generically describes
both simple and quadruple perovskite systems, we show that this new magnetic phase unifies a picture of
the interplay between charge, magnetic, and orbital ordering across a wide range of compounds.

DOI: 10.1103/PhysRevLett.120.257202

Since the early neutron scattering works by Wollan and
Koehler [1] and their interpretation by Goodenough [2],
manganese oxides with structures related to perovskite (the
manganites) have represented prototypical systems to study
the interplay between charge, orbital, and magnetic order in
the solid state. Simple perovskites with general formula
A?fo§+MnO3 have been extensively studied because such
heterovalent A site cation substitution enables parameters
such as electron doping, bandwidth, and disorder to be
tuned over wide ranges [3]. The general phenomenology of
these materials had been broadly understood by the end of
the 1990s. For example, heavily distorted, narrow-band-
width materials such as Pr;_,Ca,MnOj; are always insulat-
ing in the absence of an applied magnetic field, and display
ordering of charges, spins, and orbitals with complex but
commensurate superstructures [Fig. 1(a), adapted from
Ref. [4]]. By contrast, for intermediate and wide bandwidth
materials, a ferromagnetic metallic region is present at low
temperatures and intermediate doping, competing with the
insulating state. This competition can be tuned by an external
magnetic field, giving rise to “colossal” values of the
magnetoresistance (CMR) for some compositions [5].

More recently, the family of quadruple perovskites has
attracted significant interest [6—11]. In these systems the A
sites have a 3 /4 ordered occupation of transition metal ions,
which is accommodated by large distortions of the perovskite
structure. When the A site transition metal is Mn>* the
chemical formula can be written A" A2*Mn3 Mn,0,,
such that the average valence of Mn on the B site is
3.5 — x/4, which spans an analogous portion of the doping
range of the simple perovskites [Fig. 1(b)]. In the x = 0 end
member NaMn,O,, the average B-site valence is the same
(+3.5) as for the famous half-doped simple perovskite
Lay5CaysMnO; [7,12]. As a result, the two compounds
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display very similar B site charge, orbital, and magnetic
ordering—the well-known CE structure [2]. In the quadruple
perovskite the A site Mn** ions also form a magnetic
sublattice, which independently adopts a different commen-
surate order at lower temperature [7]. By contrast, the x = 1
end member A>*Mn,0,, withA = Ca, Pb, Cd, ..., isovalent
with Laj5Cag,5sMnO;, has thus far been regarded as
unrelated to the magnetic and orbitally ordered phases
observed in the simple perovskites, since it displays an
incommensurate magneto-orbital helix [9,13,14].

In this Letter, we present the discovery of an incommen-
surate antiferromagnetic structure in Na;_,Ca,Mn;O,,
which represents the “missing link” between simple and
quadruple perovskites. In this new magnetic structure,
labeled “ipCE,” B site spin ordering is locally identical to
that of the commensurate and collinear pseudo-CE (pCE)
phase found in, for example, Pry ;Cay 3MnO; [15], but with a
long range incommensurate spin rotation superimposed. We
show that incommensurate order naturally arises in the
quadruple perovskites through magnetic exchange between
A and B sites above a critical value of x, and that the ipCE
phase can transition into the CE structure of NaMn;O,, or
into the helical structure of CaMn-O,, by changes in orbital
order induced by electron doping—in full analogy with the
simple perovskites (Fig. 1). More generally, the A-B
exchange provides the handle that unifies the single and
quadruple perovskite phase diagrams, generating distinct
magnetic phases with common charge and orbital ordering.

Powder samples of Na;_,Ca,Mn;0;,, with x = 0.25,
0.5, and 0.75, were synthesized in high pressure and high
temperature conditions using precursors obtained through
the sol-gel route, as described elsewhere [16]. The
x = 0.5, and 0.75 samples were encapsulated in a gold
foil and hydrostatically pressed to 5 GPa, then heated at

© 2018 American Physical Society
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FIG. 1. (a) Pr;_,Ca,MnO; phase diagram adapted from

Ref. [4]. (b) Na;_,Ca,Mn;0,, phase diagram based upon the
present study. Both (a) and (b) have a common average B site
valence scale. (c) Temperature dependence of magnetic moments
that compose the ipCE structure of Nay 75Caj ,5sMn,O1,. (d) Car-
toons of B site orbital ordering that spans average B-site valences
from +3.5 to +3.25. Note that the purple B-Mn*~)* orbitals
indicate a likely orbital filling scheme.

