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High-pressure synthesized quasi-one-dimensional NaMn,O,4 and Lip¢,Mn,0, are both antiferromagnetic
insulators. Here their atomic and magnetic structures are investigated using neutron powder diffraction. The
present crystal structural analyses of NaMn, O, reveal that a Mn** /Mn** charge-ordering state exists even at low
temperature (down to 1.5 K). It is evident that one of the Mn sites shows a strongly distorted Mn>* octahedron
due to the Jahn-Teller effect. Above Ty = 35 K, a two-dimensional short-range correlation is observed, as
indicated by asymmetric diffuse scattering. Below Ty, two antiferromagnetic transitions are observed: (i) a
commensurate long-range Mn>* spin ordering below Ty; = 35 K and (ii) an incommensurate Mn** spin
ordering below Ty, = 11 K. Surprisingly, the two antiferromagnetic orders are found to be independent of
each other. The commensurate magnetic structure (kc = 0.5, 0.5, 0.5) follows the magnetic anisotropy of the
local easy axes of Mn*", while the incommensurate Mn** one shows a spin-density-wave or a cycloidal order
with kic = (0, 0, 0.216). For Lij 9Mn;,04, on the other hand, the absence of a long-range spin-ordered state is

confirmed down to 1.5 K.

DOLI: 10.1103/PhysRevResearch.2.043143

I. INTRODUCTION

Low-dimensional and frustrated spin systems have at-
tracted attention in experimental and theoretical research
fields [1,2]. In particular, the compounds with a calcium-
ferrite CaFe,0y4 structure (CFO), so-called postspinels, have
been extensively studied in the past decade because of the
complexity of their competing interactions in a magnetic ar-
rangement [3-8]. The crystal structure of CFO is based on
edge-sharing Fe octahedron chains running along the ¢ axis
and are connected with each other by corner sharing in the
ab plane. These six chains build up a distorted hexagonal
void (tunnels), where Ca ions are situated (see Fig. 3). They
pose a geometrically frustrated lattice, based on a honeycomb-
like mesh of triangular or zigzag ladders with magnetic ions.
Such a frustrated system is known to show intriguing mag-
netic ground states and physical properties, e.g., spin glasses,
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spin liquids, and multiferroicity [9,10]. In fact, the related
CFO-NaCr,04 exhibit an unconventional colossal magne-
toresistance effect below the Néel temperature (7y ~ 125 K)
[11,12]. Here a combined study using positive muon spin ro-
tation and relaxation (u*SR) and neutron powder diffraction
(NPD) has clarified the presence of two-dimensional (2D)
antiferromagnetic (AFM) coupling among 1D zigzag Cr,Oy4
chains [13,14].

Furthermore, a tunnel structure along the ¢ axis in the CFO
lattice provides a 1D conduction pathway for cations [see the
structure in Fig. 3(a)]. Hence, the CFO compounds with Li*™
and Na™ ions are expected to show high ionic conductivity.
This makes the CFO compounds attractive also for use as
solid-state electrolyte material in future all-solid-state batter-
ies [6,15-19].

When Li* and Na™ occupy the A site in a CFO structure
represented by AB,O4 (A = Li and Na and B = Mn, Cr,
and V), the remaining B ions should be in a mixed valence
state with B** and B*". According to the previous work on
CFO—NaV204 [20], NaCr204 [1 1], and LiO.gzMn204 [15,21],
there is no indication for charge ordering in the zigzag chains.
Instead, trivalent and tetravalent cations occupy the octahedral
B site randomly to keep local charge neutrality. However, at
room temperature NaMn,O,exhibits the Mn** /Mn** charge
ordering, evidenced by the undistorted Mn**Qg along with

Published by the American Physical Society
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FIG. 1. (a) Magnetic susceptibility curves x(7') of NaMn,O,
(red closed circles, left axis) and Lipg,Mn,0, (blue squares, right
axis) recorded using a zero-field-cooled warming (ZFCW) protocol
under an external magnetic field of 100 Oe. (b) Corresponding dif-
ferential susceptibility (dy/dT )(T) curve of NaMn,Oy, indicating
two magnetic transitions. (c) Plot of 1/ x (7T") with Curie-Weiss fitting
(dotted lines) recorded using a field-cooled cooling (FCC) protocol
under an external magnetic field of 10 kOe.

strongly distorted Mn+30¢ due to the Jahn-Teller (JT) effect
[8,22].

The magnetic properties of both NaMn,O4 and
Lig9oMn,O4 were previously studied using bulk magne-
tization and 1t SR measurements [23]. The magnetization vs
temperature [M(T )] curve for the current NaMn, O, sample
batch [Fig. 1(a)] exhibits a clear maximum at 15 K, indicating
the presence of an AFM transition, while the M(T') curve for
Lip9sMn,04 shows a weak anomaly below 40 K. As can be
seen in Fig. 1(c), the inverse susceptibility curves show a large
linear domain, for which Curie-Weiss fitting leads to p.¢ and
©®p values ~3.35ug/Mn and ~ — 49.6 K for NaMn,O, and
’V4OOMB/MI1 and ~ — 161 K for Lio.gle’l204 [23]

The 1SR measurements under a weak transverse field re-
veal that Ty = 39 K for NaMn,O, and 44 K for Lig 9oMn,Oy.
However, the zero-field u+SR spectrum lacks a clear oscilla-
tion caused by the formation of a static internal magnetic field

for both NaMn,O4 and Lip9p,Mn,0O4. This suggests that the
internal AFM field is too rapidly fluctuating and the muons
are unable to see it, i.e., it is out of the range of the ™SR
time window. Therefore, in order to further study the AFM
nature in NaMn,Oy4 and Lig 9oMn, Oy, the neutron diffraction
technique is necessary, particularly for clarifying the differ-
ence between NaMn,O4 and Lig 9o Mn,Oy.

