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The orbital shapes and charge disproportionations at nominal Mn** and Mn** sites for the charge- and
orbital-ordered phases have been studied on half-doped manganites Pr(Sr, ;Cag9),Mn,0; and Eug sCa; sMnOy,
with double-layer and single-layer Mn-O networks, respectively, by means of x-ray structural analyses, in
comparison with Prj sCay sMnO5 with the pseudocubic network. In a single-layer EuysCa; sMnO, system, the
(y?=z2)/(z>=x?)-type orbital shape is observed, while the (3y>—7?)/(3x%>-r?)-type orbital shape in a pseudocu-
bic Prys5CapsMnO; system. In a double-layer Pr(Sry;Cagq),Mn,0; system, the orbital shape is found to
undergo a large change upon thermally induced rotation of orbital stripe. Furthermore, clear charge dispropor-
tionation is observed for the pseudocubic and double-layer systems, while it is not observed in the single-layer
system. These results indicate that the orbital shape and charge disproportionation are sensitive to the dimen-

sion of Mn-O network.

DOI: 10.1103/PhysRevB.80.064402

I. INTRODUCTION

Charge and orbital order (CO-OO) in mixed-valence man-
ganites with perovskite-related structures has been attracting
great interest since the CO-OO makes a strong impact on
crystallography, magnetism, and electrical conduction.! For
example, magnetic-field-induced melting of long-range
and/or  short-range =~ CO-OO  results in  colossal
magnetoresistance.” Huge changes in electrical conduction
due to the melting of CO-OO have been reported with the
application of other external stimuli, such as an electric field,
x-ray, light, and pressure.’-® Many diffraction and theoretical
studies have reported the checkerboard-type charge order of
Mn** and Mn** ions with charge disproportionation and
stripe-type orbital order explaining a complex antiferromag-
netic spin order at low temperatures in half-doped
manganites.”'® On the other hand, another model with less
distinct charge disproportionation has also been
proposed.!’2> For example, taking into account the on-site
Coulomb interaction, Brink et al.!” have suggested that
maximum value of charge disproportionation is as little as
20%. First-principle calculation by Mahadevan et al.'® have
also shown that the charge disproportionation is almost neg-
ligible for La, sSr; sMnO, compound. Herrero-Martin et al.?!
have inferred from the resonant x-ray scattering data that the
charge disproportionation of Nd; Sty sMnO; is about 20%.
These different models have raised an important question
about the nature of CO state.

Another issue to be clarified is the orbital shape at Mn**
ion in the CO-OO phase. Radaelli et al.>® suggested by pow-
der neutron and synchrotron x-ray diffraction studies that the
(3y*>=r?)/(3x*>—=r?)-type orbital order takes place in
Laj 5Cay sMnO;. Lag sSr; sMnO, was also studied as another
CO-00 system by resonant x-ray scattering and x-ray linear
dichroism methods;'*?” the latter?’ strongly suggested the
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(y*=22)/(z2=x?)-type orbital shape at Mn>* ion. It is an un-
solved problem why the orbital shape of Laj sCay sMnO5 and
Lag 5Sr; sMnO, appear different. One obvious difference be-
tween these two materials is the dimensionality of MnOg
network. The variation in the dimensionality has already
been reported”® 3 to affect the CO-OO state significantly in
terms of correlation length but its effect on the orbital shape
should be investigated systematically. To clarify these issues,
we have made systematic investigations on the charge dis-
proportionation and orbital shape in the CO-OO phases of
half-doped manganites with various Mn-O networks (single-,
double-, and infinite-layered MnO, sheets) by means of
x-ray structure analysis. The results indicate that the charge
disproportionation is in reality much smaller than unity and
that the orbital shape critically depends on the lattice form, in
particular, on the dimensionality of Mn-O network. As far as
we know, there has been no experimental investigation on
the charge disproportionation for the layered manganites thus
far.

