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The local atomic and magnetic structures of the compounds AMnO2 (A = Na, Cu), which realize a
geometrically frustrated, spatially anisotropic triangular lattice of Mn spins, have been investigated by atomic
and magnetic pair distribution function analysis of neutron total scattering data. Relief of frustration in CuMnO2

is accompanied by a conventional cooperative symmetry-lowering lattice distortion driven by Néel order. In
NaMnO2, however, the distortion has a short-range nature. A cooperative interaction between the locally broken
symmetry and short-range magnetic correlations lifts the magnetic degeneracy on a nanometer length scale,
enabling long-range magnetic order in the Na derivative. The degree of frustration, mediated by residual disorder,
contributes to the rather differing pathways to a single, stable magnetic ground state in these two related
compounds. This study demonstrates how nanoscale structural distortions that cause local-scale perturbations
can lift the ground-state degeneracy and trigger macroscopic magnetic order.
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I. INTRODUCTION

In geometrically frustrated materials, the spatial arrange-
ment of magnetic moments prevents the simultaneous satis-
faction of competing magnetic interactions [1]. This hinders
the formation of magnetic order and may occasionally lead to
exotic, macroscopically degenerate spin-liquid ground states
for which magnetic order is absent even at zero temperature
[2,3]. In the more common case where order develops at
finite temperature, the transition mechanism itself can be quite
unusual, often originating from extreme sensitivity to small
perturbations resulting from thermal fluctuations, single-ion
anisotropy, Dzyaloshinskii-Moriya and dipolar interactions,
disorder, magnetoelastic coupling, and more [4]. Coupling
between magnetic and other degrees of freedom can lift the
intrinsic degeneracies and even support novel phenomena
beyond magnetism, such as magnetoelectric states established
by uniform lattice distortions [5] and domain-wall-driven
competing metastable microphases [6].

An added layer of complexity may arise when frustrated
geometries occur in strongly correlated transition metal ox-
ide (TMO) systems. The possibility of stabilizing unusual,
spatially inhomogeneous ground states through competition
among simultaneously active electronic degrees of freedom
(i.e., spin, charge, and orbital) has been well documented in
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TMOs [7,8]. Combining this affinity for spatial inhomogene-
ity with geometrical frustration may produce novel behavior.

The insulating sister compounds α-NaMnO2 (NMO) [9]
and CuMnO2 (CMO) [10] provide a valuable test bed for
exploring geometrically frustrated magnetism in strongly cor-
related TMOs. The AMnO2 crystal structures [Figs. 1(a) and
1(b)] entail spacer layers of primarily monovalent A = Na
or Cu cations that separate layers of edge-sharing MnO6

octahedra. The Jahn-Teller active, antiferromagnetically (AF)
coupled Mn3+ ions (S = 2) form an anisotropic triangular net-
work, embodying a simple example of a frustrated topology
imposed on the two-dimensional Heisenberg model. At am-
bient conditions, the triangles are isosceles with r1 < r2 = r3,
as shown in Fig. 1(c). Consequently, the exchange interactions
J (along r1) and J ′ (along r2 and r3) become nondegenerate,
with J ′/J < 1. The frustration of the triangular lattice is there-
fore partially relieved. Nevertheless, the magnetic interactions
along the two isosceles legs remain degenerate, and the result-
ing partial frustration of the AF interactions remains important
even though these systems would not be considered “highly
frustrated” magnets. Indeed, the magnetic frustration has been
implicated in numerous unusual properties displayed by these
systems, such as quasi-one-dimensional magnetic interactions
[13] and rare Higgs-type excitations [14] in NMO. In general,
systems with imperfect frustration, e.g., the anisotropic trian-
gular lattice considered here, may still exhibit rich behavior
such as ordering by disorder and Peierls-type transitions [15].

