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Magnetic Structure and Properties of the Composition-
ally Complex Perovskite (Y0.2La0.2Pr0.2Nd0.2Tb0.2)MnO3

Nathan D. Arndt,a Brianna L. Musicó,b Kausturi Parui,a Keon Sahebkar,a Qiang Zhang,c

Alessandro Mazza,d Megan Butala,a Veerle Keppens,b T. Zac Ward,d and Ryan F. Needa

Large configurational disorder in compositionally complex ceramics can lead to unique functional
properties that deviate from traditional rules of alloy mixing. In recent years, compositionally com-
plex oxides (CCOs) have shown intriguing magnetic behavior including long-range order, enhanced
magnetic exchange couplings, and mixed phase magnetic structures. This work focuses on how
large local spin disorder affects magnetic ordering in a CCO. Specifically, we investigated the A-site
alloyed perovskite, (Y0.2La0.2Pr0.2Nd0.2Tb0.2)MnO3, or (5A)MnO3, using a combination of bulk
magnetometry, synchrotron X-ray diffraction, and temperature-dependent neutron diffraction. The
five A-site ions have an average spin and ionic radius nearly equal to that of Nd3+ ions, which
minimizes structural distortions and allows for an understanding of the local spin disorder effects
through a direct comparison with NdMnO3. Our magnetometry data show that (5A)MnO3 exhibits
two distinct phase transitions associated with the A-site and B-site sublattices, as seen in NdMnO3,
as well as the presence of domain pinning and exchange bias at low temperature, suggesting a mixed
phase magnetic ground state, as seen in other magnetic CCOs. Neutron powder diffraction shows
clear long-range antiferromagnetic ordering below 67K and refines to a Pn’ma’ magnetic structure at
low temperature, in excellent agreement with the well-studied behavior of NdMnO3. The two most
notable differences in (5A)MnO3 magnetism apparent from our data are a slight suppression of the
B-site ordering temperature, which is explained by a smaller Mn-O-Mn bond angle in (5A)MnO3 than
NdMnO3, and the presence of a magnetic susceptibility transition above the B-site ordering, which
could indicate the formation of a cluster glass but requires further study. This work demonstrates
a general method of isolated investigation of size and spin disorder in CCOs and motivates future
work using local structure probes to better understand the effects of nanoscale clustering and local
spin disorder in magnetic CCOs.

1 Introduction

Compositionally complex oxides
1,2

(CCOs) are an extension of the
high-entropy materials design scheme first developed in metal
alloys

3,4
and more recently adapted to ionic solids.

5
In CCOs,

equimolar or near-equimolar amounts of different elements are
alloyed onto the same lattice site, thereby increasing the sys-
tem’s configurational entropy and increasing the driving force
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for mixing, especially at high temperature. Like their metal
counterparts, CCOs have been shown to exhibit some unique
and best-in-class material properties, including colossal dielectric
coefficients,

6
high stiffness-to-thermal conductivity ratios,

7
and

tunable mixed phase magnetism.
8

Investigations into the mag-
netic behavior of CCOs began with proof of long-range ordering
in the rocksalt structure.

9
More recent efforts have focused on

the ABO3 perovskite structure,
8,10–16

which has the added tunabil-
ity of a second cation site, while still being a relatively simple and
well-studied structure class.

Studies on CCO perovskite magnetism are naturally grouped by
which lattice sites are alloyed. The 6-fold coordinated perovskite
B-site is surrounded by an octahedra of oxygen, and its mag-
netic exchange interactions with neighboring B-site ions, which
are mediated through the bridging oxygens,

18
typically domi-

nate the system’s magnetic energy scale. As a result, the B-site
tends to order at higher temperatures than the A-site, and its
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Fig. 1 Cartoon depiction of the (5A)MnO3 unit cell showcasing the
large variance in magnetic moment

17
on the A-site.

ordering temperature is highly dependent on the B-O-B bond
angles.

19,20
Studies on B-site alloyed (e.g., Cr, Mn, Fe, Co, Ni)

perovskites received more attention initially and frequently show
mixed phase magnetic ground states as a result of the compe-
tition between strong ferromagnetic (FM) and antiferromagnetic
(AFM) exchange between neighboring B-sites.

10,11,16,21,22
Small dif-

ferences in stoichiometry can tune the system from FM pockets in
a percolated AFM matrix, through a system of two percolated net-
works, and to AFM pockets in a percolated FM matrix.

8,13,21
This

degree of tunability is remarkable and much work remains to un-
derstand and control it.

Table 1 Comparison of the A-site alloying ions and Nd3+

Ionic Tolerance Magnetic
Radii (Å)

23
Factor

24
Moment (µB)

17

Y3+ 1.28 0.878 0

La3+ 1.36 0.906 0

Pr3+ 1.31 0.889 3.5

Nd3+ 1.27 0.875 3.4

Tb3+ 1.20 0.851 9.8

Average 1.26 0.879 3.3

Variance (σ2) 0.00274 0.000328 12.8

By contrast, the 12-fold coordinated perovskite A-site is spaced
further from its neighbors, and correspondingly its magnetic cou-
pling is typically weaker. There have been fewer studies on A-
site alloyed perovskite CCOs to-date. Studies on A-site alloyed
systems to-date have primarily focused on, and succeeded in,

connecting A-site ionic size disorder to the changes in B-site or-
dering temperature using bulk magnetometry methods.