The investigated materials in this study are
PrO.SCaO_SMnO3, Pr(SrO_ICaO.g)zMHZO% and Ell().scallsMnoé‘
with pseudocubic, double-layer, and single-layer Mn-O net-
works, respectively. We chose these materials with good size
matching of the ionic radii at the A sites to reduce the effect
of quenched disorder (randomness) as much as possible.?!-33
Another important point in selecting the target materials is
that the well-defined orthorhombic distortion of all these ma-
terials enables us to obtain the single-domain orbital-ordered
state as locked by the orthorhombicity. The concomitant
CO-00 is observed at Tco which is higher than the CE-type
antiferromagnetic  ordering in every case.¥** In
Pry sCag sMnOj5 and Eug sCa; sMnOy, the CO-OO transitions
take place at Tco~230 and 325 K, and the CE-type anti-
ferromagnetic order with spins pointing along the b axis
is established at Ty~170 and 120 K, respectively.3*-7

©2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.80.064402

OKUYAMA et al.

v V-0, curve
\, —fitting line 1

F—2—d, of Mn®*
3.0F-0—d, of Mn™

P I SN N T
-0.10-0.05 0 0.05 0.10
o,

FIG. 1. (Color online) (a) Relevant distortion modes Q,, Q,, and
05 of a MnOy octahedron. Arrows indicate shifts in O>~ ions. (b)
V-0, curves calculated with using the bond valence sum formula.
Triangles (circles) show the relation calculated for the d, value
appropriate for an integer valence of Mn3* (Mn**). A solid line
indicates a quadratic fitting with the values of triangles and circles.
(c) Preferred orbital shapes of an e, electron with respect to the
0,-0Q5 plane [Kanamori representation (Ref. 41)].

The ferromagnetic zigzag chain is parallel to the b axis
in Pry5CaysMnO; and to a axis in EuysCa; sMnQO,, respec-
tively. In contrast, successive CO-OO transitions are
observed at Tco;~370 and Tcopr~315 K in
Pr(Sry;Cay9),Mn,04. The propagation direction of stripe-
type orbital order spontaneously rotates from along the a axis
to along the b axis at Tcy; this appears as a generic feature
of CO-OO double-layer manganites.*> CE-type antiferro-
magnetic order with spins pointing along b axis grows below
Ty~ 153 K,*® and the ferromagnetic zigzag chain is along
a axis. In both of the EuysCa;sMnO, and
Pr(Sry ;Cag),Mn,04, CO-OO produces clear anisotropy of
electronic states, typically manifested by the optical conduc-
tivity spectra, in which the oscillator strength at low energy
region is more suppressed in orbital-stripe direction than in
orbital zigzag chain direction’*38

II. EXPERIMENTS AND ANALYSES

We have performed structure analysis for single crystals
of EuysCa; sMnO, and Pr(Sr,;Cag9),Mn,0; grown by the
floating zone method. The crystals were crashed into small
grains. X-ray diffraction experiments were performed for
twin-free single crystals with a diameter of about 30 wum on
the beamline BL-1A at Photon Factory in KEK, Japan. The
photon energy of the incident x-rays was tuned at 18 keV
(A=0.688 A). X-ray beams were shaped into a square with
the size of 300 wm X300 um by a collimator, which is
enough larger than the size of samples. To detect x-rays, a
large cylindrical imaging plate was utilized. Temperature
was controlled by a nitrogen-gas-stream cryostat. The inten-
sity data were operated to the F-tables by using the program

PHYSICAL REVIEW B 80, 064402 (2009)