In CMO, magnetic long-range order (LRO) [16] develops
below TN = 65 K. This is accomplished through a concomitant
monoclinic-to-triclinic structural phase transition that further
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FIG. 1. Structure of CuMnO2 and α-NaMnO2. Atomic and magnetic structures of (a) CuMnO2 and (b) α-NaMnO2. The distortion of the
monoclinic unit cell (black) to triclinic cell (blue) is depicted. The arrows depict the three-dimensional antiferromagnetic spin configurations,
corresponding to propagation vectors (in the triclinic setting) of k = (0, 1/2, /1/2) for CMO [11] and k = (0, 1/2, 0) for NMO [12].
(c) Projection onto the basal plane of the triangular Mn3+ sublattice. Dashed and solid lines show the monoclinic and triclinic unit cells,
respectively. (d) PDF patterns of NaMnO2 (top) and CuMnO2 (bottom) collected at room temperature. The blue curves represent the data, the
red curves represent the atomic PDF fits using the monoclinic structural model, and the lower green curves represent the fit residuals, offset
for clarity.

distorts the triangles such that r2 �= r3, fully lifting the degen-
eracy of the triangular lattice and selecting a unique magnetic
ground state [11]. The ordered state exhibits AF alignment
along the shorter formerly isosceles leg and ferromagnetic
alignment along the other formerly isosceles leg [Fig. 1(a)],
with antiferromagnetic coupling between layers [16]. The
energy gain from relieving the magnetic frustration outweighs
the elastic energy cost of the triclinic distortion [17]; hence,
this effect is magnetically driven. Figure 1(c) displays the
projection of the monoclinic and triclinic unit cells on the
Mn layer.

Although NMO is more frustrated than CMO (J ′/J = 0.44
[18] compared to 0.27 for CMO [17], resulting in a greater
degree of frustration [19]), it also exhibits AF LRO below
TN = 45 K [see Fig. 1(b)]. It differs from the magnetic struc-
ture in CMO only in that the coupling of adjacent manganese
layers stacked along the c axis in NMO is ferromagnetic,
in contrast to the antiferromagnetic coupling between layers
in CMO [12]. Moreover, significant short-range magnetic
correlations survive well into the paramagnetic state in NMO
[12]. Surprisingly, no long-range structural phase transition
accompanies the magnetic transition, implying that some
other, unknown means must relieve the magnetic degeneracy.
Recent work further suggested that the magnetic ground state
is intrinsically inhomogeneous [20], adding to the unusual
nature of the magnetism in this compound. Finally, this system
exhibits polymorphism [21] and significant structural disor-

der [22] that may influence the magnetostructural properties,
although how this may happen remains an open question.
Clarifying these issues in NMO continues to be an important
objective in the study of AMnO2 systems while also present-
ing a valuable opportunity for a more general study of mag-
netic frustration, disorder, and their interplay in TMOs. This
complements earlier work focused on magnetic pyrochlores
and related materials [23].

Here, we discover that the magnetic phase transition in
NMO occurs via an unconventional mechanism in which a
nanoscale structural distortion supports macroscale magnetic
order. Using atomic pair distribution function (PDF) analysis
of neutron total scattering data [24], we observe a short-range
triclinic distortion in NMO correlated over a 2-nm length
scale that exists well above TN and grows significantly as
the temperature decreases. Complementary magnetic PDF
analysis [25–27] reveals magnetic short-range order (SRO)
persisting well above TN, which likewise grows in magnitude
and correlation length upon cooling until finally achieving
the LRO state below TN. Crucially, quantitative refinements
confirm that the short-range triclinic distortion lifts the de-
generacy of the isosceles triangular network on the nanoscale,
thereby enabling the LRO state and enhancing the magnetic
correlations above the transition.

