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Impact of Jahn-Teller active Mn* on strain effects and phase transitions in Sr ¢sPrj.3sMnQO3
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The mixed-valence manganite Sty ¢sPro3sMnO; has been prepared and its crystal and magnetic structure
investigated between 7 and 1200 K using high-resolution powder neutron diffraction. The structural and lattice
parameter data have been used to determine the octahedral tilting and spontaneous strains associated with
the structural, electronic, and magnetic phase transitions. At room temperature, the structure is tetragonal and is
characterized by cooperative out-of-phase tilts of the MnOg octahedra about the ¢ axis and a large Jahn—Teller-type
distortion due to the presence of Mn*+. The sample exhibits a reversible phase transition from the cubic Pm3m
perovskite to a tetragonal 14/mcm structure at 750 K. The Pm3m <> I4/mcm phase transition is continuous,
and the tetragonal strain, which is dominated by the Jahn—Teller-type distortion of the MnOg octahedra, exhibits
an unusual ¢,°° o (T. — T) temperature dependence. At low temperatures, a C-type antiferromagnetic structure
develops with a Neel temperature Ty of 250 K. The Mn magnetic moment at 7 K is 2.99(2) 5 /Mn. The magnetic
ordering introduces additional tetragonal strain, and this strain shows the expected quadratic dependence on the
magnetic moment at low temperatures. An increase in the octahedral tilt angle at 7y demonstrates an effective
coupling between the magnetic ordering process and octahedral tilting.
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I. INTRODUCTION

Mixed-valent Mn perovskites of the type Lni_, A, MnQO3,
where Ln is alanthanide and A a divalent cation, have been the
subject of enormous research effort for over 50 years,! with the
discovery of colossal magnetoresistance (CMR) in such oxides
driving much of the more recent interest.> The rich diversity
in electrical, magnetic, and structural phenomena displayed
by such oxides is testament to the intricate interplay between
the orbital, spin, charge, and lattice degrees of freedom in
these oxides. This is in contrast to the behavior of traditional
ferromagnets, such as Co, Ni, and Fe, used in many devices
where the spin system is isolated from the lattice.? In addition
to their great potential for magnetic storage technology,
A-site doped manganite perovskites have been widely stud-
ied as cathode materials for use in solid oxide fuel cells
(SOFCs).*¢

An important feature of the mixed valence Mn>*/Mn**+
manganates is the long-range orbital ordering that arises
as a consequence of a Jahn-Teller (JT) type distortion of
the formally Mn®* cations. It is generally accepted that
replacing the trivalent lanthanide cation with a divalent alkaline
earth cation introduces a mixed valence Mn** and Mn**
array’~ where the charge can hop from Mn to Mn via the
bridging oxygen anions. A consequence of the relatively large
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difference in the size of the Mn?>* and Mn** cations (ionic
radii of 0.645 vs 0.53 A, respectively, in a six-coordinate
geometry'?), together with the JT distortion, is that such
a substitution is likely to introduce strains into the lattice.
However, very little is known about the coupling between the
various strains present in such complex oxides.

The present contribution focuses on one member
of the well-studied Sr;_,Pr,MnO; series,”'!"13 namely
Srg.65Prp.3sMnOj3. Cubic StMnOj3 has a G-type antiferromag-
netic (AFM) ground state,'? whereas PrMnOj is orthorhombic
in Pnma and is an A-type AFM.'* Knizek et al.’” have
previously described the structural, magnetic, and transport
properties of several members in the series (x = 0.15-0.55)
using neutron and x-ray diffraction methods. At low Pr levels
(x < 0.15), the oxides are isostructural with cubic SrMnQOj3
in space group Pm3m. Increasing the Pr content (0.25 <
x < 0.52) produces a tetragonal structure in /4/mcm, while
the oxides with Pr contents in the range (0.52 < x < 0.55)
are orthorhombic in Imma. At still higher Pr contents, the
orthorhombic Pnma structure is encountered.'> This sequence
of structures reflects differences in the cooperative tilting of
the corner-sharing MnOg octahedra and can be correlated with
changes in the tolerance factor t = (r4 + ro)/ﬁ(rg +ro),
where ry, rg, and ro are the ionic radii of the A, B, and
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oxygen ions, respectively. The same sequence of transitions
has been observed in other systems, including Sr;_,Ba,MO;3
(M = Hf or Zr)'®'7 and in S*tMO; (M = Zr, Tc, or Ru)
upon heating.'82 A critical difference between these ABO;
perovskites and Srg¢5Pro35MnOj3 is the presence of the JT
active Mn** cation in the latter.