EuosCai.sMnO4 7=295 K

FIG. 2. Typical diffraction image of EugsCa;sMnO, in the
CO-00 phase (295 K). The arrows indicate the superlattice reflec-
tions, whose intensities are three orders of magnitude weaker than
those of the bright fundamental spots.
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FIG. 3. (Color online) The comparison between observed (F )
and calculated (F,) structure factor of (a) EugsCa; sMnO, at 295
K, (b) COI phase (330 K) of Pr(Srj;Cag4),Mn,0, and (c) CO2
phase (295 K) of Pr(SryCaj9),Mn,04, respectively.
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of RAPID-AUTO, Rigaku Corp. and MSC. The SIR2004
program’® was employed for the direct method. We used the
program of CRYSTALSTRUCTURE of Rigaku Corp. and MSC.
for analyzing the crystal structure from the F-table. Absorp-
tion effects were not corrected because the ur were enough
small in each sample. For EuysCa;sMnO, and
Pr(Sry ;Cago)oMn,0;, ur are 0.40(u=134.511 cm™!) and
0.44(u=146.027 cm™), respectively. To check this assump-
tion, we tried to correct the absorption effects. No difference
was observed for the structural data obtained with and with-
out the absorption correction.

For the analysis, we used thus determined crystal struc-
ture data for EuysCa; sMnO, and Pr(Sr, Ca¢),Mn,0-, and
the published data for PrysCa,sMnO; by Goff et al.?> We
adopt the localized-orbital picture assuming a priori the
strong electron-lattice interaction.*” Then, the breathing and
Jahn-Teller distortion modes, Q;, Q,, and Qs, can be related
with charge disproportionation and orbital shape*' and can
be defined as

Q] \/E V2 \E dx_‘7
0 |=16l 3 -3 0 [|g-a]
05 -1 -1 2 J\y g

where d,, d,, and d_ are bond lengths between Mn and O ions
along the x, y, and z axes, respectively, which are shown as
schematic views of distorted MnOg octahedra in Fig. 1(a).

d=1.956(2) A is the average bond length for Mn>** (Ref.
42). The approximate valences of Mn sites can be calculated
from the bond valence sum* given by V=3exp
[(dy—d;)/B]. Here, V is the calculated valence, d; is the ith

(@) ProsCaosMnQs  orbital order type - (3y™r)/(3x™-r")
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Mn-O bond length, dy=1.760 A for Mn** and 1.753 A for
Mn**, and B~0.37 A.* Basically, the bond valence sum is
appropriate for ions with formal valence of integer such as
Mn** and Mn** ions. To estimate the bond valence sum of
intermediate valence states, we use a quadratic fit with the
bond valence sum curves for Mn** and Mn** as shown in
Fig. 1(b).** On the other hand, it has been well known as
Kanamori representation*! that the orbital shape is related
with the Jahn-Teller O, and Q5 modes, as shown in Fig. 1(c).
In the O,-Q5 plane, the orbital state is thus described as
|d0>=cos(g)|d3zz_,z)+sin(g)|dxz_yz>. Similar analysis based on
the bond valence sum and the Kanamori representation has
been applied to manganites in some literatures.?24>-47

III. RESULTS

In Fig. 2, we show a typical diffraction pattern of
Eu sCa; sMnO, in the CO-OO phase. Besides the fundamen-
tal Bragg spots, superlattice spots (indicated by arrows) due
to cooperative Jahn-Teller distortion are clearly observed.
The intensities of the superlattice reflections are three orders
of magnitude weaker than those of the fundamental Bragg
spots. There was no diffuse scattering intensity discerned
around the superlattice spots indicating the minimal effect of
quenched disorder.*® In Figs. 3(a)-3(c), observed structure
factor (F,,) is plotted against the calculated one (F,,) for
EujsCa; sMnO, at 295 K and for Pr(Sr,,Caj4),Mn,0; at
330 and 295 K, respectively. The obtained reliability factors
are R=178% and R,=225% at CO-OO phase of
Eu,sCa; sMnO,, R=3.35% and R,,=4.52% at CO1 phase
(TC02§T§TCOI)’ and R=2.95% and RW=380% at CO2
phase (T=Tcqp,) of Pr(SryCagg),Mn,0, respectively. De-

// (¢2) Pr(SroiCans)::Mn:0,  CO2 phase
orbital order type - (3y*r)/(3x™r7)