While this short-range triclinic distortion is the primary
actor, we find that other types of quenched structural dis-
order also play a role in determining the eventual ground
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FIG. 2. Results of atomic PDF fits for CuMnO2 and NaMnO2. (a) PDF refinements of the NaMnO2 structure at 5 K using the monoclinic
(left) and triclinic (right) models. The lower green curves are the fit residuals, multiplied by 2 for clarity. (b) Normalized difference in χ2

between the monoclinic and triclinic models of NaMnO2 as a function of temperature for short (blue circles) and long (green triangles) fitting
ranges. (c) Color map of the triclinic splitting in NaMnO2 as a function of temperature and fitting range. The horizontal dashed line marks TN.
(d) Same as (c), but for CuMnO2.

state—specifically, Na vacancies in NMO and antisite defects
involving Cu atoms on the Mn site in CMO. Beyond a certain
threshold, this type of disorder suppresses the long-range tri-
clinic structural phase transition, resulting in the preservation
of monoclinic symmetry in the average structure of NMO.
Taken together, these results describe an unusual mechanism
for establishing magnetic LRO in the presence of frustration
and a spatially inhomogeneous lattice, through which short-
range correlations in the lattice sector promote long-range
correlations in the magnetic sector.

II. MATERIALS AND METHODS

Powder samples of NaMnO2 and CuMnO2 were prepared
as described in Refs. [11,21]. Temperature-dependent time-
of-flight neutron total scattering measurements were con-
ducted using the Nanoscale-Ordered Materials Diffractometer
(NOMAD) instrument [28] at the Spallation Neutron Source
(SNS) of Oak Ridge National Laboratory (ORNL) and the
General Materials Diffractometer (GEM) [29] at the ISIS
neutron source of Rutherford Appleton Laboratory (RAL). A
maximum momentum transfer of 35 Å−1 was used when gen-
erating the real-space PDF patterns. Analysis and modeling
of the atomic PDF were performed with the PDFGUI program
[30] and the DIFFPY suite of programs for diffraction analysis
[31]. The DIFFPY.MPDF package was used for the magnetic
PDF analysis. Further details about the atomic and magnetic
PDF refinements are provided in the Supplemental Material
[32]. Rietveld refinements were performed within the General
Structure Analysis System (GSAS) software [33] using data

collected from the high-resolution backscattering banks of the
GEM diffractometer.

III. RESULTS

Atomic PDF analysis. We first present the atomic PDF
analysis of NMO and CMO. The PDF, obtained from the
sine Fourier transform of the reduced total scattering structure
function F (Q) = Q[S(Q) − 1], provides a detailed account
of the local atomic structure in real space, irrespective of
the character of the long-range structure. Representative PDF
patterns for both compounds at room temperature are shown
in Fig. 1(d). The expected monoclinic structural models ex-
plain the data well, vouching for the quality of the samples.
Rietveld refinements of the Bragg intensities verified these
results and allowed us to refine the average site occupancies.
From this analysis, the actual compositions of our samples
are Na0.92MnO2 and Cu(Mn0.98Cu0.02)O2, in line with com-
positions reported in the literature [14,34]. For simplicity, we
continue to label these samples as NaMnO2 and CuMnO2.

Intriguingly, the low-temperature PDF fits to the NMO
data using the monoclinic model are worse at low r (< 20Å)
than at high r, despite the fact that the average structure is
known to be monoclinic at all temperatures. This implies that
the local structure on such a short length scale deviates from
the average monoclinic structure. Indeed, a triclinic structural
model equivalent to that of CMO provides a significantly
improved fit to the low-r region at low temperature, as seen
in Fig. 2(a). Inspections of the low-r fit residuals (lower
green curves) for the monoclinic and triclinic models of NMO
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at 5 K reveal that high-frequency features are consistently
smaller for the triclinic model, resulting in a relative im-
provement in χ2 of 40% over the monoclinic model. We
therefore conclude that the ground state of NMO consists
of regions of locally triclinic symmetry existing within the
average monoclinic structure; hence, the structure is spatially
inhomogeneous. We note that the PDF measurements cannot
distinguish between static and dynamic distortions, so the
temporal nature of this inhomogeneity is unclear. Importantly,
this short-range triclinic distortion lifts the degeneracy of
the triangular lattice locally, irrespective of the fact that the
average crystal structure retains its monoclinic symmetry to
the lowest temperature. The broad, lower-frequency signal
seen in the fit residuals in Fig. 2(a) arises from the magnetic
contribution to the PDF, which we will discuss later.