In this article, we report a systematic NPD study of
both NaMn;,0Oy4 and Lip¢;Mn,04. For NaMn;,Qy, the crys-
tal structure down to 1.5 K is confirmed as a charge and
Jahn-Teller orbital ordered state, as reported previously by
room-temperature single-crystal x-ray-diffraction measure-
ments [8]. Above the magnetic transition temperature, diffuse
scattering corresponding to a 2D short-range spin ordering is
observed between 40 and 75 K. Below 40 K, the magnetic
Bragg peaks, which are indexed by using a commensurate
propagation vector kc = (0.5,0.5,0.5), start to grow with
decreasing temperature. Below 11 K, another set of magnetic
Bragg peaks appears at incommensurate positions indexed
with kic = (0, 0,0.216). Based on the NPD data, we pro-
pose two AFM sublattices to explain the AFM ground state
in NaMn;O,4. As for no-charge ordered Lipg,Mn,Oy4, our
neutron diffraction results reveal an absence of long-range
magnetic ordering down to 1.5 K.

II. EXPERIMENTAL METHODS
A. Synthesis

NaMn,0,4 was prepared by a solid-state reaction under
high pressure, starting from Na,O, and Mn,0O3; powders [8].
A mixture of the two powders was packed in an Au capsule in
an Ar-filled glove box, before being heated at 1300 °C for 1 h
under P = 6 GPa, finally quenched to room temperature. For
CFO-type Lip 9oMn;, Oy, a spinel-type Lig.9oMn,O,4 was at first
prepared by a conventional solid-state reaction using Li,COs3
and Mn;, O3 powders [21]. A mixture of precursors was heated
at 850 °C at ambient pressure. After, the obtained spinel-type
Lip9oMn,0O4 powder was packed in an Au capsule, heated at
1300°C for 1 h under P = 6 GPa, and finally quenched to
room temperature.

B. Magnetic susceptibility

Magnetization measurements as a function of temperature
were performed with a superconducting quantum interference
device magnetometer (MPMS, Quantum Design) in zero-
field-cooled warming or field-cooled warming or field-cooled
cooling modes in the temperature range between 5 and 300 K.

C. Neutron powder diffraction

Neutron powder diffraction patterns were recorded on the
HRPT [24] and DMC diffractometers [Paul Scherrer Institute
(PSI), Switzerland] with wavelengths A = 1.886 and 1.494 A
and A = 2.45 and 4.20 A, respectively, in the temperature
range between 6 and 200 K. For both experiments the very
same sample batches were investigated and the samples were
sealed inside 6-mm-diam vanadium sample cans. Data anal-
ysis and Rietveld refinements were performed with software
tools from the FULLPROF SUITE [25]. Symmetry analysis was
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FIG. 2. Rietveld refinement of neutron diffraction data recorded on HRPT (PSI) of NaMn,O, at (a) 7 = 200 K and (b) T = 1.5 K using
A = 1.88 A. Note that the magnetic peaks present in the 1.5 K diffraction pattern are here left unindexed for the structural refinement.
Experimental data are shown by open red circles, the calculated profile is shown by a solid black line, and allowed Bragg reflections are
shown by vertical green marks. The difference between the experimental and calculated profiles is displayed at the bottom of the graph (solid

blue line), where a series of magnetic peaks is clearly visible.

carried out using the Bilbao Crystallographic Server [26,27]
and ISODISTORT [28].

III. RESULTS

A. Crystal structure of NaMn,0,

The crystal structure of NaMn,O4 at 200 K was refined
in the orthorhombic Pnam space group (No. 62) with a =
8.870(1) A, b=11.227(1) A, and ¢ = 2.843(1) A, start-
ing from the reported unit cell and atomic coordinates [8].
This structural model provides excellent fitting to the high-
resolution NPD data recorded at HRPT (Fig. 2 and Table 1),
and the corresponding crystal structure is illustrated in Fig. 3.
This confirms that NaMn, Oy is in a CFO-type structure with
a charge ordering of Mn** (13,¢;) and Mn*+ (13,¢p)- In the
CFO structure, two different Mn, O, zigzag chains are formed

(b)

04

by a network of edge-sharing MnOg octahedra (Mn-Mn bond
labeled as J,) aligned along the ¢ axis [Figs. 3(a) and 3(c)].
These four zigzag chains are linked by corner-sharing octahe-
dra to form a 3D framework structure and make an irregular
hexagonal 1D tunnel along the ¢ axis, in which Na* ions are
located. Depending on the direction, this connects equivalent
Mn sites via next nearest-neighbor Mnl (J;) and Mn2 (J3),
along with nonequivalent Mn sites through J; and Js (see
Fig. 3).

