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We have studied the magnetism of the half-doped charge ordered manganite YBaMn2O6. A formation

of ferromagnetic plaquettes of four Mn atoms in the charge ordered phase below TCO � 480 K is inferred

from high temperature magnetic susceptibility data and the magnetic structure, as determined by neutron

powder diffraction at T ¼ 1:5 K. The results indicate that new fourfold Mn paramagnetic units form

between TN < T < TCO, and that they order in a noncollinear mode below TN ¼ 190 K. The magnetism

of YBaMn2O6 is consistent with what is expected from the Zener polarons ordering picture of the charge

ordering phenomenon in manganites [A. Daoud-Aladine et al., Phys. Rev. Lett. 89, 097205 (2002)].
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Charge ordering (CO) is a fundamental phenomenon in
transition metal oxides which occurs in two famous mate-
rials: the Mn3þ=Mn4þ mixed-valent R1=2Ca1=2MnO3 half-

doped manganites (R denotes rare-earth-metal element, Y
or La) and magnetite Fe3O4. Microscopically, CO was
originally described as a ionic ordering process, which is
nowadays severely called into question [1]. In the man-
ganite, Mn3þ=Mn4þ CO actually reflects the orbital order-
ing (OO) onMn3þ ions driven cooperative Jahn-Teller (JT)
distortions on Mnþ3O6. This concomitant CO=OO ex-
plained several aspects of the half-doped manganites’
structural and magnetic properties, especially the fact
that CO is not a simple Mn3þ=Mn4þ rock-salt-type order
trivially driven by Coulomb repulsion, and how the
CO=OO phenomena is connected to the so-called
C-E-type magnetic order (stacking of C- and E-type struc-
tures) [2] by the superexchange (SE) theory [3]. Since the
seminal work of [2,3], R1=2Ca1=2MnO3 manganites are said

to have a C-E-type ground state which describes not only
the ordering of the Mn spins but also the presumably
consistent ordering of the Mn3þ and Mn4þ charges, the
Mnþ3 orbitals, and associated JT distortions. In the past
decade, the validity of the C-Emodel and the real presence
of CO, as deducible by high-resolution powder diffraction
[4,5], was severely disputed by several other experimental
techniques [6–8], which all conclude for a much smaller
Mn3:5þ�=Mn3:5�� disproportionate setting � < 0:04 as an
upper limit recently quantified as [9].

Ionic CO is disputed in R1=2Ca1=2MnO3, but it has been

recently reported in less known charge ordered mangan-
ites: the novel A-site ordered RBaMn2O6-type charge or-
dered materials [10]. These compounds are also half-doped
manganites with the same formal 1:1 Mn3þ=Mn4þ ratio as
prototype R1=2Ca1=2MnO3 materials, the only difference

being that the A ¼ R (rare-earth metal) and A0 ¼ Ba cat-
ions are ordered on the A site of the ABO3 perovskite
structure, which doubles the chemical formulas as
AA0Mn2O6. A-site ordering essentially induces exception-

ally high CO transition temperatures (TCO), but the trans-
port and magnetic macroscopic properties are overall very
analogous to that of prototype R1=2Ca1=2MnO3, indicating

that the A-site cations do not fundamentally change the CO
phenomena taking place on the Mn pseudocubic sublattice.
The first models picturing the ground state of these

compounds [11,12] were drawn in analogy to the
C-E-type model of R1=2Ca1=2MnO3 manganites [2,3] but

are phenomenologically different. The original C-E-type
ground state applies to all the R1=2Ca1=2MnO3 compounds,

but different models were proposed for different materials,
as shown in Fig. 1(a) for YBaMn2O6 [13] and Fig. 1(b) for
TbBaMn2O6 [14]. It was emphasized that all these models
have in common the recovery of a rock-salt-type
Mn3þ=Mn4þ charge order absent in R1=2Ca1=2MnO3.

TbBaMn2O6 would even manifest charge and orbital re-
arrangements as function of temperature never observed in
R1=2Ca1=2MnO3 compounds [14]. In fact, the powder dif-

fraction results of Ref. [14] contradict the transmission
electron microscopy (TEM) experiments of Ref. [11]. In
Ref. [14], the rock-salt order is said to be preserved up to
473 K, but TEM [11] evidences the appearance of super-
lattice reflections interpreted as a disruption of the rock-
salt order just above TN ¼ 200 K [11]. The TEM super-
lattice reflections are invisible in powder diffraction, which
reports another high temperature orbital reordering transi-
tion at Ts ¼ 96 �C between the presupposed antiferro-
orbital ground state [Fig. 1(b)] and a ferro-orbital order
[Fig. 1(a)].
Contradictions in interpretation are not surprising con-