In this paper, the evolution of the crystal structure of
Srg.65Prp.3sMnO3 from 7 to 1000 K is described from high-
resolution powder neutron diffraction data. Below 750 K,
the structure is tetragonal, and we describe the influence
of three phenomena, octahedral tilting, JT distortion, and
magnetostriction on the structure. We observe the formation of
superparamagnetic clusters and long-range magnetic ordering
and describe how these impact the local structures.

II. EXPERIMENTAL

The reagents used for the syntheses were obtained from
Sigma-Aldrich and AITHACA and were of at least 99.9%
purity. Prior to use, SrCO3 and MnO, were dried overnight at
120°C for 48 h, and the praseodymium oxide was heated
overnight at 1000°C. Stoichiometric amounts of SrCOs,
PrgO,;, and MnO, were mixed by hand and preheated in a
furnace at 850 °C in air for 24 h and then fired at 1200 and
1400°C for 24 h with intermediate grindings. The powder
was then pressed into 10-mm diameter pellets, and these were
sintered in air at 1500 °C for 48 h. The sample was cooled down
to 800 °C, held at this temperature for 6 h, and then cooled to
room temperature at a rate of 15°C/min. The sample purity
was monitored using a Panalytical powder x-ray diffractometer
employing Cu K alpha radiation.

Neutron diffraction data were collected on an approxi-
mately 20 g sample at the 1-m position of the high-resolution
powder diffractometer (HRPD) at the ISIS neutron facility,
Rutherford Appleton Laboratories.?! For the low-temperature
measurements, the powdered sample was lightly packed into
an aluminum can of slab geometry, area 40 mm?, 10 mm
thick, with thin neutron-transparent vanadium windows front
and back. The can was connected to the center stick, and
the assembly was mounted in a Sumitomo 415 closed-cycle
refrigerator with 60-80 mbar of He exchange gas. Heat was
supplied to the sample through a 100-W cartridge heater
inserted in the side wall of the sample can, and temperature
was monitored through an Rh/Fe sensor located in the opposite
wall. A gadolinium, neutron-absorbing mask was attached to
the side of the can facing the incident beam and back-scattering
detectors to prevent contaminant Bragg peaks arising from
either the body of the sample can, including sensor and heater,
or the stainless steel frames supporting the vanadium windows.

For the high-temperature measurements, the sample was
housed in an 11 mm-diameter thin-walled, cylindrical vana-
dium can which was mounted in a standard ISIS furnace,
and the whole furnace was evacuated to 5 x 10™* mbar. All
diffraction patterns were recorded over the time-of-flight range
30-130 ms in both the back-scattering and 90° detector banks,
corresponding to d spacings from 0.6 to 2.6° A (at a resolution
~Ad/d 4 x 107*) and from 0.9 to 3.7° A (Ad/d 2 x 1073),
respectively, independent of d. The patterns were normalized
and corrected for detector efficiency according to prior
calibration with a vanadium scan. After recording a pattern
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at room temperature, the sample was cooled, then patterns
recorded at 7 K, at 10 K, then in 10 K steps to 170 K, at 175 K,
then in 5 K steps to 230 K, and finally in 10 K steps to
400 K. Data in the furnace were recorded at 290 K, 370 K,
and then 10 K steps to 1000 K. In order to establish if any
unusual phenomenon occurs in the sample after heating, a
small number of patterns were collected as the sample was
recooled, namely at 900, 800, and 700 K, and then at 50 K
steps to 400 K. During all measurements, the temperature
variation was less than 2 K. The structures were refined using
the Rietveld method as implemented in the GSAS?? program.
The background and peak widths were refined together with
the lattice parameters, atomic positions, and isotropic and
anisotropic atomic displacement parameters (ADP) for the
cations and oxygen atoms, respectively. Anisotropic peak
broadening, which became evident during refinements of
the 74/mcm tetragonal structure, was modeled using the
peak-width description developed by Stephens.??