800 °C, followed by quenching after 2 hr. The sodium-rich
member of the series (x = 0.25) required platinum foil
encapsulation and increased pressure and temperature
conditions; P =6.5 GPa, T =1100°C for 1.5 hr of
reaction time. Neutron powder diffraction (NPD) mea-
surements were performed on the WISH time-of-flight
diffractometer [17] at ISIS, the UK Neutron and Muon
Spallation Source. The three samples were loaded into
cylindrical vanadium cans and mounted within a “He
cryostat. Data were collected with high counting statistics
in each magnetic phase, and with lower counting statistics
on warming through all magnetic phases. The diffraction
data were refined using FULLPROF [18]. In the following
we focus on Naj75Cag,5Mn;0O,. Details of the x = 0.5
and 0.75 data analyses are given in the Supplemental
Material [19].

At room temperature the Nag 75Cag ,5Mn;0;, diffraction
pattern comprised a single, cubic (/m3) quadruple perovskite
phase, as observed in NaMn,O, [7], and ~5 wt% a —
Mn,0; and a-MnO, impurity phases. Upon cooling, a
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FIG. 2. Neutron powder diffraction data (red points) measured
in bank 2 (average 26 = 58.3°) of the WISH diffractometer from
(a) the paramagnetic, (b) CE, and ¢) CE + ipCE magnetic phases
of Naj;,5Cap,5Mn;0,. The fitted models described in the main
text are shown as solid black lines. Difference patterns
(Zops — Leare) are given as solid blue lines. The location of nuclear
(black label) and magnetic (green label) diffraction peaks from
phase I (black ticks), phase II (purple ticks), and impurity phases
(orange ticks) are given at the bottom of the figure. The inset to
(a) highlights the presence of two I2/m nuclear phases, I and II.

structural phase transition was observed at ~160 K, broadly
consistent with the onset of charge and orbital order observed
in NaMn,O,, below 175 K [7]. At 123 K [Fig. 2(a)], the line
shape of the brightest diffraction peaks could only be fit by a
model that included two coexisting monoclinic phases in the
ratio 44%: 56%. Such phase coexistence is common in the
simple perovskites [3], and is consistent with discrete phase
boundaries between different orbitally ordered states. Our
data were fitted using the low temperature charge-ordered
I2/m crystal structure of NaMn;O,, [7], disregarding weak
superstructure reflections due to orbital ordering that index
with propagation vector (0.5,0,—0.5) [22,23]. The lattice
parameters of the coexisting phases at 123 K were refined to
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a ="7.353(2),b =7.2583(7),c = 7.340(2), = 90.31(1),
and a=7.350(1), b=7.304(1), ¢=7332(2), p=
90.10(3)°. The most significant difference between the
two sets of parameters is the length of the b axis. In the
following, we label the structure with the shortest b axis
“phase I,” and that with the longest b axis “phase II.”
Magnetic diffraction peaks appeared on cooling below
115 K, which could be indexed with propagation vectors
(0,0,0) and (0.5,0,—-0.5) with respect to the reciprocal
lattice of phase I. A second set of magnetic peaks appeared
below 80 K, indexing with propagation vector (0,1,0), also
with respect to phase I. Refinements against data measured
at 73 K [Fig. 2(b), Ry, = 6.5%] unambiguously showed
that these peaks originate from a collinear CE magnetic
structure, as observed in NaMn,O, [7], where the B site
sublattice orders at a higher temperature than the A site
sublattice. Appearing simultaneously below 70 K, a third
set of magnetic diffraction peaks could be indexed with
respect to phase II using two incommensurate propagation
vectors, k; = (k,, 1,k,) and k, = (k, +0.5,1,k, — 0.5),
where k, = 0.1606(3), and k, = —0.0958(2) (these values
were found to be temperature independent). In the com-
mensurate limit (k, = k, = 0), these propagation vectors
could describe a CE-type magnetic structure, but with
ferromagnetic interlayer coupling—corresponding to the
so-called pCE structure in the simple perovskites [15]. In
this case, k; would be assigned to the A-Mn>* and B-Mn**
sublattices, while k, to the B-Mn>* sublattice, which was
therefore used as a starting point for subsequent refinements.
An incommensurate pCE-type magnetic structure model
(labeled ipCE) with magnetic moments rotating in the bc
plane, as described below, was fit to NPD data measured at
20 K. The model was found to be in excellent agreement
with the data [Fig. 2(c), Ry, = 8.0%]. Other moment
rotation planes were tested, but they did not faithfully
reproduce the data. Magnetic diffraction peaks that, by
geometry, were primarily sensitive to the component of
long range magnetic order orthogonal to the ac plane were
found to be anomalously broad, which might indicate a
short coherence length along the b axis due to antiferro-
magnetic stacking faults. The ipCE magnetic structure is
illustrated in Fig. 3(a), where spins have been artificially
rotated into the ac plane to provide a perceptual overview
of the rotating structure. Figure 3(b) shows a perspective
view of the magnetic structure along a zigzag chain [blue
line in pane (a)] with spins in their true orientation.
Except for the incommensurate spin rotation, the
A-Mn’" sublattice magnetic order is the same as in
NaMn,0O,,, with every nearest neighbor moment aligned
antiferromagnetically. The ac-plane magnetic structure of
the B sites is also similar to the CE phase of NaMn,O,,
with ferromagnetic zigzag chains running along the [101]
direction (blue lines in Fig. 3) and coupled antiferromag-
netically with each other. However, the coupling in the b
direction is ferromagnetic, as for the pCE structure. This
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FIG. 3. (a) The ipCE magnetic structure with magnetic mo-
ments artificially shown to rotate in the ac plane. The origin of
the incommensurate modulation has been placed at the center of
the zeroth unit cell, drawn as a black solid line. For reference, the
simple perovskite primitive unit cell and orbital supercell are
superimposed, drawn as dotted and dashed lines, respectively.
Double headed arrows denote b-axis stacking of moments that are
antialigned within the same unit cell. Single headed arrows
denote ferromagnetic stacking along b. (b) The orbital structure
of the zigzag chains, with spins rotating in the true bc plane.
A-Mn>**, B-Mn**, and B-Mn>* moments are colored green, red,
and blue, respectively. B-Mn** and B-Mn** d,,_. orbitals are
shaded in blue and pink, respectively.