FIG. 4. (Color online) The CO-OO states schematically displayed for (a) Pry sCag sMnO3, (b) EugsCa; sMnOy, and (c1) CO1 phase (330
K) and (c2) CO2 phase (295 K) of Pr(SryCagg),Mn,0;. The crystal structural data reported by Goff er al. (Ref. 22) were used in the

analysis of PrysCajysMnOs;.
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(b) Mn" site

Pr(Sr0.1Caos)-Mn207
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FIG. 5. (Color online) Orbital shapes and charge states of (a)
Mn?* and (b) Mn** sites. The radius of the circle is related to the
Mn valence. The directions of arrows indicate the corresponding
orbital shape.

tailed crystal structural data are listed in the Appendix and
elsewhere.*

Figure 4(a) shows a schematic view of the CO-OO state
of PrjysCaysMnOs, which is based on the crystal structural
data by Goff et al.,?* in which the space group and the lattice
parameters at 10 K are reported to be P2,/m (No.l11), a
=5.43499(3) A, b=10.8700(2) A, and c=7.488923(6) A,
respectively. Orbital stripes appear along the a axis, which is
parallel to the diagonal-glide plane of the orbital-disordered
phase. The orbital shapes at Mn?* and Mn** sites of
Pry5sCay sMnO; obtained by the present analysis are indi-
cated in Figs. 5(a) and 5(b), respectively, in which the radius
of the circle is related to Q; [Q;=-0.1 (0.1) corresponds to
V~+4 (+3)] and the direction of each arrow indicates the
orbital state |d,) calculated from Q, and Q5. There are two
crystallographically inequivalent Mn>* sites termed Mn1 and
Mn2, and one Mn** site (Mn3) in the CO-OO phase. The
obtained values of d,, dy, d,, 0y, Q,, 03, V, and 0 are listed
in Table 1.°° From these values, charge disproportionation
between nominal Mn** and Mn** sites is estimated to be
roughly 22%, which is very close to the value reported for
Nd, 5Sry sMnO5 using resonant x-ray scattering technique.?!
Furthermore, for the Mnl and Mn2 sites, the (3y*—r?)/
(3x>—r?)-type orbital shapes are obtained. For the Mn3 site,
by contrast, the O, and Q5 values are small as compared to
0, value indicating the least Jahn-Teller distortion or unlifted
orbital degeneracy with almost isotropic electron density,
namely, p(r) <N W32 2*+|W 2 o|* with X slightly smaller
than 1.
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The CO-OO state of EujsCa; sMnO, with single-layer
Mn-O network is schematically illustrated in Fig. 4(b). The
crystal structural analysis showed that the space group is
Pmnb (No.62) of orthorhombic crystal system and the lattice
parameters are a=10.6819(7) A, »=5.4071(3) A, and ¢
=11.7018(11) A at 295 K, respectively. Orbital stripes line
up along the b axis, which is perpendicular to the diagonal-
glide plane, giving rise to the observed optical anisotropy.**
The obtained parameters are listed in Table II. About 8%
charge disproportionation between Mn** and Mn** sites is
observed, which should be interpreted as indicating that the
actual charge disproportionation is almost negligible, taking
into account the semiquantitative nature of the bond valence
sum analysis. The negligible charge disproportionation is in
excellent accord with the theoretical prediction'® for the
single-layer compound LajsSr; sMnO,. For Mnl site, the
(y*>=22)/ (x>~ 2)-type orbital shape is observed, as shown in
Fig. 5. This orbital shape is also consistent with the result of
x-ray linear dichroism experiment.”’ In contrast, for Mn2
site, @, and Q5 values are small with respect to Q; value
indicating almost isotropic electron density p(r)
N W32 2 +|W 2 2|* with N slightly larger than 1. There-
fore, Mnl and Mn2 sites can be regarded as nominal Mn3*
and Mn** site in the light of orbital activity, albeit, minimal
charge disproportionation.