The cationic compositions were evaluated by a Carl Zeiss
Evo 50 scanning electron microscope (SEM) with LaBg
filament operated at 25 kV, equipped with an IXRF System
energy dispersive spectroscopy (EDS) detector (EDS2006
version 1.0). The sample was analyzed as a sintered pellet
that was mounted on an aluminum sample stub.

Magnetic susceptibility and magnetization measurements
were carried out using a Quantum Design PPMS9 device in
0-9 T magnetic field and 2-390 K temperature range. The
same device was used for the heat capacity measurements
between 25 and 300 K using a thermal relaxation method.

III. RESULTS

A. Room temperature and variable temperature
structural analysis

Scanning electron micrograph images established that the
sample of Srg ¢5Prg35MnO3 was well sintered after heating at
1500 °C. Energy dispersive spectroscopy analysis at up to 10
different spots demonstrated the actual elemental composition
to be that given by nominal composition. No evidence was
found, either from the images or in EDS analysis, for any
impurities or spurious features.

The neutron powder diffraction (NPD) pattern of
Srg.65Pr.3sMnOj3 recorded at room temperature was well fitted
using a tetragonal structure in space group /4/mcm with a =
5.38230(5) and ¢ = 7.78087(8) A. This tetragonal structure
is a consequence of out-of-phase cooperative tilting about
the ¢ axis, of the corner-sharing MnOg octahedra, and is
described using Glazer’s notation as a’a’c~.%* This is the
structure as indicated by a number of superlattice reflections,
such as the 121 reflection (Fig. 1) associated with softening
at the R point of the cubic Brillouin zone, in addition to
well-resolved splitting of diagnostic Bragg reflections. The
refinements provided no evidence for the presence of any anion
vacancies.

Cooling the sample to below ~250 K resulted in the
appearance of additional reflections in the NPD profiles, most
noticeably at d = 2.0 and 2.4 A, that were not indexed to
14 /mcm tetragonal cell, although the cell remained tetragonal.
The intensity of these increased as the sample temperature
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FIG. 1. (Color online) Observed, calculated, and difference neu-
tron diffraction patterns for Srg¢5Pry35MnOj3 at 7, 260, and 1000 K.
The crosses represent the data, the red/dark gray line is the calculated
profile, the green/medium gray line is the difference profile, and
vertical markers are the allowed Bragg reflections. The inserts (a) and
(b) are representations of the refined cubic (Pm3m) and tetragonal

(14 /mcm) structures, respectively, where J Sr,Pr; @ Mn; @ O. The
inset (c) highlights the quality of both the neutron diffraction data and
the fit.
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FIG. 2. (Color online) Temperature dependence of ordered mag-
netic moments in C-type AFM ground states of St ¢sPrp3sMnO;_The
solid line is a fit to a Brillouin function [Eq. (1)] with Ty = 255 K.
The inset illustrates the Mn spin alignment in the C-type AFM ground
state.

was lowered, reaching a constant value below ~150 K. These
reflections are a consequence of magnetic ordering of the Mn
cations. Analysis demonstrated that Srg ¢5Prp35MnO3 adopts
a C-type antiferromagnetic structure with propagation vector
(1/2, 1/2, 0) and spins aligned parallel to the c axis. This is
the same magnetic structure observed previously in the closely
related oxide Sr9Cep 1 MnO;3 (Ref. 25) and is consistent with
the earlier work of Knizek et al.” Refinement of the nuclear
and magnetic structures resulted in a good fit to the data.
The temperature dependence of the refined magnetic moments
is illustrated in Fig. 2 with the moment increasing from
0.805 g /Mn at 250 K to ~3.0 g /Mn at 7 K. The spin-only
value for a mixture of 65% Mn** (S = 3/2) and 35% Mn>+
(S =2) is ~4.2 up/Mn. The reduction in the moment is a
result of the strong hybridization of the Mn and O states in
tetragonal Srg.65Pro 3sMn0O;3. 13

The solid line in Fig. 2 shows the simulated M(T)
dependence, based on the mean field formula:?®

ey

3§ Tv M
M = MyBg )

S+1T M,
where My = M(0 K), S is the spin quantum number of
the magnetic ion, Ty is the Neel temperature, and By is a
Brillouin function. Good agreement with experimental data
was obtained using My = 3.5 up, Ty =255 K, and § = 3/2
(as most of magnetic moments are associated with Mn** ions).