Establishing the temperature dependence of this local tri-
clinic distortion is crucial for understanding its connection
to the magnetism in NMO. To this end, we refined both
the monoclinic and triclinic structural models against the
PDF data, which were collected on a dense temperature grid
between 5 and 300 K. For each temperature T , fits were
performed on a sliding data window ranging from [1.8–15 Å]
to [31.8–45 Å] in 2-Å steps. We then computed the normal-
ized difference in χ2 between the monoclinic and triclinic
models as �χ2/〈χ2〉 = (χ2

mono − χ2
tri )/(0.5[χ2

mono + χ2
tri]) for

every refinement, quantifying the improvement offered by the
triclinic model: the larger this normalized difference in χ2

is, the better the triclinic model relative to the monoclinic
model is.

In Fig. 2(b), we plot �χ2/〈χ2〉 as a function of T for
the shortest and longest fitting ranges. The triclinic model
performs significantly better than the monoclinic model for
the short fitting range at low T . As T increases, �χ2/〈χ2〉
steadily decreases until it plateaus at a nonzero value for tem-
peratures above ∼150 − 200 K. For the longer fitting ranges,
the triclinic model provides a markedly smaller relative im-
provement, with no pronounced changes as T varies. These
results confirm that the triclinic distortion in NMO has a
short-range nature and is strongest at low temperature but may
persist up to room temperature.

A more comprehensive view of the T and r dependence of
this local distortion is given by the color map in Fig. 2(c). The
intensity scales with the triclinic splitting d = r2 − r3, which
is responsible for lifting the local degeneracy of the isosceles
triangles. Temperature appears on the vertical axis, and the
horizontal axis displays the midpoint of the fitting range. To
remove any spurious results arising from possible overfitting
with the triclinic model, we scaled the d values by the dif-
ference in χ2 between the monoclinic and triclinic models
(see the Supplemental Material for further details). Figure 2(c)
indicates that the greatest distortion (d ∼ 0.024 Å) occurs
below ∼7 K and at low r. This distortion is roughly three times
larger than that observed in the average structure of CMO
(d ∼ 0.008 Å). Averaging over longer distances reduces the
distortion, evidenced by the weaker intensity on the right
side of the color map. At low temperature, we estimate the
correlation length of the local triclinic distortion to be about
20 Å. With increasing temperature, the magnitude of the
distortion decreases, although it remains nonzero even at room
temperature.

We display the equivalent results for CMO in Fig. 2(d).
Because of the long-range structural phase transition at 65 K,
the triclinic splitting remains nonzero over the entire real-
space range below this temperature, albeit with somewhat
enhanced splitting for short distances, suggesting incomplete
ordering. Above 65 K, short-range triclinicity remains, but
with a smaller magnitude and shorter real-space extent than in
NMO. Overall, we observe that NMO displays significantly
more spatial inhomogeneity in the form of local triclinic
distortions than CMO does.

Analysis of the local octahedral environment reveals that
no dramatic changes in the MnO6 octahedra occur in either
compound as the temperature is varied. The splitting of the
equatorial Mn-O bonds is commensurate with the overall
triclinic splitting of the a and b lattice parameters (r2 and
r3 in Fig. 1). The PDF data at room temperature reveal that
the magnitude of the Jahn-Teller (JT) distortion, defined as
the ratio of the apical to equatorial Mn-O bonds (rap/req)
in the MnO6 octahedra, is smaller in CuMnO2 [1.173; rap =
2.258(1)Å, req = 1.925(1)Å] than in NaMnO2 [1.240; rap =
2.390(1)Å, req = 1.928(1)Å]. The JT distortion in CuMnO2

shows a very slight decrease of 0.1% as the temperature is
lowered from room temperature to 5 K. In NaMnO2, the JT
distortion decreases by 0.6% over that temperature range. In
the triclinic state, the equatorial bonds become slightly un-
equal, so we take their average when computing the distortion
magnitude.