The pseudocubic and single-layer compounds show clear
contrast in orbital shape and charge disproportionation; 22%
charge disproportionation and (3y%>-r?)/(3x>—r?)-type or-
bital shape of Mn3* site for pseudocubic, while negligibly
small charge disproportionation and (y>—z?)/(x*~z%)-type
orbital shape for single-layer. From the crystallographic
point of view, the double-layer system has an intermediate
structure between pseudocubic and single-layer. We show in
Fig. 4(c) schematic pictures of the CO-OO states of
Pr(Sry ;Cay9),Mn,0; with double-layer Mn-O network
based on the structural parameters listed in Table III. The
space groups are Pbnm (No.62) with a=5.4087(2) A, b
=10.9171(5) A, and ¢=19.2312(12) A at 330 K (CO1) and
Am2m (No.38) with a=10.8026(7) A, b=5.4719(4) A, and
¢=19.2090(10) A at 295 K (CO2), respectively. In the CO1
phase, the orbital stripes along the a axis are clearly seen,
which is parallel to the diagonal-glide plane. We observe
about 39% charge disproportionation in the CO1 phase. For
Mnl site, the orbital shape is of intermediate type between
(3y2=r?)/(3x*>=r?) and (y*>—2z%)/(z>*~x?), and the similar or-
bital shape is obtained for Mn2 site (Fig. 5).
Pr(SryCag9),Mn,0; undergoes a transition with 90° rota-

TABLE 1. Distortion of MnOg octahedra in PrysCagsMnOj; at 10 K (Ref. 22). d; and Q; (i=x, y, z; j
=1,2,3) are in A. V and 6 indicate the valence of Mn ion calculated from bond valence sum and an angle
representing the orbital shape in the Q,-Q5 plane as exemplified in Fig. 1(c), respectively. The space group
is P2;/m (No.11) and the lattice parameters are a=5.43499(3) A, 5=10.8700(2) A, and ¢

=7.488923(6) A, respectively.

dx dy dz Ql QZ Q3 14 0
Mnl 2.039(6) 1.930(5) 1.9061(6) 0.004(4) 0.077(4)  -0.064(5) 3.48(2) 130(4)°
Mn2 1.911(8) 2.027(5) 1.9216(3) -0.005(5) -0.082(5) —0.039(6) 3.53(3) 245(5)°
Mn3 1.933(5) 1.948(6) 1.914(3) -0.042(6) -0.011(6) -0.021(6) 3.72(4) 21(2) X 10°

064402-4



LATTICE-FORM-DEPENDENT ORBITAL SHAPE AND...

PHYSICAL REVIEW B 80, 064402 (2009)

TABLE II. Distortion of MnOg octahedra in Euy sCa; sMnOy at 295 K. The space group is Pmnb (No.62)
of orthorhombic crystal system and the lattice parameters are a=10.6819(7) A, b=5.4071(3) A, and ¢

=11.7018(11) A, respectively.

dx d,v dz Ql Q2 Q3 4 0
Mnl 1.943(4)  1.863(3)  1.972(5) -0.052(3)  0.057(3) 0.056(3) 3.77(2) 45(3)°
Mn2 1.910(5)  1.910(5) 1.934(4) -0.066(3)  0.000(3) 0.019(3) 3.85(2)  0(1)Xx10°

tion of orbital stripes at Too, ~315 K.3® In the CO2 phase,
the orbital stripes run along the b axis, as clearly seen in Fig.
4(c2), in accord with the previous report.® There are one
Mn3* site and two crystallographically inequivalent Mn**
sites termed, respectively, Mnl, Mn2, and Mn3 in the CO2
phase. The obtained charge disproportionation of about 39%
is comparable with that of CO1 phase, whereas the (3y?
—7%)/(3x*~r?)-type orbital shape as in PrysCaysMnOj is
suggested for the Mn3* sites as shown in Fig. 5. In both
phases, the observed direction of orbital stripes is consistent
with the optical anisotropy.3?