The Mn** and Mn*" ions are fully ordered (within the
refinement standard deviation), in contrast to the other CFO-
type NaB**B**0, (B =V, Ti, and Cr) materials. As a results,
in the NaMn, Oy lattice, two crystallographically different Mn
sites are clearly distinguishable, which are coordinated by
six oxygen atoms [Fig. 3(b)]. As already reported in [8], the
Mn**Og octahedron (manganese labeled as Mn1) is strongly

FIG. 3. Polyhedron representation of the CFO-type NaMn,O, structure projected (a-b) along [001] and (c) [010]. The structure shows a
charge ordered state of Mn** /Mn** (orange and yellow polyhedra/atoms, respectively), Na (green atoms), and the d_» orbital ordering (purple
ellipsoid). (b) Bond distances (in angstroms) from structural refinements of NPD data at 7 = 200 K. Thick lines highlight the elongated
Mn**-O distances. In (c), for clarity, only a part of a chain is shown. The possible different magnetic exchanges paths, i.e., Mn-Mn bonds
(J7), are shown by lines. The thick gray and black bonds show the connections between Mn>* and Mn** ladders corresponding to J, and Js,
respectively. The orange and yellow bonds indicate links between the same Mn sites.
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TABLE 1. Structural parameters of NaMn,O4 at 200 and 1.5 K
from Rietveld refinements of HRPT data. The space group is Pnam
and all the atoms are at site 4c¢ (x, y, 1/4).

TABLE II. Selected distances (in angstroms) and angles (in
degrees) in NaMn,0O, at 200 and 1.5 K. The distortion pa-
rameter is calculated for each manganese octahedron as Ad =
1/6%",_ ¢[(dy — (d))/{d)]?, with (d) being the average distance

Site Parameter 200 K 15K between Mn and O. The bond valence sum (BVS) is also indicated.
a (é) 8.870 (1) 8.861 (1) Selected distance (A) and angles (°) 200 K 15K
b(A) 11.227 (1) 11.197 (1)
c(d) 2.843 (1) 2.841(1)  Mnl-Ol 1.951(2) 1.950(4)
v (A% 283.1 (1) 281.9 (1) Mnl-03 2.370(3) 2.372(6)
Na x 0.2473 (4) 0.2472 (4) Mn1-0O4 2.196(3) 2.188(6)
y 0.3345 (3) 0.3352(3)  Mnl-O4 1.902(2) 1.909(4)
B (A?) 0.52 (6) 0.33 (6) average 2.046(1) 2.046(2)
Mnl x 0.0714 (3) 0.0716 (4) Ad x 107* 74.4 72.6
y 0.1086 (3) 0.1088 (3)  BVS 3.05 (1) 3.04 (2)
B (A?) 0.01 (6) 0.01 (6) Mn2-0O1 1.920(3) 1.911(6)
Mn2 x 0.0806 (4) 0.0807 (4) Mn2-02 1.947(3) 1.952(6)
y 0.5949 (3) 0.5956 (3)  Mn2-02 1.941(3) 1.956(4)
B (A?) 0.01 (6) 0.14 (7) Mn2-03 1.875(2) 1.853(4)
O1 X 0.2864 (2) 0.2870 (2) average 1.916(1) 1.914(2)
y 0.6478 (2) 0.6478 (2)  Ad x 1074 2.537 5.723
B (A?) 0.09 (4) 0.08 (4) BVS 3.87(1) 3.92(2)
02 X 0.3832 (2) 0.3849 (3) Mn-Mn along ¢ (J>_1, J>_3) 2.843(1) 2.841 (1)
y 0.9809 (2) 0.9802(2)  Mnl-Mnl (J)) 3.094(3) 3.088(6)
B (A?) 0.09 (4) 021 (4) Mnl1-O1-Mnl 93.54(9) 93.48(17)
03 X 0.4747 (2) 0.4745 (2) Mn1-O4-Mnl 96.70(9) 96.17(18)
y 0.1947 (2) 0.1942(2)  Mn2-Mn2 (J5) 2.934(4) 2.957(6)
B (A?) 0.30 (4) 0.35(4) Mn2-02-Mn2 94.19(11) 93.12(16)
04 X 0.0683 (2) 0.0689 (3) Mn2-03-Mn2 98.62(10) 100.12(16)
y 0.9132 (2) 0.9135(2)  Mnl-Mn2 (Jy) 3.402(3) 3.402(7)
B (A?) 0.16 (4) 0.29 (4) Mn1-Mn2 (Js) 3.863(4) 3.833(6)
Riragg (%) 4.19 4.69 Mn1-O1-Mn2 123.0(2) 123.5(4)
X2 2.17 534 Mn1-03-Mn2 130.7(2) 129.9(4)
distortion parameter
Ad =1/6 > [(d, — (d))/ ()], (1)

elongated due to stabilization of the d,. orbital, i.e., Jahn-
Teller distortion of the Mn3* ions. That is, among the six
Mn1-O bonds of the Mn3*tQg octahedron, four Mn1-O dis-
tances ranges between approximately 1.90 and 1.95 A and
two Mn1-O distances are larger, spanning from approximately
2.19 to 2.37 A, resulting in an average distance of 2.05 A at
200 K, as summarized in Table II. The stabilized d,> orbitals
are aligned in the ab plane and form a zigzag pattern on
the [001] projection, consisting of alternating ladder rows
with two different orbital orientations [Fig. 3(a)]. Within the
ladders, the distorted triangular lattice is formed by the Mn**
ions as illustrated in Fig. 3(c). More-detailed three-edges of
each triangular lattice correspond to one short Mn1-Mn1 dis-
tance of 2.84 A (J,_;) and two longer Mn1-Mnl distances of
3.09 A (J1). In this edge-sharing octahedron network, the half-
filled #,, orbitals are directed along the short Mn-Mn distance
in the edge-sharing octahedra (J,_). This should clearly fa-
vor strong antiferromagnetic direct exchange interaction over
a superexchange interaction through the Mn-O-Mn pathway
(with an angle of ~90°) [29].