Magnetic PDF analysis. Having investigated the local
atomic structures of NMO and CMO, we now turn to their
magnetic structures. Figure 3(a) displays a color map of
the total scattering structure function S(Q) for NMO, with
temperature on the vertical axis and Q on the horizontal
axis. The nuclear Bragg peaks are clearly visible as in-
tense, temperature-independent features. Below 45 K, several
well-defined magnetic Bragg peaks exist between the nuclear
peaks, consistent with the expected long-range AF order.
Some diffuse scattering remains visible below 45 K, likely
due to the presence of mixed paramagnetic and AF phases
in the vicinity of the transition. As the temperature increases,
the magnetic LRO melts, causing the sharp magnetic Bragg
peaks to dissipate into diffuse scattering that persists up to the
highest temperatures measured and extends over a broad Q
range. Importantly, careful inspection of this diffuse scattering
reveals that its Q dependence remains nonuniform well above
the transition temperature, indicative of persistent short-range
magnetic correlations. To illustrate this further, we display in
Fig. 3(b) cuts of S(Q) at 5, 50, and 260 K. The strong and
sharp magnetic Bragg peaks at 5 K give way to a weaker
and more diffuse signal at 50 K, yet distinct features are still
observable in the scattering pattern. At 260 K, any structure in
the diffuse scattering is much less well defined.

Additional insight can be gained by analyzing the magnetic
correlations directly in real space using the magnetic PDF
(mPDF) method, which is sensitive to local magnetic structure
even in the absence of long-range magnetic order [27,35].
Experimentally, the mPDF signal is contained in the fit resid-
ual produced by subtracting the best-fit atomic PDF from the
total PDF signal; additional details appear in the Supplemental
Material. Representative mPDF patterns for NMO at 5 and
50 K are displayed in Fig. 3(c). These patterns correspond
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FIG. 3. Magnetic scattering and magnetic PDF analysis of CuMnO2 and NaMnO2. (a) Color map of the scattered intensity S(Q) of
NaMnO2 with temperature on the vertical axis and Q on the horizontal axis. (b) S(Q) for NaMnO2 at 5 K (blue curve), 50 K (orange curve),
and 260 K (red curve), indicated by horizontal dashed lines in (a). (c) Corresponding mPDF data for NaMnO2 at 5 and 50 K. The 50 K data
are offset along the y axis by −1.5 Å−2 for clarity. The black curves and thick gray curves represent the Fourier filtered and unfiltered data,
respectively. The blue and orange curves represent the mPDF fits for 5 and 50 K, respectively. (d)–(f) Equivalent results for CuMnO2. The
intensity scale for (d) was chosen such that the strongest magnetic Bragg peaks for CMO and NMO have equal contrast. The magnetic model
in Ref. [11] was used for the fits in (f).

to the long-wavelength oscillatory signal in the atomic PDF
fit residuals shown in Fig. 2(a). The thick gray curves show
the unfiltered mPDF signal mixed in with high-frequency
noise, which is propagated through the Fourier transform due
to the large value of Qmax (chosen to optimize the atomic
PDF data). Applying a Fourier filter to remove all frequencies
above 6.9 Å−1, where the squared magnetic form factor drops
below 1% its maximal value, results in the thick black curves
in Fig. 3(c). This provides a cleaner signal while preserving
the contribution from the magnetic scattering. The overlaid
colored curves are fits that will be described subsequently.
Simple inspection of the mPDF data at 5 K reveals a well-
defined signal over the full r range displayed, indicative of
magnetic LRO. The alternating negative and positive peaks
reflect the AF spin configuration [25]. At 50 K, however, the
signal is reduced in amplitude and fully suppressed in real
space beyond about 20 Å, pointing to short-range magnetic
correlations with a length scale of ∼2 nm.