difference can be interpreted exactly as in the case of simple
perovskites: at half doping, all the d5,2_,- orbitals providing
coupling in the b direction are unoccupied, yielding
interlayer antiferromagnetic superexchange of the CE
phase [7,24]. As the nominal Mn** site becomes progres-
sively occupied by Mn** with its half-filled ds>_,» orbital
oriented approximately along b, ferromagnetic exchange
increasingly competes with and eventually supplants anti-
ferromagnetism at a critical value of doping, giving rise to
the pCE-type phase [25]. We note that the observed
expansion of the b lattice parameter of phase Il with
respect to phase I is consistent with such additional orbital
occupation upon increased electron doping. It is also
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noteworthy that the occupation of d5,»_,» orbitals along b
reduces the on-site easy-ac-plane spin anisotropy, which
would otherwise disfavor the observed ab spin rotation
plane [Fig. 3(b)].

NPD data measured from NajsCajsMn;0;, and
Nag,5Cag75Mn;01, were fit using the same method
described above. In both cases the ipCE phase was present
and ordered with the same values of k, and k,. Moreover,
an additional helical phase had to be included (see
Supplemental Material, Secs. S1-S4 [19]). From these
analyses the phase diagram for Na;_,Ca Mn,;0;, was
constructed [Fig. 1(b)] and matched to the average B-site
valence of Pr;_,Ca,MnOj [Fig. 1(a)]. One finds a close
correspondence between the two phase diagrams, provid-
ing a unified picture of charge, orbital, and magnetic
ordering in the simple and quadruple perovskite mangan-
ites. This similarity is further strengthened by the obser-
vation that, in the commensurate limit, the orbital
component of the A>*Mn,0;, helical phase [14] is analo-
gous to the orbital polaron lattice proposed for the
ferromagnetic insulating (FI) phase of Pr;_,Ca,MnO; [26].

We now consider why the pCE-type magnetic structure
is incommensurate in the quadruple perovskites, yet com-
mensurate in the simple perovskites, while the CE-type
structures are commensurate in both. In all phases, the
B-Mn?" magnetic moments are coupled to the B-Mn**
moments via the orbital order. In fact, at the phenomeno-
logical level a trilinear free energy invariant can be
constructed that couples the respective order parameters
(Supplemental Material, Sec. S5 [19]). However, a key
difference between the simple and quadruple perovskites is
the A-site magnetism. First, one can trivially observe that in
the CE and pCE phases of the simple perovskites the A and
B sites are magnetically decoupled as the A site sublattice
is non-magnetic. In the CE structure of the quadruple
perovskite the A and B site magnetic orderings are also
decoupled, because the respective propagation vectors are
different and no phenomenological coupling term that is
quadratic in the spins can therefore exist. Confirmation of
this is found in the fact that the A site and B site phase
transition temperatures are different. By contrast, in the
pCE phase the A-Mn>* and B-Mn** sublattices order with
the same propagation vector, while the latter is coupled to
B-Mn3* through the orbital ordering as before. Hence, all
three sites are, in principle, allowed to couple. Indeed, the
temperature dependence of the magnetic moment magni-
tudes of A-Mn**, B-Mn**, and B-Mn>* for the ipCE phase
of Naj 75Caj,5sMn;0y,, shown in Fig. 1(c), demonstrates a
single phase transition at 70 K due to coupling between all
magnetic sublattices.