In contrast, the Mn*tOg octahedron (labeled as Mn2) only
possesses a very small distortion with the average distance
between Mn2 and O of 1.92 A. In order to compare the
distortion of an octahedron quantitatively, one could use the

n=1,6

which corresponds to the deviation of Mn-O distances with
respect to the average distance. In fact, the Ad of Mn*TOg
is 74 x 10~*, whereas for Mn**Qg, the Ad is 2.5 x 1074,
ie., 3% Note that the Ad for many Jahn-Teller distorted
manganites shows Ad > 30 x 10~* [30,31]. The triangu-
lar ladder of Mn** is also much more regular, as shown in
Fig. 3(b) (Mn2-Mn2 distances 2.8-2.9 A), than that of Mn*
(Mn1-Mn1 distances 2.8-3.1 A). The bond valence sum cal-
culations for the manganese using the Zachariasen formula
vi=> j exp(dy — d;;)/0.37] [32] are also in fair agreement
with expected values (see Table II).

There is no clear evidence for a structural transformation
down to 1.5 K, although additional diffraction peaks appear
below Ty due to a magnetic transition, as discussed later. Fig-
ure 2(b) shows the refinement result for the diffraction pattern
recorded at 1.5 K. The reliability of fitting the data at 1.5 K is
slightly worse than that at 200 K, with a reduced x2, = 5.34
for 1.5 K and x2, = 2.17 for 200 K. The quality of fit at 1.5 K
is slightly improved by including a monoclinic distortion
[B =90.1(1)°] (using the I" point subgroup P2;/c or P2, /m).
However, the obtained monoclinic distortion is too small to be
firmly established with the resolution of the present NPD data.
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FIG. 4. (a) Temperature evolution of the powder neutron diffrac-
tion patterns of NaMn,0O, (DMC A = 2.45 A) between 75 and 6 K
inthe Q = 0.4-2.2 A-! range. Here Ty, ~ 35 K and Ty, =~ 11 K are
marked by the horizontal dashed white lines. (b) Neutron diffraction
patterns at two temperatures above Ty; =~ 35 K in NaMn,Oy,. Circles
show experimental data, Bragg peaks corresponding to the crystal
structure are masked in gray, and the solid red line is a fit of the
diffuse magnetic scattering to a Warren line shape given by [33].

Therefore, the low-temperature crystal structure is considered
to be the same as the one at 200 K (Pnam). This is also
supported by the results shown in Tables I and II, where the
unit cell volume is found to contract only by 0.40(1)%, when
temperature is decreased from 200 K to 1.5 K. This means that
both the charge ordering and orbital pattern remain unchanged
at the onset of magnetic order. A possible structural transition
induced by magnetic ordering will be discussed in the next
section.

B. Magnetic order of NaMn,,: Diffuse scattering

In order to resolve and further understand the magnetic
transition of NaMn;O4[23], we have also performed NPD
using the cold neutron powder diffractometer DMC (at PSI)
as a function of temperature between 6 and 200 K [Fig. 4(a)].
The absence of three-dimensional long-range magnetic or-
der is confirmed by the lack of magnetic diffraction peaks
above 40 K. However, a diffuse scattering is clearly observed,
indicating the formation of short-range spin ordering. The
shape of such magnetic diffuse scattering is asymmetric with
a maximum at Q ~ 1.2 A~! and is well fitted with a Warren
function [33] [see Fig. 4(b)]. This is characteristic of a 2D
short-range order. In fact, the fit provides that, as temperature
decreases from 75 K to 40 K, the 2D correlation length in-
creases from ~18 A to ~28 A. Such a correlation length is
comparable to those of closely related compounds with a sim-
ilar diffraction profile, e.g., NaMnO, [34] and CuMn, 0Oy [35]
having a layered transition metal triangular lattice structure, as
well as Dy, TiOs [36] with a Dy triangular ladder configura-
tion. Moreover, the previous ™SR studies of NaMn, Oy [23]
revealed the presence of a disordered state at temperatures
between Ty and ~60 K, which is fully consistent with the
current NPD results. A more detailed interpretation of this
diffuse scattering is given below in Sec. III C.

C. Magnetic order of NaMn,O,: Refinement of spin structure

As temperature decreases from 40 K, the magnetic dif-
fuse scattering is gradually transformed into magnetic Bragg
peaks [see Fig. 4(a)], which is consistent with the previous
utSR result. Furthermore, there are clearly two magnetic
transitions, Ty; = 35 K and Ty, = 11 K. It is noteworthy that
the x(T') curve [Fig. 1(a)] shows the clear cusp of the AFM
transition around ~15 K, which is much lower than the first
Tydetermined by both "SR and NPD. Indeed, as seen in the
differential susceptibility (d x /dT )(T) curves [Fig. 1(b)], not
only Ty, is well evidenced (~9 K), but a small anomaly is
also observed around Ty; (~40 K) in both zero-field-cooled
and field-cooled modes (only the zero-field-cooled mode is
shown). This is in perfect agreement with the observation of
diffuse scattering in the NPD data. Such a vague anomaly
observed around 7y is rather abnormal, considering that clear
magnetic Bragg peaks are observed by NPD. Such behavior
might be related to the crystallinity (grain size) of the sample,
as reported on Ref. [37].