To investigate the magnetic correlations more quantita-
tively, we modeled the mPDF using the known LRO AF
structure published in Ref. [12]. Our model included as free
parameters a scale factor (proportional to the square of the
locally ordered moment), a real-space correlation length ξ ,
and two polar angles defining the spin direction. The mPDF
fits shown in Fig. 3(c) for 5 and 50 K agree well with
the data. At 5 K, the correlation length is limited by the
instrumental resolution, and the refined spin direction matches
previously published results [12]. Earlier work reported in-
trinsic inhomogeneities in the magnetic ground state in the
form of nanometer-sized bubbles possessing reversed sub-
lattice magnetization relative to the surrounding matrix of
Mn spins [20]. The presence of these bubbles would cause
an additional damping in the mPDF signal, which we do
not observe. Therefore, any such low-temperature magnetic
inhomogeneity, if present, must exist on a length scale of
∼5 nm or greater, beyond the sensitivity of the mPDF data.
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FIG. 4. Temperature evolution of magnetic correlations in
CuMnO2 and NaMnO2. (a) Correlation length of the short-range
antiferromagnetic order in NaMnO2 determined from mPDF refine-
ments using a three-dimensional model, displayed as a function of
dimensionless temperature T/TN. Below the transition (indicated by
the vertical dashed line), the correlation length is limited by the
instrumental resolution. The horizontal dashed line indicates the
nearest-neighbor Mn-Mn distance. Inset: Refined mPDF scale factor
as a function of dimensionless temperature for a fitting range of 1.8
to 15 Å (blue circles) and 30 to 45 Å (orange squares). (b) Equivalent
results for CuMnO2.

We note that the incommensurability of the magnetic order
reported in Ref. [34] would result in a real-space modulation
outside the accessible data window of these measurements.
At 50 K, the fit yields a correlation length of ∼15 Å with a
nearly unchanged spin direction. Interestingly, the fit can be
improved by about 5% if only a single two-dimensional layer
is considered and by 8% if just a one-dimensional chain of
nearest-neighbor spins is used, suggesting that the short-range
magnetic correlations develop a lower-dimensional character
above TN. This agrees with earlier inelastic neutron scattering
analysis [13,14,34].

In Fig. 4(a), we display the refined magnetic correlation
length ξ plotted against the dimensionless temperature T/TN.
Beginning slightly above 3TN, ξ is approximately equal to
the Mn-Mn nearest-neighbor (NN) distance (illustrated by the

horizontal dashed line). Large error bars above 4TN limit our
ability to specify ξ at these temperatures. Below 3TN, the cor-
relation length steadily increases as the temperature decreases,
until it reaches its resolution-limited value below the ordering
temperature of ∼45 K, marked by the vertical dashed line.
The inset of Fig. 4(a) illustrates the temperature dependence
of the mPDF scale factor for refinements over 1.8–15 and
31.8–45 Å. For the longer fitting range, the scale factor is zero
at high temperature and shows a sharp increase for T < TN,
indicating a rapid onset of long-range magnetic order. In con-
trast, the short-range scale factor shows a much more gradual
decrease as the temperature increases, remaining nonzero to
300 K, the highest measured temperature. This quantifies the
persistence of significant short-range magnetic correlations at
temperatures far above the long-range transition, as expected
from our previous qualitative analysis of the scattering data
(Fig. 3). We note that the correlation length and short-range
scale factor track proportionally with the amplitude of the
local lattice distortion, as seen by comparing the evolution of
the local atomic structure in Figs. 2(b) and 2(c) with that of
the magnetic correlations in Fig. 4(a), suggesting that they are
closely connected.