14–16,21,25–31

However, there are indications in several of these studies that
A-site disorder can change more than the ordering temperature
of the B-site, for example, the character of the B-site exchange
interactions,

26
and can even lead to frustrated magnetic ground

states.
30

To better understand the expected behavior of an A-site alloyed
CCO perovskite, we first consider systems with only trivalent ions
on the A-site.

16,21,27
The best point of comparison comes from

Witte et al.
21

who studied a series of (5A)BO3 CCOs with B =
Cr, Fe, Co. They demonstrated that the B-site ordering temper-
atures fit to trends of A-site ionic radius previously established
for the corresponding rare-earth perovskite series,

32,33
and could

thus be explained as a structural effect arising from changes to
B-O-B bond angle, orbital overlap, and the corresponding su-
perexchange interaction. With regards to the A-site, no order-
ing was observed for the Co or Fe compounds above 1.8 K. How-
ever, in many of the relevant rare-earth perovskites analogs (here,
Gd, Sm, and Nd) of (5A)BO3 (B = Fe, Co), the A-site does not
order until 1 K or below. In (5A)CrO3, Witte et al. observed
clearer A-site ordering near 30 K in agreement with its rare-earth
analogs. Thus, overall, the results from Witte et al. show A-
site ordering behavior and temperatures similar to undisordered
A-site analogs. However, considerably more work is needed to
establish if and how that correspondence depends on A-site com-
position.

With regards to manganite perovskite CCOs, nearly all stud-
ies to-date have been on charge-doped compositions, where the
A-site valence deviates from the trivalent A3+ studied here and
causes a mixed Mn3+/Mn4+ valance and double exchange ferro-
magnetic ground states.

14,15,25,26,28–30
Across the charge-doped man-

ganite CCO studies, the clearest common result thus far is that in-
creasing the variance of the ionic radii of the A-site ions monoton-
ically decreases the B-site ordering temperature. Good examples
of this are seen in complementary studies by Sarkar et al.,

25
on

manganites with varying degrees of charge doping but a fixed
(5A) composition, and Das et al.,

15
on manganites with fixed

doping but different (5A) compositions, both of which demon-
strated changes in B-site ordering temperature that were mono-
tonic with A-site ionic radii variance. Beyond structural tuning
of B-site ordering temperature, Kouki et al.

29
observed that A-

site radii variance and increasing Sm content could change the
universality class of their ferromagnetic order parameter, indicat-
ing that the character of B-site ordering can also be influenced
by A-site alloying. However, the authors still correlated this sub-
tler effect with A-site size differences, and not local spin variance.
The largest qualitative changes to magnetic ordering in an A-site
alloyed manganite appear to be those recently reported by Das
et al.,

26
which also shows the largest variance in ionic radii to-

date comparing (5A)0.5Sr0.5MnO3 and (3Ln)0.5(Ca,Sr,Ba)0.5Mn3

to Nd0.5Sr0.5MnO3. Das et al. observed a change from FM or-
dering to canted AFM with the ordering temperature monotoni-
cally suppressed by increasing A-site variance that bypasses the
expected spin glass state of high ionic radii variance in charge
ordered systems like Nd0.5Sr0.5MnO3.

30,34,35
Notably, their A-site
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compositions do not average to mimic Nd as done in our work.
In this work, we attempted to minimize structural distortions

and investigate the effect of isolated spin disorder on the magnetic
structure, transitions, and properties of an A-site alloyed mangan-
ite. We used equimolar amounts of Y3+, La3+, Pr3+, Nd3+, and
Tb3+, hereafter denoted (5A), that were carefully chosen to intro-
duce large local spin variance while closely matching the average
spin and ionic radii of Nd3+, see Table 1. In contrast to many of
the prior studies on CCO manganites, this choice of (5A) ions was
intended to minimize changes to the long-range average crystal
structure and allow us to isolate the effects of local spin disorder
on magnetic ordering in (5A)MnO3 through a comparison with
the well-studied magnetism of NdMnO3.

36–39

NdMnO3 exhibits the orthorhombic perovskite Pnma crystal
structure at room temperature and below. Upon cooling to
TN,Mn ≈ 73K, the Mn3+-sublattice orders first in a canted AFM
structure, (Ax,Fy,0), where the Mn3+ spins order in ferromag-
netic (FM) planes stacked along the b-axis with moments point-
ing along the a-axis canted towards the b-axis , Ax denotes A-
type antiferromagnetic ordering in the x direction and Fy de-
notes ferromagnetic ordering in the y direction. The A-site
Nd3+ moments orders second FM below TNd ≈ 13K. The effect
of the Nd3+-sublattice ordering on the Mn spins has been de-
bated, but recent experiments provide compelling evidence that
there is a re-orientation of the Mn3+ spins upon Nd3+ order-
ing. Comprehensive measurements by Kumar et al.