Figure 5(a) compares the diffraction patterns recorded at
T =40, 15, and 6 K in order to clarify the change in Bragg
peaks across Ty; and Ty,. The difference between diffrac-
tion patterns at 40 and 15 K [Fig. 5(b)] clearly demonstrates
the appearance of a set of magnetic Bragg peaks, which are
all indexed by a commensurate (C) propagation vector k¢ =
(0.5,0.5,0.5). On the other hand, the difference between
the patterns at 15 and 6 K is instead indexed using an in-
commensurate (IC) propagation vector kic = (0, 0, 0.216(1)).
Surprisingly, despite the clear magnetic transition from the
C-AFM phase to the IC-AFM phase at Ty, the C-AFM
diffraction pattern does not change even below Ty, [see details
in Fig. 5(b)]. This means that the C-AF structure is preserved
even inside the IC-AF ordered state appeared below Tjy,. This
also implies that these two magnetic sublattices are mutually
independent. Based on this fact, each type of magnetic order
is therefore predicted to be associated with only one crystal-
lographic Mn site, either Mn** or Mn**.

During the refinement process, many different magnetic
models were attempted to fit the NPD data. To constrain
the number of solutions for the magnetic models, symmetry
analysis was performed using k¢ and kic for each Wyckoff
site 4e of Mn. The commensurate k¢ ordering is described as
C-AFM chains running along the ¢ axis (J;). Next-neighbor
Mn sites arrange antiferromagnetically along [01 — 1] and fer-
romagnetically along [011] (J;). In other words, the Mn spin
chains make a -[AFM-FM-AFM-FM]- zigzag pattern along
the ¢ axis (see Fig. 7). The proposed model is expressed by
the C,c Shubnikov group (9.41 in Belov-Neronova-Smirnova
notation), which has four independent magnetic Mn sites
derived from each Mn site (a split of the 4c¢ sites into two
orbits) within this magnetic symmetry. Since both sites are
crystallographically identical, we can simplify the refinement
process by assuming that they also acquire the same ordered
magnetic moment. Using this spin arrangement, the diffrac-
tion pattern recorded at 15 K is well fitted with only one Mn
site [Fig. 5(c)], leading to the best Rprage = 1.9% and Ryae =
8.4%. Such a high Ry, is mainly related to the remnant of
diffuse scattering on the shoulder of several magnetic Bragg
peaks, especially for the one at 9 ~ 1.2 A~!.
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FIG. 5. (a) Neutron powder diffraction patterns recorded at 7' =
6, 15, and 40 K and (b) their respective differences (acquired using
a DMC instrument using A = 2.45 A). Also shown is the Rietveld
refinement of the neutron diffraction data of NaMn,O, at (¢) 15 K
and (d) 6 K. Green, orange, and purple ticks indicate Bragg peak
positions of crystal, commensurate magnetic, and incommensurate
magnetic structures, respectively.

To conduct refinement using both Mn** and Mn** can
also fit the NPD data sufficiently. However, one Mn site
shows a negligible size of the magnetic moment with a large
error. Thus the final refinement was performed using only
one Mn site. This result clearly also supports our hypothesis
with two independent magnetic sublattices, each consisting
of only either Mn®** or Mn**. Using only one Mn site,
the Rietveld refinement [Fig. 5(c)] yields m, = 2.6(1) and
m; = 0.4(1), which gives a total ordered magnetic moment
pSy=2.632)up atT = 15K.
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FIG. 6. Temperature evolution of the Mn*" and Mn*" ordered
magnetic moments (from Rietveld refinement results). Solid lines are
guides to the eye, while the dashed line and dash-dotted line are at
Tyvi = 35 K and Ty, = 11 K, respectively.

It should be noted that m, is set to zero even though it
is not restricted by symmetry. This is because we found that
refining this component did not improve the fitting of our NPD
data. On the other hand, the small component 2, is necessary
to obtain a better fit for the magnetic Bragg peaks. The size
of uocrd remains unchanged down to 6 K (Fig. 6). The main
component of uS , i.e., my, in the two adjacent chains fol-
lows approximately the orbital pattern of Mn* as described
earlier. This spin direction is understandable by considering
the single-ion anisotropy of Mn** in the elongated octahe-
dra along the local z axes due to the Jahn-Teller distortions.
However, the spin alignment slightly deviates (~14°) from
the local z orbital. Such deviation possibly results from the
competition between magnetic anisotropy, frustration and 90°
superexchange interaction.

For the incommensurate kjc order, there are four one-
dimensional irreducible representations and three basis func-
tions for each irreducible representation. Only the symmetry
modes spanned by the irreducible representations I'y provide
good agreement with the experimental data. Table III lists the
basis vectors of irreducible representations I'4, obtained by the
projection operator method. The low-temperature IC-AFM
order was first fitted using only one Mn site, following the
C-AFM phase results. Figure 7 shows the spin structure that
gives the factor Ry, = 13.6% in the best agreement with the
experimental data (see Fig. 5). This model corresponds to a
spin-density wave (SDW), obtained by mixing the basis func-
tion Y| and 3 of real components only. At 6 K, m, = 1.4(1)
and m, = 1.5(1) are obtained by a refinement of the SDW
magnetic structure [Fig. 5(d)]. For this model, the maximum
amplitude of the SDW is about 2.0(1)up (= /Lf,fd). Here uf)(rjd
lies in the ac plane with the spin modulation in the [101] and
[10 — 1] directions. The intraleg interaction is AFM with the
domain boundary shown as the dotted line in Fig. 7(c).
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TABLE III. Basis functions for axial vectors associated with the irreducible representation I'y for Wyckoff site 4c¢ and kic = (0, 0, 0.216).