sidering that the exact structure of R1=2Ca1=2MnO3-type

compounds remains unsolved to date. The majority of
works still prefer the original structural symmetry of the
C-E model with a Mn site-centered charge distribution [5–
7], and only a few recent results [15,16] back up the
alternative Zener polaron (ZP) ordering model [8] related
to a Mn-Mn bond-centered charge distribution [17]. In
such controversial context, the previous structural results
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obtained by powder diffraction on RBaMn2O6-type mate-
rials are not guaranteeing the validity or uniqueness of the
proposed ionic CO=OO models in RBaMn2O6 [11,12,14].
They only indicate that a very different OO phenomenon is
induced by the A-site ordering. Any type of MnO6 distor-
tions (JT or other type) responsible for CO are a fortiori
more difficult to infer from powder diffraction on
RBaMn22O6 because these compounds already show a
strong off-centering of the Mn atoms [18].

Supporting our doubts, the SE theory [3] does not apply
very well to RBaMn2O6. According to the rules for
Mn3þ=Mn4þ SE, the ferro-orbital order of YBaMn2O6

[Fig. 1(a)], as deduced from neutron powder diffraction
(NPD) [13], must associate to a C-type magnetic arrange-
ment. However, no low temperature NPD data are shown,
which could confirm this simple prediction. In fact, our
NPD experiments show that the magnetic scattering is
essentially the same in YBaMn2O6 and TbBaMn2O6 [11]
(above the Tb ordering temperature), which steadily im-
plies no fundamental reason to distinguish the ground state
of YBaMn2O6 from that of TbBaMn2O6. Finally, the
TbBaMn2O6 model [Fig. 1(b)] shows dubious signs of
magnetic frustration. Unlike the original C-E model of
R1=2Ca1=2MnO3, the CO=OO pattern shows now frustrated

bonds incompatible with the presupposed collinearity of
the C-E-like structure. Such frustration is doubly surpris-
ing, since RBaMn2O6 shows resolution limited magnetic
Bragg peaks in NPD and, therefore, a much better estab-
lished magnetic order than prototype La1=2Ca1=2MnO3 [4].

In this Letter, we show that theC-E-like magnetic model
of RBaMn2O6 [Ref. [11] and Fig. 1(b) herein] is not
correct. We present results on YBaMn2O6, in which no
complications arise from the ordering of a magnetic A-site
cation, as observed in TbBaMn2O6. The results of our fit of
the NPD data collected at T ¼ 1:5 K on the instrument

DMC instrument of PSI (� ¼ 2:47 �A) are shown in Table I
and Fig. 2 [19]. We used the program FULLPROF and its new
options permitting the determination of magnetic struc-
tures by simulated annealing [20,21]. The procedure al-
lowed us to obtain another solution as a potentially good

starting model, in addition to the previously proposed
C-E-like model [11]. The stability and reliability of con-
strained versions of these models were compared by using
Rietveld refinements summarized in Table I and Fig. 2
[19]. They demonstrate that the C-E-like structure [11]
[Fig. 1(b)] is a false minimum, and the new model
[Fig. 1(c)] shows much better agreement.
There is noMn3þ=Mn4þ CO=OO configuration that can

explain the obtained magnetic structure with SE interac-
tions. However, in analogy to the ‘‘ZP ordering’’ [8], we
could rather reconsider the location of the extra Mn3þeg
charge beyond the atomic level as follows. In Ref. [8]
ZPs were proposed to be ferromagnetic Mn pairs, each of
which are trapping and sharing one eg charge. The Mn

pairs are ferromagnetic because the trapped charge par-
ticipates to the double exchange (DE) mechanisms [8].
The unexpected presence of ferromagnetic plaquettes can
be taken here as a signature for an ordering of ZPs of
four Mn (4Mn ZP) in which each ZP traps 2eg charges

delocalized over Mn square plaquettes in YBaMn2O6

[Fig. 1(c)].
Here, we invoke ZP ordering as a new phenomenology

more than a proper theory of CO, and, as in Ref. [8], our
argument mostly refers to mechanisms for ‘‘ZP formation’’
advanced in the context of the physics of colossal magneto-
resistive (CMR) manganites [22,23] and apparently inde-
pendent from the CO problem. In Refs. [22,23], Zhou and
Goodenough have experimentally confirmed the existence
of a ZP formation in CMR materials through a set of
indirect macroscopic and thermodynamic measurements
[23]. In parallel, the existence of two such manganese
ZPs (2Mn ZP) in charge ordered R1=2Ca1=2MnO3 was
deferred from the structural distortions of
Pr0:60Ca0:40MnO3 [8]. The repeated motifs are pairs of
MnO6, within which the elongations, the opening of the
Mn-O-Mn angle, and the off-centering of the Mn atoms are
all consistent with a strengthening of the ferromagnetic DE
interaction within 2Mn Zener pairs [8,16].
Reference [8] establishes a heuristic connection be-