39
indicate

that the Nd3+ spins will initially order FM to each other and
AFM to the FM component of the Mn3+ spins, which results in
an apparent reduction in magnetization and a magnetic struc-
ture with AFM planes of Mn3+, (Ax,-Fy,0), AFM coupled with the
FM Nd3+, (0,Fy,0). However, under low fields, the Mn-sublattice
will then invert along the b-axis such that the FM component of
the Mn3+ spins aligns FM to the Nd3+ spins, resulting in a com-
plete magnetization reversal and the magnetic structure Mn3+,
(Ax,Fy,0), FM coupled to Nd3+, (0,Fy,0).

39–42
Note that both low-

temperature structures are described by the same magnetic space
group Pn’ma’ (62.448) and are thus difficult to distinguish by neu-
tron scattering alone.

36–39

Using bulk magnetometry, synchrotron X-ray diffraction
(SXRD), and temperature-dependent neutron powder diffraction
(ND), we show that the magnetic structure and properties of
(5A)MnO3 powders are an excellent match with the undisordered
‘parent’ NdMnO3. The magnetometry data show two magnetic
ordering transitions that correspond to the ordering of the A-site
and the B-site sublattices and are in close quantitative agree-
ment with ordering temperatures reported for NdMnO3.

37–39
At

low temperatures, magnetometry measurements also reveal the
presence of exchange-bias, as seen in NdMnO3,

39–42
and domain

pinning, as seen in other magnetic CCOs.
8

The magnetic struc-
ture of (5A)MnO3 was refined at 9K to be the same as NdMnO3,
Pn’ma’.

36–39
Together, these results demonstrate that (5A)MnO3

perovskites exhibits remarkable insensitivity of its average mag-
netic structure and properties to large A-site spin variance. We
discuss these similarities between (5A)MnO3 and NdMnO3 in
terms of the site-specific magnetic interactions, then comment on
the slight differences found in the A-site ordering temperature

Table 2 Interactomic distances and angles from room temperature ND

Ions Distances (Å) Ions Distances (Å)

Mn-O1 1.9494(5) (5A)-O1 3.151(3)

Mn-O2 1.9123(15) (5A)-O1 2.408(3)

Mn-O2 2.1731(15) (5A)-O2 2.374(3)

Mn-Mn 3.94067(13) (5A)-O2 2.587(3)

Mn-Mn 3.77515(16) (5A)-O2 2.6164(18)

Bond Angles (Deg) (5A)MnO3 NdMnO3
37

Mn-O1-Mn 151.06(10) 153.20(5)

Mn-O2-Mn 149.34(8) 151.50(14)

and the observed Mn3+ moment value and their connection to
the local disorder introduced in (5A)MnO3.

2 Experimental Methods

2.1 Powder Synthesis
(5A)MnO3 powder was made using solid-state chemistry and
bulk ceramic processing methods. Oxide precursor powders,
La2O3 (Arcos Organics 99.99%), Y2O3 (REaction from Alfa Ae-
sar 99.99%), Tb4O7 (REaction from Alfa Aesar 99.99%), Pr6O11

(REaction from Alfa Aesar 99.99%), Nd2O3 (REaction from Alfa
Aesar 99.90%), and MnO (Alfa Aesar 99.99%), were massed,
ground using an agate mortar and pestle, and pelletized. The
resulting green pellet was sintered in a furnace ramped at a rate
of 5◦C/min to 1200◦C in air, where it dwelled for 10 hours and
was then furnace cooled. The sample was reground, re-pressed,
and re-fired using the same heat treatment.

2.2 Characterization
Magnetometry data were collected from the powder in a Quan-
tum Design MPMS3 using a vibrating sample mount. The sample
was mixed and diluted with diamagnetic BaCO3 powder to avoid
saturating the SQUID detector, then packed tightly into a gelatin
capsule. Magnetization was measured as a function of tempera-
ture (MvT) from 2K to 300K under zero-field cooled (ZFC) and
100Oe field cooled (FC) conditions. ZFC field-dependent magne-
tization (MvH) was measured at select temperatures with applied
fields of ±70kOe, as well as under applied fields of 2kOe and
30kOe.† Exchange bias was investigated at 10K by field-cooling
under ±70kOe and compared to ZFC MvH.† No diamagnetic
background data subtraction was performed despite the BaCO3

present in the sample. The diamagnetic contribution is negligible
compared to the paramagnetic and ordered magnetic response
of the diluted (5A)MnO3, as shown clearly by high temperature
measurements.†

High-resolution SXRD and ND data were collected through
the mail-in program at Argonne National Laboratory’s Advanced
Photon Source (beamline 11-BM) and through the general user
program at the POWGEN time-of-flight neutron diffraction in-
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Fig. 2 (a) Magnetization versus temperature measured under a 100Oe applied field plotted with the inverse susceptibility, 1/χ of the ZFC and FC
MvT. Arrows have been placed at the inflections of the ZFC and FC 1/χ plots to highlight the ordering temperatures of the A- and B-site sub-lattices
with the inset of the figure showing the inflection points that correspond to the A-site ordering with a vertical axis break with differing y-axis scale on
either side to allow the reader to see the inflection in both measurements. (b) Magnetization versus applied field taken around the magnetic transition
at 67 K showing the opening of a hysteresis loop with cooling. (c)Magnetic exchange bias measurements (±70kOe FC MvH) at 10 K showing the
presence of pinning and an exchange bias. The main plot (c) has had the pinning removed to highlight the small exchange bias; the inset in (c) is the
same data and scale before pinning subtraction.