Here a = e*™4,

Mn2-1 Mn2-2 Mn2-3 Mn2-4
T, (xyz) (=x+1,-y+1,z+ 1) (—x+3,y—3.2+3) x+1-y+3.2
" (100) (a*00) (a*00) (100)
2 (010) (0a*0) 0 —a*0) 0 —10)
V3 (001) 00 — a*) (00 — a*) (001)

Indeed, the IC-AFM Bragg peaks can also be fitted us-
ing a cycloidal magnetic modulation (instead of the SDW
described above). Such a model is obtained by mixing the
basis functions v; and 3 using real and imaginary compo-
nents. The magnetic moments in this model also lie in the ac
plane. At 6 K, the components of the moment are m, = 1.5(1)
and m, = 0.3(2) and the ordered component maximum is 1.5
(= m,). The agreement factor using the cycloidal model is

(@) 0 o

M.na+ ladder

RSB NN

R R i

FIG. 7. Magnetic structure of NaMn, O, at 6 K. (a) The k¢ com-
mensurate spin configuration along the Mn>* ladder. The purple
dashed line is a guide to indicate the direction of the z orbital.
(b) Overall spin structure of NaMn,O,4 along the ¢ axis in the hon-
eycomb mesh. (c) Two Mn ladders along the ¢ axis. The dashed line
highlights the spin inversion plane of the kjc incommensurate spin
arrangement. The magnetic moments of commensurate spins along
in the b direction are symbolized by + or — signs depending on their
spin direction. (d) Single Mn ladder showing the alternative cycloidal
incommensurate spin arrangement (projected as elliptical in the ac
plane).

Rumag = 18.6%, which is slightly higher than one obtained for
the SDW model. For both models, the periodicity of the IC
modulation is ~4.63¢ and the incommensurate spin structures
are also described by v, (corresponding to the 7, component)
based on the symmetry analysis. An unconstrained refinement
using DMC data (A =2.45 A), using only the symmetry
restrictions of I'y, show that the m, component of plS; is
nearly zero. As a result, in the final refinement stage, the m,
component is therefore set to zero.

Because uS, is greater than u!S,, the kc magnetic structure
is assumed to be of the Mn>* (Mn1) site while the k¢ phase
is for Mn** (Mn2). Both magnetic moments are smaller than
the expected values for the fully ordered state (for Mn>",
S =2 and 4.9ug, and for Mn*t, § = 3/2 and 3.8up), which
is coherent with the remnant diffuse scattering. Such an effect
is also reported for, e.g., NaMnO, (2.92up for Mn3+) [34].
It is also worthwhile to mention the possibility of a slight
intermixing between Mn>*+ and Mn** (both Mn sites can form
C-AFM and IC-AFM configuration). This is a well-known is-
sue in charge ordered manganites and such mixing often leads
to smaller poq than the expected value of, e.g., NaMn;O;
(2.85up for Mn** and 2.40up for Mn** at 10 K) [38].

For the asymmetric diffuse scattering around the commen-
surate magnetic peaks at temperature above Ty, the strongest
intensity was observed at Q ~ 1.2 A=! [(000)(01 — 1)(00 —
1)(010) + kc)] (see Sec. III B). This position suggests that
the short-range correlations are initiated along the chain axis
(bc plane), which is compatible with the expected magnetic
interaction along this direction (i.e., J,_, corresponding to the
commensurate ordering).

The details of the kc magnetic structure are described in
Fig. 7, with the antiferromagnetic chains parallel to the ¢ axis.
All the intraleg Mn-O-Mn supercharge interactions are rather
weak, because the angle of the Mn-O-Mn bonds is nearly
90°. However, for the case of the nearest-neighbor interaction
(J2), both 90° Mnl1-O1-Mnl and Mn1-O4-Mnl bonds are
formed by a direct overlap of the dy, (or d,; or d,,) orbitals.
Consequently, strong AFM direct-exchange interactions are
possible [29], which causes a geometrically frustrated con-
figuration. Due to such frustration on the triangular lattice in
the two-leg ladder, a magnetoelastic coupling is expected to
appear below Ty. The C,c Shubnikov group has a monoclinic
supercell with am ~ 5.68 A, by, ~ 17.7 A, ¢y ~ 11.5 A, and
Bm ~ 104°. In this supercell, there is a I'** displacement
mode [with £ vector (0,0,0) and direction acorresponding to
the isotropy subgroup P2;/c (No. 14)]. This allows a shift of
Mn atoms in the ¢ direction, but two Mn rows (within the
ladders) then shift in the opposite z directions. This distortion
component could deform the triangular lattices in order to
stabilize the J; magnetic interaction. However, as mentioned

043143-7



N. MATSUBARA et al.

PHYSICAL REVIEW RESEARCH 2, 043143 (2020)

in Sec. IIT A, the monoclinic distortion in the crystal structure
is not evident in the present NPD data. Further studies at low
temperatures using high-resolution single-crystal synchrotron
x-ray- and electron-diffraction techniques will be valuable for
investigating the details of a magnetoelastic coupling in the
NaMn, 04 compound.