Crucially, by calculating the mean-field Heisenberg
exchange energy of a generic CE/pCE-type magnetic
structure, parametrized by the magnetic propagation vector,
one can show that the A-B coupling term is exactly zero in
the commensurate case. This approach also enables a
magnetic phase diagram to be constructed as a function

ipCE-type
2

0.00 0.00

0.0 0.2 0.4 0.6 0.8
JAB/j

FIG. 4. Magnetic phase diagram as determined from model
Heisenberg exchange energy calculations described in the main
text, and presented in detail in the Supplemental Material [19].
The vertical dashed line demarks the value of JA?/J determined
from the experimental values of k, and k, found in all measured
ipCE phases.

of the effective exchange interactions. The calculation of
our exchange model is developed in the Supplemental
Material, Sec. S6 [19]. Here, we only present the final result
for the energy difference between pCE-type and CE phases:

E,cg — Ecg = J(cosacos f— 1) — AJ sinasin 8

—2J88 — J4B sinaq, (1)

p

where a = (k, — k.)z/2 and 8 = (k, + k.)z/2. J and AJ
(defined in the Supplemental Material [19]) are linear
combinations of exchange parameters for A-A interactions
and for B-B interactions in the xz plane, with AJ defining the
in-plane anisotropy. J5° is the average exchange between B
sites separated along the b axis, while JA8 is a net A-B
exchange parameter. One can immediately see from Eq. (1)
that the A-B interaction term is zero for a commensurate
structure. In fact, one can show that the corresponding
coupling term is zero by symmetry (see Supplemental
Material [19]), and that this result does not therefore depend
on any approximation we have introduced in our model.
Equation (1) can be employed to construct the ground-
state phase diagram, which is three-dimensional in the
parameters AJ/J, JB8 /J and JA8 /J: the minima of Eq. (1)
can be found analytically (see Supplemental Material [19]),
and corresponds to the stable mean-field values of the
propagation vector if E,cg — Ecg <0, otherwise the
commensurate CE phase is stabilized. Figure 4 depicts a
two-dimensional section of the three-dimensional phase
diagram, in which the parameter AJ/J has been fixed to
the value determined from the experimental propagation
vectors. For a nonmagnetic A site or when J48 = 0, the CE
and pCE phases are both commensurate and the transition
between them occurs when J5* changes sign from anti-
ferromagnetic to ferromagnetic. By contrast, a nonzero JA2
favors the ipCE phase, which therefore becomes stable
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even for weakly antiferromagnetic JfB . Moreover, the

ipCE phase is always incommensurate for nonzero JA2.

We note that our mean field model is derived only for the
charge and orbital order pertinent to the CE, pCE, and
ipCE phases, and does not include, for example, the helical
magnetic phase of CaMn;O;,, nor the FI phase of
Pr,_,Ca,MnOs;, which both share charge and orbital orders
different to the former phases. However, the same meth-
odology could be used to construct a more general mean
field model, in which the quadruple perovskites support
magnetic structures that are incommensurate as a result of
frustration introduced by the presence of an ordered pattern
of magnetic and nonmagnetic A sites [13,14]. A complete
treatment of a generalized Heisenberg exchange model will
be the subject of a future work.

In summary, we have discovered a new antiferromagnetic
structure in the quadruple perovskite Nag 75Cag ,sMn;01,—
an incommensurate pseudo CE-type structure—which can
be thought of as the missing link connecting the charge,
orbital, and magnetic ordering in Mn3*-rich “canonical”
AMnO; simple perovskites, and the AMn,;0O;, quadruple
perovskites. The observed magnetic structures can be under-
stood as mean field solutions of a Heisenberg Hamiltonian
tuned by orbital ordering and symmetry. We have shown that
noncollinear incommensurate magnetic order is stabilized in
the quadruple perovskite by magnetic interactions between A
and B sites. This fact also explains why the magnetic
structures of simple perovskites are generally collinear
and commensurate, as in this case the A site sublattice is
nonmagnetic. Together, these findings motivate the develop-
ment of a truly generalized mean-field model of magneto-
orbital ordering that captures not only the FI and helical
phases, but also other phases such as rare earth quadruple
perovskite analogues of LaMnOj5. Experimentally, the com-
bined phase diagrams can be expanded to other thermody-
namic variables, such as high magnetic fields and hydrostatic
pressure, in addition to a broader search for other quadruple
perovskites with highly significant properties, such as metal-
to-insulator transitions and colossal magnetoresistance.

In accordance with the EPSRC policy framework on
research data, access to data is available at the link
in Ref. [27].
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