strument of Oak Ridge National Laboratory’s Spallation Neu-
tron Source, respectively. Synchrotron X-rays had a calibrated
wavelength of 0.4582 Å and powders were measured in trans-
mission mode in 0.8mm diameter Kapton capillaries. The neu-
tron diffraction sample was measured in a vanadium can and
diffraction patterns were collected in transmission geometry
at 9K, 60K, 100K, and 300K using a center wavelength of
1.500 Å and a chopper frequency of 60Hz. The data were re-
fined using the Rietveld method and the Bilbao Crystallographic
Server’s k-SUBGROUPSMAG module implemented in GSAS-II to
determine the crystal and magnetic structures as a function of
temperature.

43–45
The resultant crystallographic information files

(CIFs) are represented as images produced using VESTA.
46

3 Results and Discussion

3.1 Magnetometry

Figure 2 presents a summary of the magnetometry data on
(5A)MnO3. Low-field MvT data, H = 100Oe, is shown in Fig. 2(a)
where the most apparent feature is a transition marked by the
increase in the FC magnetization upon cooling below 67K. This
transition reflects ordering of the B-site Mn3+-sublattice as ex-
pected from NdMnO3 and proven below by neutron diffraction.
The MvH data shown in Fig. 2(b) was collected at temperatures
above and below this transition and show the opening of a FM
hysteresis loop below the transition. This behavior is qualitatively
consistent with the expected canted AFM structure. In addition,
both (5A)MnO3 and NdMnO3

37
have a volumetric magnetization

of M ≈ 0.17 µB/ f .u. at the onset of A-site ordering when field
cooled under H = 2kOe.† This finding is consistent with the two
materials having nominally identical Mn-sublattices and similar
Mn spin structures prior to A-site ordering.

Upon further cooling, a second magnetic transition associated
with A-site ordering is observed as inflections in the FC and ZFC
MvT data that occur at slightly different temperatures depending

on the field, as shown in the inset of Fig. 2(a). In the ZFC data,
ordering occurs at 22K and results in an increase in magnetiza-
tion upon cooling. This is consistent with a parallel alignment of
the A-site moments and the FM component of the canted Mn3+

moments. However, under FC conditions, the transition is slightly
suppressed to 18K and magnetization decreases below the tran-
sition, suggesting an anti-parallel alignment between the A-site
moments and the Mn3+ FM-component. Studies of NdMnO3 re-
port a large range of A-site ordering temperatures. Specifically,
zero-field measurements using ND and magnetometry have re-
ported A-site ordering between 13 K and 20 K, while magnetom-
etry measurements under fields near 1 kOe range from 12 K to 37
K.

37–41,47
The wide range of A-site ordering temperatures and dif-

ferences in field-dependent behavior have been hypothesized to
arise in differences in sample synthesis and purity. Here we sim-
ply state that our A-site ordering temperatures are similar to the
previously reported values for NdMnO3, and are thus in general
agreement with other work on (5A) CCO perovskites. 21 Determin-
ing why disordered A-site ions in perovskites magnetically order
similar to undisordered analogs requires additional study.

At higher temperature, above the B-site ordering, a third mag-
netic transition is apparent at 158K in the DC susceptibility data,
1/χ, in Fig. 2(a). A linear regression fit to the high-temperature
1/χ data yields a Curie-Weiss θCW of 30K. This indicates weak
ferromagnetic interactions between the moments in the paramag-
netic state and compares well to a value of θCW of 37K reported
for NdMnO3.

37,48
In NdMnO3, a broader feature in susceptibility

was observed between 200 K and 300 K and attributed to van
Vleck paramagnetism.

37,49
However, the 158 K susceptibility fea-

ture observed here for (5A)MnO3 is too sharp to be van Vleck. Im-
portantly, our 100K ND data are well fit by a purely nuclear scat-
tering model,† which rules out long-range magnetic ordering at
158K. Instead, the transition could be either a spin-state or a spin-
glass type transition. However, the former is inconsistent with the

4 | 1–10Journal Name, [year], [vol.],
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direction of the susceptibility change across the transition and our
refinement of low-spin Mn3+ moments at low temperatures. We
believe a more likely explanation is a cluster glass transition re-
sulting from nanoscale clustering of A-site ions that create local
spin clustering and polarization below the spatial resolution of
our diffraction experiments. This hypothesized scenario is con-
sistent with the basis of spin-glass-like interactions, as well as the
onset of irreversibility at 158K in our FC-ZFC magnetization data,
Fig. 2 , and the diffuse magnetic scattering seen near the primary
magnetic Bragg peak at low temperature. However, frequency-
dependent AC susceptibility measurements collected at 1 Hz and
100 Hz are inconclusive and showed only a slight increase of the
transition temperature to 160K and no appreciable differences
from one another.† Ultimately, our data and methods do not al-
low us to definitively determine the nature of the transition at
158K and it remains an open question for future inquiry.