tween the CO and CMR physics, which promotes the

FIG. 1 (color online). Possible ground states of RBaMn2O6. Thick blue lines highlight the ferromagnetic spin arrangements.
(a) Rock-salt Mn3þ=Mn4þ charge order with a ferro-orbital order on the Mn3þ ions, and an expected C-type magnetic structure.
(b) Antiferro-orbital rock-salt Mn3þ=Mn4þ charge order, which has for characteristic, C-E-like ferromagnetic zizags of Mn4þ and
orbitally ordered Mn3þ ions similar to prototype R1=2D1=2MnO3. Bonds labeled by question marks are not expected to be

ferromagnetic and, hence, they are frustrated. (c) Magnetic structure model of YBaMn2O6 corresponding to the relaxed ZP ordering
model of Table I.
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existence of local forms of DE. In the past, several
‘‘model-band’’ theories of the C-E state claimed that
they could counterintuitively predict the magnetic struc-
ture of R1=2Ca1=2MnO3 without CO (see for instance

Ref. [24], and Ref. [25] for a review). The ZP ordering
phenomenology similarly stresses the importance of the
DE mechanism in the CO physics, but it also stresses the

considered localization mechanisms of the charges partic-
ipating in the DE process that could be more complicated
than simple JT distortions. The 2Mn ZP ordered structure
[8] suggests a localization essentially achieved by local
modulations of the Mn-O-Mn angle, which are generally
ignored by most band theories. The effect of such distor-
tion in charge order materials becomes apparent in ab initio
calculations [1,26].
Returning now to the phenomenological description of

the magnetic properties of YBaMn2O6, we confirm the
4Mn ZP order scenario by comparing its paramagnetic
susceptibility with that of Y1=2Ca1=2MnO3 [8]. Figure 3

shows our measurement of YBaMn2O6 with a SQUID
(Quantum Design) magnetometer. It looks qualitatively
very similar to that of Y1=2Ca1=2MnO3 (Fig. 3 of

Ref. [8]). Both 1=�ðTÞ curves show two distinct asymp-
totic Curie-Weiss behaviors in the two different charge
ordered and charge disordered paramagnetic states, asso-
ciated with two different effective moments. The CO tran-
sition actually occurs in two steps in YBaMn2O6

(TC1 ¼ 480 K and TC2 ¼ 520 K). YBaMn2O6 shows the
strongest change of effective moments amongst all the few
charge ordered manganates [8,27,28]. For spin only con-
tributions, �2 ¼ 4SðSþ 1Þ, where S ¼ n� 1

2 counts the

number n of unpaired electrons in each paramagnetic
entity considered. Above TC2 � 520 K and as shown in
Fig. 3, the experimental value corresponds well to a mix-
ture of high spin Mn3þðS ¼ 2Þ and Mn4þðS ¼ 3=2Þ ions
(�th

eff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1=2�2
Mn3þ þ 1=2�2

Mn4þ

q

¼ 4:41�b). Possible ar-

rangements of ZPs have �eff ¼
ffiffiffiffiffiffiffiffiffiffiffi

c�2
ZP

q

, taking c ¼ 1=2

and 1=4 for 2Mn ZP (S ¼ 7=2) and 4Mn ZP (S ¼ 7)
orders, respectively. Below TC1, the experimental value
increases to a value in remarkable quantitative agreement
with a 4Mn ZP order (�th

eff ¼ 7:48�b).

In summary, instead of ionic CO, we advance ZP order-
ing as a consistent phenomenology supported by a handful
of puzzling experimental results comprising now the struc-
ture of Pr0:60Ca0:40MnO3 [8], the magnetic structure of
YBaMn2O6 [Fig. 1(c)], and few susceptibility results

FIG. 2 (color online). Portions of the Rietveld refinements of the NPD pattern of YBaMn2O6 at T ¼ 1:5 K. Nuclear and magnetic
Bragg peaks are expected at positions given by the upper and lower ticks, respectively. The curves fitting the data points (circles) and
the difference curves between the data and the model are shown for different models. The better agreement of the ZP model is mainly
reflected by a better intensity agreement of few clusters of magnetic reflections at 16�, 21�, 32�, 51–54�, and 60�. The relaxation of the
constraints essentially improves the fit of the peaks at 31� and 60�.