The corresponding results for CMO are presented in
Figs. 3(d)–3(f) and 4(b). Qualitatively, CMO shows magnetic
behavior similar to that of NMO, with short-range correla-
tions surviving into the paramagnetic phase above TN = 65 K.
Quantitatively, however, we find that these short-range corre-
lations in CMO are weaker and more limited in spatial extent
than for NMO. As seen in Fig. 4, the correlation length and
short-fitting-range scale factor decrease above TN significantly
more rapidly in CMO than in NMO.

IV. DISCUSSION

The key experimental findings obtained from the PDF and
mPDF analyses are as follows: (1) NMO exhibits a short-
range triclinic distortion correlated over ∼2 nm, lifting the
magnetic degeneracy locally. (2) This distortion grows in
amplitude upon cooling. (3) Short-range AF correlations are
present in NMO at least up to 300 K and grow in strength and
correlation length upon cooling, tracking with the structural
distortion, and (4) CMO exhibits a smaller local triclinic
distortion and weaker AF correlations than NMO does.

Several insights can be gleaned from these results. First,
they clarify the structural ground state of NMO, demonstrat-
ing that the average structure remains monoclinic, while the
instantaneous local structure is triclinically distorted. Second,
the observation that the triclinic distortion and magnetic SRO
both grow upon cooling with a very similar temperature
dependence indicates that these two effects are closely re-
lated. The relatively weaker local structural distortion and AF
correlations in the paramagnetic phase of CMO compared to
NMO further support this. Third, the fact that the short-range
structural distortion relieves the local magnetic degeneracies
naturally suggests that it promotes the growth of the AF
magnetic correlations. Intriguingly, the AF correlation length
increases upon cooling until matching the ∼2 nm length
scale of the local triclinic distortion around TN, at which
point magnetic LRO occurs. This may indicate that magnetic
coherence across neighboring triclinic regions triggers the
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transition. Together, these findings provide a cohesive picture
to understand the magnetic transition in NMO, in which short-
range structural distortions lift the magnetic degeneracy on the
nanoscale and eventually enable long-range magnetic order. In
a more general context, NMO appears to be a rare example
of a geometrically frustrated magnet exhibiting long-range
magnetic order coupled to a short-range lattice distortion.
Separately, the local triclinic distortion observed in NMO
by PDF may explain various unusual experimental results in
the literature, including the subtle anisotropic broadening of
the low-temperature Bragg peaks seen in previous diffraction
work [12], the nanoscale inhomogeneities of the ground state
suggested by muon spin relaxation and nuclear magnetic reso-
nance experiments [17,20], and the emergent magnetoelectric
response [22].

Given the fundamentally similar structural and magnetic
ingredients of NMO and CMO, a natural question to ask is
why NMO accomplishes magnetic LRO via a short-range
structural distortion, while CMO does the same with a more
conventional long-range phase transition. One possibility
arises from earlier ab initio calculations, which predicted a
larger energy gain resulting from the triclinic structure in
the AF state for CMO than NMO [17]. However, somewhat
surprisingly, the PDF analysis demonstrates that NMO is
actually more triclinic on a nanometer length scale than the
average CMO triclinic distortion, counter to the predictions.
Another possibility would be the presence of stronger
magnetoelastic coupling in CMO than in NMO, yet this is
also unlikely to be the explanation, as calculations have shown
that the magnetoelastic energy scale in both materials is
2–3 orders of magnitude weaker than the magnetic exchange
interactions [17].

Instead, we suggest that structural disorder plays a decisive
role. In these complex systems, multiple types of disorder
are present. First, the local triclinic distortion discussed pre-
viously is present in both systems and plays an active role in
promoting AF correlations by lifting the magnetic degeneracy
locally. Second, A-site occupancy disorder in the form of Na
vacancies and excess Cu on the Mn site exist in NMO and
CMO, respectively. Third, planar defects due to oxygen-layer
gliding exist in both materials. The experimental evidence
here and elsewhere indicates that NMO exhibits significantly
more structural disorder than CMO. This is evidenced by the
more pronounced distortion of the local structure in NMO
than CMO, the greater percentage of site occupancy disorder
(8% Na vacancies versus 2% excess Cu from antisite defects),
and a higher density of planar defects (see Supplemental
Material) [21,22,36]. Note that the Na vacancies and Cu
impurities allow for conversion of Mn3+ (S = 2) to Mn4+

(S = 3/2) [37], which could also create magnetic disorder. It
is tempting to relate such mixed-valence mediated disorder to
Zener-type carriers [38,39], which may cause local inhomo-
geneities in the spin structure when entering bound states [40].
Verifying this scenario is beyond the resolving capabilities of
our experimental probes.