Heating the sample above the Neel temperature of ~250 K
resulted in a gradual reduction in the intensity of the R-point
reflections, as well as in the splitting of diagnostic Bragg reflec-
tions, such that neither feature is apparent above 720 K. Above
this temperature, the structure is cubic, and Rietveld analysis
in space group Pm3m gave a = 3.85342(1) A. Establishing
the precise transition temperature from the diffraction data is
limited by the rapid decrease in the intensity and broadening
of the R-point reflections, associated with the tilting of the
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TABLE 1. Details of the structures of Srg¢sPro35sMnOj3 at selected temperatures. In Pm3m, Mn is located on Wyckoff 1a at (0,0,0), O on
3d at (%,0,0), while Sr and Pr share 15 at (1,1,1). In 14/mcm, Mn is on 4c at (0,0,0), Sr and Pr are disordered on the 4b positions (0,%, %), and

2°2°2

there are two crystallographically distinct O sites, O1 at 4a (0,0,%) and O2 at 84, (x,x + %,O).

T (K) 7 170 260 350 500 1000
Space group 14/mem 14/mcem 14/mem 14/mem 14/mem Pm3m
a (A) 5.33078(5) 5.34636(7) 5.37363(6) 5.39495(7) 5.42016(2) 3.868679(9)
cA) 7.87983(8) 7.85083(11) 7.79694(10) 7.76025(12) 7.72670(5) a
Vol (A%) 223.923(4) 224.405(5) 225.144(5) 225.866(5) 226.996(2) 57.9013(2)
R, 0.0671 0.1019 0.0704 0.0792 0.1324 0.3472
Ryp 0.0849 0.1128 0.1070 0.1213 0.0612 0.0549
X2 23.67 41.81 37.61 47.72 15.58 11.58

x (02) 0.28337(7) 0.28174(10) 0.27833(10) 0.27465(14) 0.26889(12) 0.5

U(A? x 10%)

Uiso (St, Pr) 1.20(2) 1.29(2) 1.52(2) 1.66(3) 2.06(2) 3.17(2)
Uiso (Mn) 1.09(2) 1.24(4) 1.28(4) 1.35(5) 1.81(3) 2.16(3)
U, (Mn) 1.59(2) 1.24(4) 1.28(4) 1.35(5) 1.81(3) 4.01(2)
Uy, (Mn) 1.43(1) 1.62(3) 1.95(3) 2.18(4) 2.76(5)

Uis, (O1) 1.62(3) 1.95(3) 2.18(4) 2.76(5)

U, (O1) 1.63(6) 1.78(5) 2.08(7) 3.05(7)

Uy (01) 1.37(2) 1.72(2) 1.80(3) 2.52(3)

Us; (O1) 1.37(2) 1.72(2) 1.80(3) 2.52(3)

Uiso (02) 1.91(4) 2.11(4) 2.66(5) 4.05(5)

Uy (02) 0.19(3) 0.31(3) 0.44(4) 0.56(4)

Ux (02)

Us; (02)

U3 (02)

Mn-O(1) (A) 1.96996(2) 1.9627(3) 1.94923(2) 1.94091(3) 1.93168(1) 1.93438(2)
Mn-O(2) (A) 1.90143(7) 1.90535(11) 1.91203(9) 1.91612(10) 1.92178(7)

Mn-O(2)-Mn (°) 164.80(3) 165.53(5) 167.07(5) 168.62(6) 171.37(5) 180
Mp/Mn 2.99(2) 2.87(4)

ol 7.603(2) 7.24(2) 6.46(2) 5.63(4) 4.32(3)

Ad x 10°® 41.1 344 22.3 14.8 5.94

2The higher-than-typical x? values in the tetragonal phase reflect the effects of domain wall broadening.

®®, octahedral tilt angle in degrees; Ad, octahedral distortion parameter.

octahedra, above ~650 K. Representative examples of the
refined structures are presented in Table 1.