IV. DISCUSSION

While the stripe-type orbital pattern commonly observed
in the three materials gives rise to the same CE-type mag-
netic ordering, the orbital shape does depend on the struc-
tural difference and seems to be governed by the difference
in the stacking sequence of (rare-earth/alkaline-earth)-
oxygen (AO) planes and MnO, planes. Note that the AO
plane contains apical oxygens of MnQOg octahedra. In the
charge- and orbital-disordered phase of PrysCaysMnOs,
MnOg octahedron is almost isotropic with slight compression
along c axis due to the pseudocubic symmetry of the crystal
structure.?” Below the CO-OO transition, e, electrons tend to
maximize the kinetic-energy gain due to the local double
exchange interaction with the neighboring Mn** 15, Spins on
the ab plane and the (3y>—r?)/(3x>~r?)-type orbital shape is
favored. In Eu, sCa; sMnQO,, by contrast, the bond length be-
tween Mn and apical oxygen is longer than that within the
plane even in the charge- and orbital-disordered phase at 360
K (see table in the Appendix). This is because a single MnO,
plane is negatively charged and, hence, apical oxygen and

rare-earth/alkaline-earth ions on the adjacent layers tend to
be apart from and close to the MnO, plane, respectively. The
body-centered nature of the K,NiF,-type structure allows
this type of local lattice distortion in a cooperative manner.
[1t should be noted that this lattice distortion is not driven by
the Jahn-Teller interaction, but due to the purely lattice struc-
tural effect, as evidenced by the presence of similar lattice
distortion in La,NiO, (Ref. 51) in which Ni** (with two e,
electrons) with S=1 is Jahn-Teller inactive.] Therefore, the
electron orbital extended along the ¢ axis is stabilized by
such a distortion at high temperatures. As the temperature is
lowered, however, €, electrons tend to favor the orbital shape
extended within the MnO, planes so as to gain the spin-
exchange energy, similar to the case of PrjsCaysMnOs,
thereby establishing (y>—z%)/(z>—x?)-type orbital order at
Tco- The structure of Pr(Sry Cag9),Mn,0; compound can be
viewed as intermediate between the single-layer and infinite-
layer compounds. Therefore, it is likely that an intermediate
orbital state between PrjsCaysMnO; and EujsCa; sMnO, is
favored in the intermediate CO1 phase. In the CO2 phase,
however, the (3y?—r?)/(3x>—r?)-type orbital shape is real-
ized as in the pseudocubic case in which the magnetic inter-
action as favoring the CE-type order may play a role.

As the layer number is increased, charge disproportion-
ation increases from the smallest value of 8% for the single-
layer compound to 39% for the double-layer material and
then rather decreases to 22% for the infinite-layer compound.
In the single-layer system, the development of order param-
eter may be suppressed due to the enhanced fluctuation ef-
fect. In the double-layer system, fluctuation effect would be
reduced and the larger charge disproportionation is observed.
The reason why the observed charge disproportionation is
smaller in the infinite-layer material than in double-layer

TABLE III. Distortion of MnOg octahedra at CO1 phase (330 K) and CO2 phase (295 K) of
Pr(Sry ;Cag 9)»Mn, 0. The space group is Pbnm (No.62) and Am2m (No.38) of orthorhombic crystal system
at 330 K and 295 K, respectively, and the lattice parameters are a=5.4087(2) A, b=10.9171(5) A, and ¢
=19.2312(12) A at 330 K and a=10.8026(7) A, b=5.4719(4) A, and ¢=19.2090(10) A at 295 K,

respectively.