Field-cooled MvH measurements at 10K are shown in Fig. 2(c)
and reveal evidence of both domain pinning and bulk exchange
bias. The former creates a vertical shift in the hysteresis loop,
as shown in the inset of Fig. 2(c), while the latter creates a lat-
eral shift in the hysteresis loop.

17
In (5A)MnO3, the measured

exchange bias field is relatively small, HEB = 31Oe, and is most
easily seen after subtracting the domain pinning component. Al-
though frequently observed at magnetic thin film interfaces, ex-
change bias has been far less commonly observed in bulk pow-
ders and crystals. However, bulk exchange bias has been previ-
ously reported in NdMnO3,

40–42
as well as other materials that

exhibit "mixed phase" magnetic microstructures with coexisting
AFM and FM domains like Sr2YbRuO6

50
and La1-xPrxCrO3.

51
The

exchange bias field of NdMnO3 has been reported to be HEB ≈
100Oe at conditions very close to our measurements (T = 8K and
H =±70kOe).

42
But it was also shown that HEB in NdMnO3 varies

significantly with both temperature and applied field. Specifically,
at 8 K, the HEB of NdMnO3 can vary by 200 Oe over a 50 kOe cool-
ing field range.

42
In comparison to the magnitude of cooling field-

dependence of HEB in NdMnO3 (200 Oe), the difference between
NdMnO3 and the (5A)MnO3 HEB reported here (70 Oe) appears
relatively small. However, our average structure scattering probes
provide limited additional insight, and additional studies using
local magnetic probes (e.g., magnetic force microscopy, magnetic
total scattering) are needed to better understand any differences
in bulk exchange bias between these two materials.

3.2 X-Ray Diffraction

The room temperature SXRD pattern was fit to an orthorhom-
bic perovskite Pnma structure using Rietveld refinement and the
NdMnO3 (ICSD 95490)

33
structure as the starting point. The A-

site stoichiometry was fixed to have equimolar fractions of the
constituent (5A) ions, due to low X-ray scattering factor con-
trast between them, and the position of the A-site ions was con-
strained to vary together such that all A-site ions shared the
same coordinates. A small secondary phase, ≃1% weight frac-
tion, was indexed to a P63cm structure. The impurity features
were fit using the YMnO3 structure (ICSD 12661),

52
as YMnO3

is the only AMnO3 that can adopt the P63cm structure given

Fig. 3 SXRD pattern collected at Argonne National Laboratory’s 11-
BM beamline with a wavelength of 0.4582 Å. The orange circles show
the collected data with the black line denoting the calculated diffraction
pattern fit using the GSAS-II program, a wR of 13.94% was obtained
with a main phase RF2 of 5.27%. The gray triangle denotes the impurity
peak. The light gray line shows the difference curve, (Data−Fit) shifted
down for visibility.

the available A-site cations in this (5A)MnO3. The fit to the
SXRD data shows good agreement between the calculated and
observed diffraction patterns, with a weighted residual (wR) of
13.94%. The majority of the error is related to nonstandard peak
shapes, which have been seen before in CCOs and are attributed
to nanoscale segregation and inhomogeneity,

53
asymmetric lattice

parameter distributions,
54

and asymmetric peak broadening from
axial-divergence.

44,55
The data were best fit with a slight preferred

orientation along the <0 k 0> direction.

3.3 Neutron Diffraction
3.3.1 Crystal Structure

The Pnma structure refined from the SXRD data was used as a
starting point for Rietveld refinement of the 300K neutron diffrac-
tion data shown in Fig. 4. Excellent agreement is found between
the (5A)MnO3 crystal structures refined from SXRD and ND,
and both are similar to the parent compound NdMnO3

33,36,37,39
as

shown in Table 3. In particular, the unit cell volume of (5A)MnO3

is remarkably similar to NdMnO3, the relative difference be-
ing only 0.08%. Intriguingly, both SXRD and ND agree that
(5A)MnO3 has larger relative differences in its a and b lattice
parameters than NdMnO3. Relative to NdMnO3, in (5A)MnO3

the a-axis is expanded by 0.9%, while the b-axis is contracted by
0.4%. The remaining a-axis expansion in (5A)MnO3 is countered
by slight contraction along the c-axis. The change in the lattice
parameters is coupled with a reduction in the Mn−O−Mn bond
angles of ≈ 2.1◦ or a reduction of 1.4%, interatomic distances and
bond angles are shown in Fig. 2. The slight reduction in Mn−O−
Mn bond angle in (5A)MnO3 is consistent with having a slightly
smaller average A-site ionic radii than Nd3+.