TABLE I. Refinement of the magnetic structure of
YBaMn2O6. The positions the Mn atoms in the unit cell
(

ffiffiffi

2
p

ap, 2
ffiffiffi

2
p

ap, 2ap) are Mn1 (0.261 40, 0.121 78, 0.256 41),

Mn2 (0.269 19, 0.127 46, 0.739 27), Mn3 (0.236 67, 0.624 86,
0.254 90), Mn4 (0.234 98, 0.628 06, 0.739 85). Mni0 is related to
Mni by inversion. Magnetic moments in any cell indexed by Rn

are mni ¼ Sið�1Þk�Rn , where k ¼ ð1=2; 0; 1=2Þ is the propaga-
tion vector of the magnetic structure. The Mn atom’s positions
and the spherical coordinate system defining � and � are shown
Fig. 1. The unconstrained model (third column) converges,
keeping spin directions close to the constrained model. The
better fit indicates that ferromagnetic plaquettes of the con-
strained model are in reality slightly canted.

C-E-like model

(not converging)

Constrained

4Mn ZP order

Unconstrained

4Mn ZP order

Constraints

Si0 ¼ �Si Si0 ¼ Si Si0 ¼ Si

S1 ¼ S3 ¼ m S1 ¼ S2 ¼ S1 ¼ S2 ¼
S2 ¼ S4 ¼ m0 S3 ¼ S4 ¼ m S3 ¼ S4 ¼ m

�1 ¼ �2 ¼ �3 ¼ � �1 ¼ �2 ¼ � All �i

�4 ¼ �þ 180 �3 ¼ �4 ¼ �0 And �i
All �i ¼ 90 All �i ¼ 90; Free

Refinement results

m ¼ 3:22ð3Þ m ¼ 3:05ð2Þ m ¼ 3:06ð3Þ
m0 ¼ 2:84ð3Þ � ¼ 225ð1Þ �1 ¼ 211ð5Þ �1 ¼ 88ð7Þ
� ¼ 5ð5Þ �0 ¼ 143ð2Þ �2 ¼ 239ð5Þ �2 ¼ 105ð5Þ

�3 ¼ 145ð6Þ �3 ¼ 87ð6Þ
�4 ¼ 147ð5Þ �4 ¼ 84ð6Þ

Agreement factors ð�2; RBraggÞ
�2 ¼ 102 �2 ¼ 77:0 �2 ¼ 71:8

Rnuclear ¼ 2:21% Rnuclear ¼ 2:19% Rnuclear ¼ 2:21%
Rmagnetic ¼ 8:89% Rmagnetic ¼ 7:13% Rmagnetic ¼ 5:50%

PRL 101, 166404 (2008) P HY S I CA L R EV I EW LE T T E R S
week ending

17 OCTOBER 2008

166404-3



[8,27,28]. Previous works on RBaMn2O6 materials have
insisted on the recovery of a rock-salt-like ionic CO [12–
14], but no clear microscopic picture has been advanced
explaining why this is true.

With the ZP ordering interpretation, we describe a far
more dramatic influence of the A-site ordering on the CO
phenomenon. First, we are implicitly revealing how differ-
ent cooperative polaronic distortions are adapting to the
specificities of the host crystal structures, since they form
4Mn ZPs in YBaMn2O6 instead of 2Mn ZPs. The 4Mn ZP
order of Fig. 1(c) interestingly reflects a quasi-2D charge
order in YBaMn2O6, because the eg electrons trapped in

the 4Mn ZPs preferably surround the small R cation.
RBaMn2O6-type materials are in this sense similar to
layered manganites, in which the reduced dimensionality
of the crystal structure also gives high CO transition tem-
peratures. R1=2Ca1=2MnO3 accommodate the CO process

of 2Mn ZPs which appears more 3D. In A-site disordered
R1=2Ba1=2MnO3, the CO and antiferromagnetic (AFM)
properties are replaced by low temperature glassy mag-
netic properties [10], which probably reflects the impossi-
bility for large ZPs to form and/or order properly. The
comparison of the A-site ordered and A-site disordered
half-doped manganites therefore shows that the ZP order-
ing interpretation(s) gives more consistent pictures for the
CO process than ionic CO, which accounts better for the
different crystal chemistry of different materials.
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diffraction experiments were performed at the SINQ, Paul
Scherrer Institute, Villigen, Switzerland, and at the LLB,
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FIG. 3 (color online). Inverse of magnetic susceptibility versus
temperature in YBaMn2O6, collected under an applied magnetic
field of 1000 Oe. The thick red lines show the two paramagnetic
(PM) temperature ranges in which data follow an asymptotic
Curie-Weiss behavior.
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