For the kic (IC-AFM) magnetic structure, we have here
proposed both a SDW and an alternative cycloidal model.
The coupling within the Mn** ladder is rather complicated
to interpret and also it is impossible to distinguish between
these models using only the powder diffraction method. The
cycloidal model is more reasonable in a uniform valence
state system. A uniform valence state CFO-CaCr, 0,4 has been
reported to show the cycloidal magnetic order with the IC
propagation vector k = (0,0, 0.477) and the magnetic mo-
ments lie in the ac plane [5]. On the other hand, one could
compare with mixed valence CFO-NaV,0y4, which poses a
SDW magnetic structure similar to the IC propagation vector
k = (0,0.19,0) [4]. The direction of the ordered spins was
found to be perpendicular to the ladder direction with the
SDW modulation along the ladder. This configuration and
modulation are similar to the current Mn*t ladder case, ex-
cept that NaMn;,O,4 has magnetic components (roughly ~30°)
along the ladder direction. This might be due to the additional
superexchange interaction (intermediate angle ~130°) be-
tween Mn>t and Mn** ladders. In NaMn, Oy, we assume that
the Mn** and Mn** are perfectly ordered and the IC-AFM
phase only involves Mn** spin ordering. Thus, the IC-AFM
phase can be considered a uniform valence state system of
Mn**, which would support the cycloidal model. However,
the SDW model cannot be completely ruled out since there is
a possibility of slight disordering between Mn** and Mn**.
In order to understand the detail of such spin coupling, further
magnetic characterization will be required, such as single-
crystal studies and inelastic neutron scattering, along with
theoretical calculations and computer simulations. Finally, it
could also be very interesting to perform additional investi-
gations under high hydrostatic pressure to know how subtle,
externally induced structural distortions affect the magnetic
correlations [39] in this complex material.

D. Neutron diffraction study of Liy ¢, Mn,04

We have also performed a NPD study on the closely related
CFO-type compound Lip9,Mn,O4 in order to compare the
magnetic nature within this family. The crystal structure of
Lig.9oMn,O4 was confirmed as a reported one [22]. Unlike
NaMn, 0y, Lip9oMn,O4 lacks a clear charge and/or orbital
order; thus both Mn®* and Mn** are equally and randomly
distributed on the two Mn sites. The resolution and Q range
of the present neutron diffraction study recorded only us-
ing the cold neutron DMC diffractometer (A = 2.45 A) are
not enough to perform a proper structural analysis. There-
fore, the Rietveld refinement was performed using reference
structural parameters [15], yielding a reasonable fit result.
The temperature-dependent data revealed an absence of any
changes in the crystal structure for temperatures between
1.5 and 120 K. Moreover, the NPD result revealed the pres-
ence of the Li,MnO3; impurity phase with a volume fraction
of 16.1%. This is in good agreement with the previously
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FIG. 8. Temperature evolution of the powder neutron diffraction
patterns of Lip9oMn,O4 (DMC A = 2.45 10\) between 1.5 and 120 K
in the 0 = 0.5-2.2 A~! range. Two magnetic Bragg peaks of the
Li,MnO; impurity phase are indexed.

reported XRD and 1SR results [15,23]. From the previous
1SR measurement of LiggpMn,QOy, the observed magnetic
signal was in fact found to come from the Li,MnO3 phase
[23]. The present NPD results are fully consistent with the
reported ©™SR data; in other words, only magnetic Bragg
peaks corresponding to the Li,MnO; phase were observed
below Ty = 35 K [40]. Two main magnetic Bragg peaks of
Li;MnO3; are indexed and shown in Fig. 8. There is also clear
diffuse scattering (maximum around Q ~ 1.3 A’l) correlated
with a background reduction, which indicates the appearance
of short-range magnetic order. Below 50 K, such diffuse scat-
tering remains unchanged down to 1.5 K, i.e., even below the
magnetic transition temperature of LiMnOs. This suggests
that the diffuse scattering is not originating from Li,MnO3 but
instead is an intrinsic feature of the Liy9,Mn,0O4 compound,
which has a magnetic transition at 7y = 44 K according to
the ut SR results [23]. Further studies, probably at even lower
temperatures, will be required to obtain further information on
the detailed magnetic nature of Lig gyMn;Oy.

IV. DISCUSSION

NaMn, 0, is found to exhibit two successive antiferromag-
netic transitions at Ty, = 35 K and Ty, = 11 K. The former
is a transition to a C-AFM long-range Mn>* spin ordered
state and the latter is a transition to an IC-AFM Mn** spin
ordered state (SDW or cycloidal). Our study indicates that
these two Mn** /Mn** magnetic lattices are independent of
each other. The inverse susceptibility 1/x, shown in Fig. 1(c),
is linear with temperature above 200 K; however, it deviates
strongly from such a linear relationship below around 150 K.
This is much higher than the clear AFM cusp found at around
15 K. If the temperature evolution of the Mn moment in the
Mn>* sublattice is independent of that in the Mn** sublattice,
each magnetization follows a Curie-Weiss behavior with its
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own Curie constant C and Weiss temperature ®. Since ®
of the Mn>* sublattice is naturally different from that of the
Mn** sublattice, such a difference causes nonlinearity of the
1/x(T) curve. This could be a reason why the deviation ap-
pears already at temperatures as high as 150 K. Above 200 K,
the difference of C and ® between two sublattices becomes
relatively small compared to the temperature, resulting in the
linear relationship between 1/x and temperature.