The neutron diffraction pattern also showed asymmetric peak

Journal Name, [year], [vol.], 1–10 | 5

Page 5 of 11 Journal of Materials Chemistry C



Table 3 Structural parameters from Rietveld refinements of room temperature diffraction

a (Å) b (Å) c (Å) Volume (Å3) Temperature (K)

(5A)MnO3 SXRD 5.74388(9) 7.55468(7) 5.39151(6) 233.9548(26) 295K

(5A)MnO3 ND 5.74825(31) 7.5503(3) 5.39196(17) 234.015(11) 300K

NdMnO3
39

5.6967 7.5873 5.4097 233.821 300K

Fig. 4 Room temperature neutron powder diffraction data. The orange
circles denote the observed neutron diffraction intensities, the black line
is the calculated fit from GSAS-II with a wR of 6.40% and a main phase
RF2 of 6.48%. The gray triangles denote YMnO3 impurity peaks. The
light gray line is the difference, (Data−Fit) shifted down for visibility.

broadening and, to a lesser extent, the same preferred orientation
seen in the SXRD data, <0 k 0>. Neutron diffraction has better
scattering factor contrast between the (5A) ions and better sen-
sitivity to O. Therefore, the occupancies of the A-site and O-sites
were allowed to independently refine initially, for which fits con-
verged to full occupancy on both sites.† The neutron diffraction
patterns show the same P63cm impurity with a slightly higher
(2.2%) phase fraction. The 300K ND structural model was then
applied sequentially to the lower-temperature ND data, allowing
only the hydrostatic elastic strain to refine to account for thermal
contraction. As expected, the 60K and 9K datasets required the
addition of a magnetic phase.

3.3.2 Magnetic Structure

The 9K neutron diffraction data is shown in Fig. 5 and was
used as the starting point for refining the magnetic structure.
The k-SUBGROUPSMAG package from Bilbao Crystallographic
Server’s

45
was used to find the highest symmetry magnetic sub-

group with magnetic ions on both the perovskite A-site, 4c, and
B-site, 4b. A propagation vector of k = 0⃗ was chosen because
the main AFM peak (Q = 0.83 Å−1) indexes to the Pnma (010)
peak. The Pnma (010) nuclear peak is not allowed by this symme-
try’s selection rules. Combined with the absence of h + l = 2n + 1
reflections, these facts suggest that the possible representations

must have A-type AFM ordering
37,56

taken in conjunction with the
refined Mn-O-Mn bond angles (Table 2) that point towards AFM
super-exchange interactions the (5A)MnO3 magnetic phase must
have at least the Mn-sublattice ordering with AFM character. The
combination of two magnetic sublattices with at least one having
AFM order reduces the number of possible k = 0⃗ structures from
eight magnetic subgroups to four (Pnma, Pn’ma’, Pnm’a’, Pn’m’a).

All four possible magnetic space groups were fit to the 9K
neutron data, and a comparison is shown in the ESI.† As with
NdMnO3, Pn’ma’ was found to fit our (5A)MnO3 data best as it
allows for A-type AFM ordering on the x/z direction of the B-site
while allowing for the A- and the B-sites to exhibit ferromagnetic
ordering in the y direction. Notably, this best captures the mag-
netic intensity of the three main peaks shown in Fig. 6, which
from low to high Q are the (010), (101), and (111) reflections.

The (010) reflection is purely magnetic in nature and corre-
sponds to the AFM moment alignment between MnO2-planes
along the long orthorhombic unit cell direction, b. As shown in
the log plot inset of Fig. 6, the (010) reflection emerges in our
60K ND data, consistent with the first magnetic ordering temper-
ature seen upon cooling in our magnetometry data (cf. Fig. 2). In
the 9K ND data, the (010) peak has grown significantly and has
an intriguing high-Q “tail" centered at 0.85 Å−1. Several possible
explanations for the (010) high-Q tail were considered, includ-
ing the YMnO3 impurity, a small fraction of (5A)MnO3 with a
distorted structure, and short-range magnetic order.

YMnO3 is magnetically ordered at 9 K but has a complicated
and debated magnetic structure,

57–60
with some fitting it to an

incommensurate helical structure
59

and others fitting it to a com-
mensurate triangular antiferromagnetic structure, P63’cm’.

57,60

These same studies also report a range of temperatures, from 42K
to 70K, for the first ordering upon cooling from the paramagnetic
state. Several possible magnetic structures were indexed against
the high-Q tail’s position, but only the P63’cm’ structure had a
peak match. Refining the P63’cm’ structure with the phase frac-
tion of YMnO3 fixed to the value determined at 300K (2.2%) un-
derfit the weight of the high-Q tail and was limited by the nuclear
peak intensity.†

The possibility that (010) high-Q tail originates from a small
volume fraction of (5A)MnO3 with smaller b-axis was also con-
sidered. This would show up in related nuclear reflections in the
(0K0) family. To test this hypothesis, the (020) and (040) peaks
at 9K, were examined for corresponding high-Q features.† The
(020) peak lacks any visible tail and fits best to a single Gaussian.
On the other hand, the (040) reflection has a very small satel-
lite peak near the expected tail position. However, further analy-
sis was inconclusive because peak fitting accuracy was limited by

6 | 1–10Journal Name, [year], [vol.],
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Fig. 5 (a) The 9K magnetic and crystallographic refinement is shown with the difference curve, (Data−Fit) shifted down for visibility, in light gray.
We obtained a good fit to the observed reflections with a wR of 7.21% for the whole fit and the crystallographic main phase obtaining a RF2 of 6.37%,
an RF2 of 13.1% is obtained for the magnetic cif. The three main magnetic peaks are shown with *. (b) the magnetic CIF at 9K is shown with
the B-site Mn ions being purple and the A-site (5A) ions, showing the 60% occupancy with only Pr3+, Nd3+, and Tb3+ taking part in the magnetic
structure. (c) View down the b-axis of the magnetic CIF.