These aforementioned factors of quenched disorder [41]
contribute to significant exchange disorder, i.e., randomness
in the magnetic exchange interactions between nearby spins.
Theoretically, the NN Heisenberg model in the presence of
arbitrarily weak magnetoelastic coupling predicts a critical

level of exchange disorder. Below this level, a frustrated
system enters the LRO Néel state through a concomitant
lowering of its average lattice symmetry; above the critical
level, the Néel state arises without any long-range struc-
tural distortion [42,43]. Our results suggest that CMO rests
below the critical level of disorder and NMO rests above
it, although differing degrees of sensitivity to perturbations
between the two systems may also contribute [44]. Consider-
ing also that NMO is more frustrated than CMO and likely
exhibits stronger electron-lattice coupling via an enhanced
JT distortion [11,12], the larger exchange disorder may lock
the spin order within the local triclinicity and thus may
help NMO exit degeneracy without a long-range, symmetry-
lowering phase transition as in the less frustrated and weaker
JT-distorted CMO.

These arguments are in line with the observation that
CuMn1−xCuxO2 displays a long-range triclinic distortion for
x < 7% (which includes the current CMO sample with x =
2%) but retains the high-symmetry monoclinic average struc-
ture for more disordered compounds with x � 7% [45,46]. In
this picture, compounds with larger values of x possess a level
of exchange disorder that exceeds the critical level, preventing
the long-range structural transition to the triclinic phase, as
in the case of NaMnO2. Additionally, the magnetic structure
in CuMn1−xCuxO2 exhibits antiferromagnetic coupling be-
tween layers for low values of x in which the triclinic phase
is observed but changes to ferromagnetic coupling between
layers for higher x where the long-range triclinic transition
is suppressed [45,47]. NaMnO2 also shows ferromagnetic
coupling between the layers, further supporting the analogy
between NaMnO2 and heavily Cu doped CuMnO2. Investi-
gating whether the CuMn1−xCuxO2 system with x � 7% also
shows a local triclinic distortion and significant short-range
magnetic correlations at high temperature like NMO would
be an informative follow-up study. More generally speaking,
we note that the importance of local structural disorder re-
vealed here supports similar recent findings in the canonical
pyrochlore Yb2Ti2O7 [48].

In summary, the combined atomic and magnetic PDF anal-
ysis of NMO reveals an unusual mechanism of relieving geo-
metrical frustration in which a short-range lattice distortion re-
sults in long-range magnetic order. Comparison with CMO in
the paramagnetic phase further establishes the close relation-
ship between the short-range structural and antiferromagnetic
correlations while also highlighting the role that structural
disorder such as Na vacancies and Cu antisite defects plays in
ground-state selection for frustrated systems. More generally,
this work illuminates the cooperative intertwining of the local
atomic and magnetic structures that can occur when spatial
inhomogeneity meets geometrical frustration. We suggest that
similar physics may be at play in numerous other TMO
systems hosting geometrically frustrated magnetism. Finally,
the nanoscale magnetic degeneracy lifting that occurs above
TN shares similarities with the nanoscale orbital degeneracy
lifting observed in other systems, such as the manganites [49],
iron chalcogenides [50,51], and iridates [52,53]. Together,
these findings contribute to an emerging understanding of
the importance of spontaneous local degeneracy lifting that
appears above long-range, symmetry-broken ground states in
complex materials.
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