In order to understand the complex and unique magnetic
ground state of NaMn,0O,4, we further compare the series
of AMn,04 (A = Li, Na, and Ca). Note that the crystal
structure of JT-ordered CaMn,0O, consists of double-rutile
chains, which are connected through edge-sharing oxygen
atoms. This structure is slightly different from the CFO-type
structure, in which the chains are interconnected through
corner-sharing oxygen atoms instead [3]. Furthermore, the
CaMn;Qy structure has a 180° superexchange path so that the
Heisenberg exchange interactions have priority over the easy
axis anisotropy. As a result, the spin direction is independent
of the orbital ordering pattern (the spins are parallel to the
ladders). The magnetic ground state of NaMn,Qy is rather
unique, because each of the two different Mn sites has its own
ordering temperature and modulation. Although no detailed
calculation has been reported so far, the interaction between
Mn** and Mn** ladders (in the ab plane, J; and Js) are
most likely much weaker than the interaction within each
individual ladder (J;, J>, and J3). This is evidenced by the
spin configuration of Mn** not being affected by the onset
of Mn** spin order. Within the Mn*" ladder, the single-ion
anisotropy dominates owing to superimposition of the 3d
electrons in the d,» orbitals of Mn37. On the other hand, in the
Mn** ladders, there is no contribution from anisotropy but the
competing exchange interaction is favored instead (because
of the absence of the d,. orbital order). The combination of
the complex exchange pathways, i.e., edge and corner-sharing
octahedra through the oxygen, and geometrical frustration on
the triangular lattice then often result in a complex incom-
mensurate spin structure, such as CFO-NaV,0,4 and CaCr, 04
[4,5].

As for Lip9yMn;0y4, no long-range magnetic order was
observed down to 1.5 K by the present neutron powder
diffraction experiment. This is most likely due to the non-
stoichiometry of Li, which naturally increases the amount of
Mn** by about 8% from that (50%) of NaMn;,Oy4. As a result,
it is impossible to form the ladder occupied only by Mn**
but likely to form the two ladders with random distributions
of Mn** and Mn**. This effectively hinders the formation of
long-range magnetic order down to at least 1.5 K.

It is therefore concluded that charge and orbital order play
a significant role for the alignment of the Mn moments in
the triangular spin ladders. This also suggests the possibility
that the magnetic ground state of NaMn, Oy is sensitive to the
Na content. Therefore, it would be very interesting to study
Na;_sMn,0O4 prepared by an electrochemical reaction with
neutron scattering and " SR.

The spin-orbital coupling in JT active manganites has been
reported for several compounds. Typical examples are the
manganese perovskites LnMnQOs, where Ln= La to Gd and
Tl [41,42]. Such compounds show noncollinear orbital order
with collinear spin order, owning to the competition between

single anisotropy and exchange interactions. The compound
series of Aj_yA’MnO3 (A = La and A’ = Ca, Sr, and Ba) is
known to have charge, orbital, and magnetic order. Similar
to NaMn, Oy, the spin structure of LagysCagsMnO3 consists
of two different magnetic sublattices, which are also based
on Mn** and Mn*" sites [43]. Besides the perovskites, very
recently, the layered honeycomb BiMnTeOg was reported to
show the noncollinear spin-orbital coupling [44].

In comparison, layered triangular lattice compounds such
as CuMnO; and NaMnO, pose a frustrated triangular spin lat-
tice with strong anisotropic interaction due to the ferro-orbital
ordering. Such magnetic frustration leads to a magnetoelas-
tic coupling, evidenced by the structural transition [34,45].
Moreover, several studies concerning the correlation between
spin and orbital order were reported for CaMn;0O;,, which
reveal that both crystal (orbital) and magnetic (spin) struc-
tures are incommensurate. Such unique modulation plays a
role in breaking the inversion symmetry, resulting in one of
the best type-II multiferroic materials [46,47]. A better and
much more detailed understanding of spin and orbital order
in these compounds would also be very useful for various
technical applications [48]. NaMn, Oy is therefore an intrigu-
ing example of a charge-orbital-spin correlated manganites.
In particular, inelastic neutron scattering measurements using
a single-crystal sample together with theoretical work will
be extremely valuable to further understand the detailed re-
lationship between orbital physics and magnetism not only in
manganites but also for the general group of transition metal
oxides.

V. CONCLUSION

This study of CFO-NaMn, O, has revealed a complex mag-
netic ground state, based on successive charge, orbital, and
spin order. Based on high-resolution neutron powder diffrac-
tion, the Mn** and Mn** were found to be fully ordered
at the lowest temperature (7' = 1.5 K). Although 2D short-
range spin order presents already at 75 K, a commensurate
antiferromagnetic ordered phase appears below Ty; = 35 K
and then an incommensurate antiferromagnetic ordered phase
follows below Ty, = 11 K. Surprisingly, the two AFM or-
ders are found to be independent of each other. The C-AFM
ordering is based on Mn** AFM coupling along the chain
axis, while the IC-AFM ordering is a SDW or cycloidal order
residing on the Mn**. Finally, neutron diffraction studies of
the closely related Lig 9oMn,O4 compound clarify the absence
of long-range order down to 1.5 K. The existence of a diffuse
scattering below 50 K, however, clearly indicates the presence
of short-range magnetic correlations in Lip 9o Mn,Oj.
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