Fig. 6 The low-Q region of the neutron diffraction patterns for each
temperature collected (300K,100K,60K, and9K). The main magnetic
peaks (010), (101), and (111), listed from low Q to high, are marked
with *. The evolution of the magnetic peak at the (010) reflection is
shown in the log of intensity inset and indicates the degree of B-site
AFM ordering. The increase in intensity of the structural peaks, the
second and third peaks marked with an *, comes from the ferromagnetic
component of the B-site and from the A-site order. The full range and
Rietveld fit of each diffraction pattern is shown in the ESI.†

the presence of other structural reflections from (5A)MnO3 and
YMnO3 that overlap significantly with the (5A)MnO3 (040).† In
addition, a Rietveld refinement was attempted with two unique
(5A) Pnma crystal structures and two unique corresponding mag-
netic structures, but the large number of parameters, their corre-
lations, and the peak overlap of the two phases in Q-space led to
large uncertainties.

Because neither of the models above were able to fit the high-
Q tail intensity well, the most accurate refinement of the Pn’ma’

magnetic structure of (5A)MnO3 was one that does not capture
the high-Q intensity, which can be seen in the difference curve in
Fig. 5. A set of six refinements was run varying the initial mag-
netic moment size and direction on both the A-site and B-sites.†

The refined magnetic moments from each initialization were in
good agreement with one another. In particular, the B-site x/z
moment values were almost identical, but the refinement has less
sensitivity to the y component. This is because the largest mag-
netic peak is the (010), where Q is parallel to b-axis. Neutron
magnetic scattering rules result in a maximum magnetic inten-
sity when Q is perpendicular to the moments and approaches zero
intensity when Q is parallel to the moment.

61,62
The (010) mag-

netic reflection is large due in part to the moments lying roughly
in the ac-plane, perpendicular to Q. Despite the lower sensitivity
of the refinement to the Mn3+ moment’s y component, we note
that the best solution aligns the Mn3+ canting and (5A) ions FM.
Since ND data were collected in zero-field, this result agrees with
our magnetometry data and the reported behavior of NdMnO3 in
zero and low applied fields.

37–39

Averaging the results of all six refinements gives an A-site
moment of 0.79 µB and a B-site moment of 2.08 µB. These
are both slightly lower than reported for the NdMnO3 at this
temperature.

36–38
Specifically, Chatterji

38
and Kumar

39
report near

identical A-site moments of 0.83 µB and B-site moments of 3.3 µB

and 2.4 µB, respectively. Relative to the literature averages, our
A-site and B-site moments are reduced by 4% and 27%, respec-
tively. However, if we assume the peak weight of the (010) high-Q
tail is missing magnetic intensity associated with the Mn3+ mo-
ments, then scale the refined moment by the ratio of the total
(010) weight including the high-Q tail to just the main (010)
peak weight (≈1.4), the Mn3+ moment scales to 2.9 µB, which
is in excellent agreement with the average value reported for
NdMnO3. This scaling analysis therefore supports the hypothe-
sis that the (010) high-Q tail is associated with (5A)MnO3 and
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not the YMnO3 impurity.

The magnetic and crystal structures of (5A)MnO3 refined at 9K
were used as initial values to refine the magnetic structure at 60K.
However, the magnetic contribution to scattering is very small at
60K as can be seen in (010) peak shown in the inset of Fig. 6.
Consequently, the magnetic structure’s phase-specific fit metric,
mRF2, was very poor and no additional conclusions can be drawn
from those fits.

3.4 Discussion

At a high level, these results show large similarities between the
magnetic structure and properties of (5A)MnO3 and NdMnO3.
Both exhibit AFM B-site ordering near 70 K followed by FM A-site
ordering near 20 K. In addition, below A-site ordering, both com-
pounds exhibit the same magnetic space group, average A-site
moments, and B-site moment directions. However, there are a
few apparent differences in the magnetism of the two compounds,
namely, the B-site ordering temperature, the B-site moment mag-
nitude, and the high-temperature susceptibility transition. Each
of these is discussed below followed by suggestions for future
studies focusing on A-site ordering in (5A)MnO3 and nanoscale
clustering in magnetic CCOs.

The temperature-dependent magnetometry in Fig. 2(a) shows
the Mn3+ ordering temperature of 67K in (5A)MnO3 is slightly
suppressed from 73K in NdMnO3.

39
This suppression is very

likely to be a structural effect resulting from the small differ-
ence of ≈ 2.1◦ between the Mn−O−Mn bond angles of the
two compounds as shown in Table 2. Indeed, mapping the
(5A)MnO3 Mn−O−Mn angles onto an empirical relationship
from Dabrowski et al

20
of the TN and Mn−O−Mn bond angle in

AMnO3 predicts a TN of ≈ 66.8K in excellent agreement with our
reported value of 67 K. More broadly, this result agrees with other
recent work on magnetic CCO perovskites where the primary or
most obvious effect of A-site alloying was found to be structurally-
induced shifts of the B-site ordering temperature.