The temperature dependence of the lattice parameters and
cell volume for Sry ¢5Prp 3sMnQO3, illustrated in Fig. 3, suggest
the 14 /mcm-to- Pm3m transition is continuous. The Pm3m <>
14/mcm phase transition appears to be reversible upon cooling.
That Srg¢5Pro35MnO3; undergoes an apparently continuous
transition to a cubic structure near 720 K is in good agreement
with the earlier x-ray studies by Knizek et al.” A small
amount of hysteresis in the thermal expansion is observed
upon recooling the sample. This is not unexpected, and it is
possible that the structures are influenced by a small change in
the oxidation state of the Mn. Recall that the high-temperature
measurements are conducted in a high-vacuum furnace, and
some reduction of the Mn is possibly not unexpected, although
the structural refinements did not reveal the presence of any
anion vacancies.

The lattice parameters of, and Mn-O bond lengths in,
Srg.65Prp.3sMnOj3 (Fig. 4) can be divided into three temperature
regions, namely 7 ~ 250 K, 250 ~ 750 K, and above
750 K, suggesting two events occur. These correspond to the
magnetic ordering transition with Ty ~ 250 K and a structural
(Pm3m <> I4/mcm) transition at ~750 K. The temperature

dependence of the lattice parameters and bond distances
between 7 and 250 K indicate that there is significant coupling
between magnetism and the crystal lattice at low temperature.
The anisotropy in the magnetostriction is consistent with a
C-type AFM ground state.

The thermal behavior of the cell parameters above 250 K
is very similar to that observed for SrygCe;,MnO; and
Srp.§Cep2MnggCoy,03 by Zhang et al 7% and appears to
be indicative of a continuous Pm3m-14/mcm structural tran-
sition. In perovskites, the Pm3m-I4/mcm transition involves
the softening of the Ri’-zone boundary mode, and such an
event is allowed to be continuous.?’

Linear strains were calculated from the lattice parameters
estimated in the Rietveld analysis of the neutron diffraction
data, as described previously,30 with e; = ey = (ae — ao)/a,,
e3 = (cc — a,)/a,. The reference parameter a, for the cubic
structure was obtained by fitting

Vo = Vi + V,0coth(®/T) )
to unit cell volume data in the interval 800-950 K and then

taking a, = V,'/3. The temperature © was included to account
for the normal saturation of thermal expansion as T — 0 K.
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FIG. 3. (Color online) Temperature dependence of the reduced
lattice parameters a. ~ ap/ﬁ and c¢. ~ a,/2 of SrgesPrg3sMnOs.
The hollow symbols are from data collected during recooling the
sample. Where not apparent, the estimated standard deviations are
smaller than the symbols. The solid lines are fits from an equation of
the form V, = V| + V,0coth(®/T), where ® = 110 K see text for
details.

This was fixed at 110 K, which is not unreasonable for thermal
expansion of an oxide perovskite.*! The linear strains were
converted to symmetry-adapted strains e, and e as:

e, = e+ e+ es, 3

e = % (2e3 —e1 —e2). 4)
The temperature dependences of e, (volume strain) and e
(tetragonal shear strain) obtained in this way are shown in
Fig. 5. Although the absolute values of the volume strain
are sensitive to the choice of baseline, the positive strain
of up to ~0.005 is comparable with the volume strain up
to ~0.008 due to Jahn—Teller (JT) distortions of Mn3** Qg in

— — Average Mn-O bond length
in tetragonal region

—— Fit of Mn-O bond length
from the cubic phase

1.96 4

1.95+
1.94 4

1.93 4

1T = = - - —_————

1.92 4

Bond Distance (A)

1.914

1.90

T T T T T T T T T T
0 200 400 600 800 1000
Temperature (K)

FIG. 4. (Color online) Temperature dependence of the Mn-O
bond lengths in Srg ¢sPr 35MnO;. The hollow symbols are from data
obtained during recooling of the sample. Where not apparent, the
esds are smaller than the symbols. The solid line is a fit of the bond
distances in the cubic phase to an equation similar to Eq. (2), and the
dashed line is the average Mn-O distance.
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FIG. 5. (Color online) The temperature dependence of (a) the
volume strain e, and (b) the tetragonal shear strain e;.

LaMnO3.*? That LaMnOs has a larger value probably reflects
the presence of more Mn* cations in this compound compared
to Srg ¢5Pr9 35MnQO3. The values of e, are relatively insensitive
to the choice of a, and display an unusual pattern of evolution,
which suggests that they include contributions from more than
one structural influence. Indeed neither e, nor ¢;? vary linearly
with temperature, but rather, as illustrated in Fig. 6, a plot of
," against temperature is linear. This matter will be discussed
further in Subsec. C below.