330 K d, d, d, 0, 0, Qs 14 o
Mnl 2.007(4) 1.899(3) 1.952(4) -0.006(3) 0.076(3) —0.001(3) 3.53(2) 91(3)°
Mn2 1.898(4)  1.925(5) 1.908(4) —0.080(3) 0.019(3) -0.003(3) 3.92(2) 10(1)X 10°
295 K d, d, d, o 0> 03 14 0
Mnl 2.032(2) 1.898(2) 1.926(3) -0.007(2) 0.095(2) -0.032(2) 3.53(2) 109(1)°
Mn2 1.901(2)  1.901(2) 1.929(3) -0.080(2) 0.000(2)  0.023(2) 3.92(2) 0(5)°
Mn3 1.905(2)  1.905(2) 1.924(3) -0.077(2) 0.000(2)  0.016(2) 3.91(2) 0(8)°
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compound is not clear at present, but the enhanced double
exchange interaction in the infinite-layer material due to the
increased dimensionality might be the origin.

V. SUMMARY

In summary, we have revealed that the charge dispropor-
tionation between nominal Mn3* and Mn** is in reality much
smaller than unity and, in particular, negligible in single-
layer system. This result is in contrast with the belief at the
early stage of the research of the CO-OO phenomena but in
accord with the recent results.'®~>> This indicates that various
interactions, such as electron-lattice, Coulomb repulsion, and
magnetic interactions, should be taken into account to cor-
rectly understand the nature of charge-ordered state. The or-
bital shape is different among the three compounds despite
the same symmetry of the CO-OO pattern in a single MnO,
plane, structurally confirming the previous conclusions based
on different experimental techniques.?®?” The charge dispro-
portionation and orbital shape in these materials are domi-
nated by the dimension of Mn-O network and the local en-
vironment of the apical oxygen seems to be particularly
important.
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APPENDIX: CRYSTAL-STRUCTURAL DATA

We present the crystal structural data of EuysCa; sMnO,
and Pr(SryCa4),Mn,0,. The crystal structural data at 360
(disordered phase) and 295 K (CO-OO phase) of
Eug sCa, sMnO, are shown in Table IV and EPAPS,* respec-
tively. From the crystal data, the distortion parameters of 360
K is calculated and summarized as Table V. For
Pr(Sr, ;Cag9),Mn,04, the crystal structure data in disordered
phase (at 405 K) is presented in Table VI. For two CO-OO
phases, the data at 330 K in COI phase (Tepr=T=Tcq;)
and at 295 K in CO2 (T=T¢p,) are listed in EPAPS.* In
Table VII, the distortion parameters at 405 K is reported. In
these crystal structural data, x, y, and z indicate the fractional
coordinates. g is the site-occupation number. Anisotropic
atomic-displacement parameters are represented as Uy, U,
Uss, Upp, Ups, and Uy, while B; and (u3) (B;=87°U;
=8772(u12-)) are the isotropic atomic displacement parameter
and the mean-square atomic displacement of the ion j, re-
spectively. From the B;, the Debye-Waller factor is expressed
as exp(—B;(sin x/\)?), where 0 and \ are the Bragg angle
and wavelength, respectively.

TABLE IV. The structure parameters of EujsCa; sMnQO, in the disordered phase at 360 K. 3048 reflec-
tions were observed, and 966 of them are independent. The 29 variables were used for the refinement. The
space group is Bmab (No.64) of orthorhombic crystal system. The latticce parameters are as follows: a
=5.3638(19) A, b=5.4088(9) A, and c=11.738(2) A. The reliability factors are R=2.40%, R,,=2.55%, and

goodness of fit (GOF) GOF=1.062.

B

Site X y z g (A%
Eul 8f 0 0.9933(4) 0.64219(16) 1/4 0.645(15)
Cal 8f 0 0.9854(5) 0.6427(2) 3/4 0.75(2)
Mn 4a 0 0 0 1 0.412(5)
01 8e 1/4 3/4 0.98777(8) 1 1.097(19)
02 8f 0 0.9623(2) 0.16570(7) 1 1.51(2)

Uy Unx, Us; Ui, Uis Uas

(A?) (A?) (A?) (A?) (A?) (A?)
Ful 0.01118)  0.00898(17) 0.0044(2) 0.0000 0.0000  0.00132(14)
Cal 0.0129(9) 0.0097(2) 0.0060(3) 0.0000 0.0000 —-0.00106(19)
Mn 0.0056(2) 0.00414(4) 0.00593(6) 0.0000 0.0000 —-0.00030(2)
Ol 0.0111(10) 0.01142(19) 0.0192(2) 0.0028(3) 0.0000 0.0000
02 0.0314(11) 0.0202(3) 0.00583(15) 0.0000 0.0000 —-0.00107(19)

TABLE V. Distortion of MnOgq octahedra in Euy 5Ca; sMnO, at 360 K (disordered phase). V and 6 are the

same as in Table 1.