15,20,21,25,63,64

Considering the magnitude of the B-site moments, recall that
from refinement of the 9K ND data the Mn3+ moments in
(5A)MnO3 were found to be roughly 30% smaller than reported
for NdMnO3 at the same temperature. However, this discrepancy
can be resolved by scaling the Mn moment to include the weight
of the (010) high-Q tail. Specifically, a peak fit to the high-Q tail
shows it to be ≈ 40% the peak weight of the main peak. This sug-
gests that the high-Q tail originates from the (5A)MnO3 rather
than the YMnO3 impurity. Furthermore, the analysis of the (020)
peak shape showed no evidence of a tail or extra intensity cor-
responding to a second Pnma crystal phase. Though there was
weak intensity at the (040) reflection, and therefore this analysis
cannot rule out the possibility of a small secondary Pnma phase.

We believe short-range magnetic order is a more likely explana-
tion of the (010) high-Q tail. Its location adjacent to the (010) im-
plies this short-range order would correspond to distortion of the
FM MnO2 planes stacked AFM along the crystallographic b-axis.
Such short-range magnetic order could be related to nanoscale
chemical segregation and inhomogeneities, which have been re-
ported in many CCOs and give rise to diffraction peaks that are

broad, weak, and irregularly-shaped,
54,65,66

consistent with ob-
servations here. As noted above, nanoscale chemical segrega-
tion and spin clustering could also potentially explain the tran-
sition observed in magnetic susceptibility near 158 K as a clus-
ter glass transition. Notably, evidence for cluster glass behavior
was recently reported in a set of charge-doped CCO manganite
with transition temperatures ranging from 60 K to 130 K.

30
Fu-

ture work testing this cluster glass hypothesis would benefit from
higher frequency magnetic susceptibility data, dielectric constant
measurements, and computational modelling.

Our results add to the conversation on magnetic CCOs in sev-
eral ways. First, our neutron diffraction data and refined mag-
netic structures show, as others have seen, that a key effect of
A-site disorder is modification of the B-site ordering temperature.
Importantly, this is true even in the case here of small size disor-
der and large spin disorder. This raises the questions of whether
there are cases where a perovskite CCO’s B-site magnetism varies
strongly with A-site spin disorder, and how that depends on the
choice of B-site transition metal or which ion the (5A) alloying
elements mimic.

Second, we present multiple pieces of evidence that suggest the
local magnetic picture is critical to fully understanding the effect
of intention and unintentional A-site disorder in AMnO3. This in-
cludes low-temperature exchange bias, diffuse magnetic scatter-
ing near the main magnetic Bragg peak, and the intriguing possi-
bility of a cluster glass above B-site ordering. As such, this work
highlights the limitations of average structure probes and encour-
ages the use of local structure probes, like X-ray and neutron total
scattering and pair distribution function (PDF) analysis,

54,66–68
ex-

tended X-ray absorption fine structure (EXAFS),
69

and transmis-
sion electron microscopy (TEM)

70
to shed further light on how

nanoscale inhomogeneity impacts magnetism in (5A)MnO3 and
functional properties in other CCOs.

Finally, this work highlights a way of isolating and studying spe-
cific types of disorder introduced by complex alloying in CCOs.
To our knowledge, this approach has only been used here and
in a recent publication on CCO variants of the high-temperature
superconductor YBa2Cu3O7 by some of the same authors.

71
How-

ever, we believe this to be a generic strategy for isolating spin and
size disorder in CCOs that can be applied to any oxide system
provided the following three criteria are achieved: the right com-
bination of substitute ions exist to mimic the desired parent ion, a
synthesis pathway can be found to achieve a single-phase product
with the alloying elements confined to the desired site distributed
as homogeneously as possible, and a suitable control compound
lacking the disorder exists or can be made.

4 Conclusions
In summary, the magnetic structure and properties of the com-
positionally complex perovskite (Y0.2La0.2Pr0.2Nd0.2Tb0.2)MnO3

are reported. The set of five A-site cations chosen here minimize
local and long-range structural distortions while introducing large
local spin disorder compared to NdMnO3. Our results show lit-
tle effect from the local spin disorder on the system’s magnetic
ground state or ordering temperatures. Like NdMnO3, the B-site
Mn-sublattice in (5A)MnO3 first orders near 70K into a canted
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Axz AFM structure with a slight suppression arising from smaller
Mn-O-Mn bond angle and orbital overlap. Below about 20K, de-
pending on the applied field, the A-site orders and aligns FM or
AFM to the net moment of the canted Mn ions. Our magnetom-
etry data show (5A)MnO3 exhibits this same field-dependent na-
ture of its A-site ordering, and our ND refinements show the FM
alignment of Mn3+ and Nd3+ moments expected from low and
zero-field measurements on NdMnO3. Open questions remain re-
garding the extent of nanoscale A-site ion clustering and its con-
nection to the details and field-dependence of A-site ordering as
well as the transition in magnetic susceptibility observed above
the B-site ordering temperature. As such, this work motivates the
additional study of magnetic CCOs using local structure probes
and related compositions to better understand the universality of
the behavior observed here in (5A)MnO3.
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