B. Tilting and distortion of the MnQg octahedra

The magnitudes of the out-of-phase tilts were obtained from
the refined atomic coordinates. The temperature dependence
of the square of the octahedral tilt angle, ®2, is shown in Fig. 7.
A standard Landau solution to describe a second-order tilting
transition would be:*?

(CH O O
®> = A— | coth <—> — coth (—) , 5)
TC Tc T

where © is the order parameter saturation temperature, and
A is a constant. At temperatures well above 0 K, this gives
a linear relationship in the normal way, and a linear fit to
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FIG. 6. (Color online) Temperature dependence of ¢,* illustrat-
ing linear dependence in the paramagnetic region The line is a fit
to an equation similar to Eq. (2) using data points between 250 and
700 K; ® was fixed at 110 K.

the data between 430 and 680 K gives 7, = 732 K (straight
line in Fig. 7). Saturation effects should lead to a leveling off
of ®? as T — 0 K, but instead, a marked increase in slope
below ~300 K is observed before the plateau region is reached.
This implies a coupling between the magnetic ordering and
octahedral tilting.

The Mn-O bond distances in Srggs5Prp35MnO3 evolve
continuously between 250 and 750 K, albeit not with a
constant rate. The cubic perovskite has six equal Mn-O bonds.
In the tetragonal structure, the MnOg octahedra are tilted
relative to each other as a result of the conflicting bonding
requirements of the A- and B-type cations. These tilts can
introduce distortions of the BOg octahedra, although such
distortions are typically small.>* Through a comparison with
the results for SrZrOs, it is evident that the magnitude of

T
600 800

T
400
Temperature (K)

T
0 200

FIG. 7. (Color online) Temperature dependence of the square of
tilt angle, ®? in Sry ¢5Prg 35MnO;. The hollow symbols are from data
obtained during recooling of the sample. The solid line is a linear fit
to data between 430 and 680 K, which extrapolates to zero at 732 K.
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FIG. 8. (Color online) (a) Temperature dependence of the dis-
. _ 1 ¢ 2dvin—01—2dMn-02 .
tortion parameter Ad = ﬂ( T or 2 dMnim)) in Srg ¢5Prg 3sMnO;_
(b) The tetragonal distortion varies linearly with ®* at high temper-
atures, but there are anomalies associated with changes in magnetic
properties evident at lower temperatures. The solid line in (b) is a

linear fit to the high temperature data.

the distortion of the MnQOg¢ octahedra below, say, 500 K is
larger than expected from tilting alone. For example, at 350 K
(around 400 K below the transition to cubic), the two Mn-O1
bonds are noticeably (0.024 79 A or 1.3%) longer than the four
Mn-O2 bonds (Table I) 1.94091(3) vs 1.916 12(10) A. SrZrO;
is orthorhombic 400 K below 7, with a small compression
of the ZrOg octahedra of ~0.55%.'% The tetragonal strains,
too, are larger than in other perovskites (see Subsec. C and
references’3>3%). The larger strains and distortions here are
attributed to a JT-type distortion.

The extent of the tetragonal distortion of the MnOg
octahedra can be quantified by a distortion parameter Ad,

d= 1 < 2dvin—01 — 2dvin-o2 >
V3 \(1/3)(dwn-01 + 2dvn—02) /)

defined by analogy with the tetragonal strain [Eq. (4)].
As illustrated in Fig. 8(a), this increases nonlinearly below
~720 K, has a marked break in slope near 250 K, and reaches
a plateau below ~75 K. Similarity to the temperature variation

(6)
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shown in Fig. 5(b) suggests that the overall tetragonal strain is
dominated by the distortion of the MnOg octahedra. The initial
increase is a consequence of the octahedral tilting combined
with the JT distortion. An interdependence of the octahedral
distortion and tilting is clearly evident from Fig. 8(b), where
surprisingly, Ad varies with ®*, rather than ®2, as expected
for a second-order JT transition, in the high-temperature range.
In addition, there is evidence for the influence of magnetism
on the structure with changes in slope at ~320 and 250 K. Bulk
susceptibility measurements, presented in Subsec. D, provide
evidence for the formation of superparamagnetic clusters
around 320 K, while the neutron diffraction measurements
showed (Fig. 2) that long-range antiferromagnetic ordering
occurs around 250 K.