360 K d, d, d

0, 0, 03 14 0

Mnl 1.9098(4)  1.9098(4)  1.9556(9)

—-0.054(2)

0.000(2)  0.037(2) 3.78(2) 0(3)°
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TABLE VI. The structure parameters of Pr(Sry;Cag9)»Mn,05 in the disordered phase at 405 K. 6074
reflections were observed and 2088 of them are independent. The 48 variables were used for the refinement.
The space group is Amam (No.63) of orthorhombic crystal system. The lattice parameters are as follows:
a=5.4080(5) A, b=5.4599(5) A, and c=19.266(3) A. The reliability factors are R=3.42%, R,,=4.31%, and

GOF=1.088.
B

Site x y z g (A?)
Prl 8¢ 3/4 0.2375(6) 0.1844(2) 0.21 0.86(2)
Pr2 4c 3/4 0.25011(18) 0 0.58 0.763(16)
Srl 8¢ 3/4 0.2413(5) 0.1833(2) 0.08 0.73(2)
Sr2 4c 3/4 0.2523(8) 0 0.04 1.11(7)
Cal 8¢ 3/4 0.2413(5) 0.1833(2) 0.71 0.73(2)
Ca2 4c 3/4 0.2523(8) 0 0.38 1.11(7)
Mn 8¢ 3/4 0.74812(2) 0.09956(2) 1 0.484(3)
o1 8e 0 172 0.10744(12) 1 1.42(2)
02 8e 0 0 0.08776(11) 1 1.33(2)
03 8¢ 3/4 0.7950(2) 0.19846(11) 1 1.37(2)
04 4c 3/4 0.6950(4) 0 1 1.52(4)

Uy, Uy Uss Uy Uiz Uy

(A?) (A?) (A?) (A?) (A?) (A?)
Prl 0.0156(7) 0.0111(4) 0.0059(13) 0.0000 0.0000 0.0006(5)
Pr2 0.0126(3) 0.0106(2) 0.0059(6) 0.0000 0.0000 0.0000
Srl 0.0087(10) 0.0103(3) 0.0087(3) 0.0000 0.0000 0.0005(4)
Sr2 0.0062(9) 0.0096(10) 0.026(3) 0.0000 0.0000 0.0000
Cal 0.0087(10) 0.0103(3) 0.0087(3) 0.0000 0.0000 0.0005(4)
Ca2 0.0062(9) 0.0096(10) 0.026(3) 0.0000 0.0000 0.0000
Mn 0.00527(6) 0.00597(5) 0.00715(15) 0.0000 0.0000 —0.00005(4)
o1 0.0150(4) 0.0164(3) 0.0226(11) 0.0062(2) 0.0000 0.0000
02 0.0158(4) 0.0165(3) 0.0182(11) —-0.0046(3) 0.0000 0.0000
03 0.0263(6) 0.0176(4) 0.0080(10) 0.0000 0.0000 ~0.0008(4)
04 0.0325(10) 0.0164(5) 0.0090(14) 0.0000 0.0000 0.0000

TABLE VII. Distortion of MnOg octahedra at 405 K (disorder phase) of Pr(Sry;Cagg),Mn,0-.

405 K d, d, d.

0, 0, 03 14 0

Mnl 1.9309(3) 1.9309(3) 1.931(2)

-0.043(2)

0.000(2)  0.000(2) 3.72(2) 0°
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