C. The influence of coupling of the octahedral tilting,
Jahn-Teller distortions, and magnetostriction on the strains

At least three structural contributions are likely to be
present in the strain variations, i.e. octahedral tilting, Jahn—
Teller distortions, and magnetostriction, though the latter will
be ignored in the first instance. An overview of combined
JT and tilting transitions has been given by Carpenter and
Howard*>*’ and forms the basis for the present analysis. The
combined effect of these in Sty ¢5Prg 3sMnO5 gives space group
14 /mcm, for which the relevant JT order parameter belongs to
irreducible representation (irrep) I'y, and the relevant tilting
parameter belongs to irrep R, of space group Pm3m (Table
of Carpenter and Howard?’). These have components (a,0)
and (0,0,0), respectively, and the nonzero components are
labeled Qjr and Qg here. For practical purposes, these can
be identified with the Ad and & of Sec. III B. The observed
symmetry adapted strains, e, and e,, contain contributions
from the coupling with these two order parameters. The
JT contribution can be described by the distortion of the
octahedra and should vary as e, o e,> o« Q;72, while the tilting
contribution is expected to vary as e, o e;  Qyi>. Coupling
between the order parameters themselves can occur indirectly
via common strains or directly, with the form A Qi Oyr.38

If there are two separate instabilities with quite similar 7
values and the coupling between these is strong, we might
expect to see Qui> o« Oyt and a single transition point 7,. The
Landau free energy expansion for Qjr is allowed to contain
odd order terms,*® and the JT transition by itself would be
expected to be first order in character. One limiting case would
be a single transition which is tricritical in Qg and second
order in Qyr. This would give Qi « Oy? « (T. — T),
with strains that follow accordingly. If the tilting transition is
second order and the coupling is strong, we would expect to
see Q> x Oyt & (T, — T), with the outcome of Q1 o (T, —
T). If the two transition temperatures were very different, we
would expect to see a single 7. but some crossover behavior
at lower temperatures near the second instability (see for
example Refs. 37 and 39). SrgesPro35Mn0O3 does not meet
any of these expectations. Rather, as shown by considering the
strain/strain/tilt angle relationships, it shows a unique strain
evolution.

Figure 9 shows the tetragonal (e;) and volume (e,) strains
plotted against ®2, while Fig. 6 shows e plotted against
temperature. That e, scales approximately linearly with &2
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FIG. 9. (Color online) (a) The square root of the tetragonal strain
e, shows a linear dependence on the square of the tilt angle at high
temperatures. At low temperatures, this relationship breaks down due
to the influence of magnetic interactions. The straight line is a fit to
the data between 450 and 670 K. (b) The volume strain ¢, shows
a linear dependence on the square of the tilt angle, except at low
temperatures, where magnetic effects become important.

is as expected for a normal second-order tilting transition,
though with irregularities at lower temperatures [®? > ~45 in
Fig. 9(b)] that may relate to the magnetic ordering described
below. The unusual result is > oc Qg [Fig. 9(a)], i.e. e,
Qm[“ instead of e; thz. A similarly unusual behavior (e;
Qi) has been noted in Sry gCeo,MnO5 (Ref. 28). Apart from
the nonzero value of ¢, at ~730 K where ® — 0, the transition
could be characterized as having ¢,°> oc (T, — T) with close
adherence to Eq. (1) [®; = 175 K for the fit to data between
250 and 700 K in Fig. 9]. Below 250 K, the influence of
magnetic ordering is again clearly visible. The magnitude of
the shear strain reaches ~5% at 0 K, which is much greater
than would be expected for a normal tilting transition (<1%
in LaAlOs, for example®”). This is further evidence for the JT
distortions playing a major role in the overall strain behavior.
If the discontinuity in e, at ~730 K is real and not due to some
artifact of refinements when the distortion from cubic lattice
geometry is very small, there are two possible explanations.
The transition could be just first order, or it may be driven by
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FIG. 10. (Color online) Relationship between the excess tetrago-
nal strains estimated from the data shown in Fig. 6 and the square of
the magnetic moment per Mn obtained from the neutron diffraction
data. The solid line is a linear fit constrained to pass through the
origin.

tilting of octahedra which are already locally distorted from
cubic geometry in the high-temperature phase. A very small
discontinuity in Ad is observed at the same temperature.

To summarize, there is, for temperatures above the magnetic
ordering transition point, a second-order tilting transition with
T. ~ 730 K in which there is strong coupling with tetragonal
distortions of the MnQOg octahedra. There is no overt evidence
of two separate structural instabilities. If it is assumed that
the tetragonal shear strain can be attributed essentially to the
influence of Qjr alone (i.e. for relatively weak coupling of ¢,
with Qqy), it follows that the effective coupling between Qqy¢
and Qjr has the form A Qgii* Qyr to give Qjr X Q. Favorable
coupling between these two order parameters would occur if
the volume strains coupled to each have the same sign. In
effect, an increase in the JT distortion, which correlates with
an increase in volume strain, causes an increase in the tilt angle.
Here, A Qi Oy is allowed by symmetry, but we do not have
an explanation for why this term should be large in comparison
with AQtiltz QOjyr, which would more normally be expected
to be dominant. A rather similar result, namely octahedral
distortion oc®*, has previously been noticed in rhombohedral
LaCo0O5.*!

From Fig. 6, it is clear that the magnetic transition gives
rise to some additional tetragonal strain. The excess strain
below 250 K can be quantified from the difference between the
observed values of strain and the fitted values corresponding to
the solid line in Fig. 6. Taking the magnetic moment, estimated
from the neutron diffraction data, as the order parameter
O magnetic; We observe in Fig. 10 that the excess strain e; is
proportional t0 Qmagneic’, as anticipated.*> This raises the
interesting question of how the additional strain introduced by
the magnetic ordering is manifested in the observed structure.
Examination of Fig. 8 reveals that the magnetic ordering
results in an increase in the tilt angle, showing there to be
effective coupling between the magnetic ordering process and
octahedral tilting. Magnetic ordering alone is not expected to
alter the tilting of the MnOg octahedra; however, it appears that
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the magnetic ordering induces a change in the JT distortion,
which in turn results in a change in the tilt angle. That the tilt
angles below Ty (see Figs. 6 and 7) are larger than expected
reflects an increase in the effective size of the Mn cation due
to the enhancement of the JT distortion by magnetic ordering.

D. Physical characterization

The temperature dependence of the dc magnetic suscepti-
bility x is shown in Fig. 11. Exchange interactions between the
Mn and Pr subsystems are weak, and the total susceptibility
is a sum of the Curie—Weiss term for Mn and the Curie-type
term for Pr. At high temperatures, above 320 K, the magnetic
susceptibility follows the Curie—Weiss law x(7') = ﬁ,
where C is the Curie constant and ®cw the characteristic
Curie—Weiss temperature. The value of C obtained from a least
square fit is C = 4.9 emu K mole™!, which is equivalent to an
anomalously high effective moment of jter = 6.13 g /f.u. The
estimated value of ®Ocw is 97.3 K. The theoretical spin-only
value " calculated assuming the oxidation states ratios
Pr3* : Mn** : Mn** are 0.35:0.35:0.65, equal to 4.76 up /f.u.,
is somewhat smaller than the observed value. We believe
this reflects the formation of superparamagnetic clusters,
as commonly observed among manganites,* although the
possibility that the actual Pr** Mn3* Mn** ratio is different to
the expected value cannot be totally excluded. The formation
of a superparamagnetic state assumes grouping of neighboring
magnetic spins with these acting as a cluster with a large
magnetic moment via Mn3*-O-Mn** double-exchange paths.
This leads to an increase in both the Curie-Weiss constant
and the effective magnetic moment. The large positive charac-
teristic ®cw temperature suggests ferromagnetic interactions
dominate in Srg¢5Prg35MnO3; above 320 K, which is con-
sistent with the formation of superparamagnetic clusters. At
320 K, the susceptibility shows a deviation from Curie—Weiss
behavior, there being an increase in the magnetic susceptibility,

© 0.1
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FIG. 11. (Color online) Temperature dependence of magnetic
susceptibility x(7T') of SrgesPro3sMnO;5 recorded with an applied
magnetic field of 0.5 T. The solid line is the Curie—Weiss law fit (for
details, see the text). The inset shows the field cooled (FC)—zero-field
cooled (ZFC) curves at the vicinity of the Ty = 150 K.
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FIG. 12. (Color online) Field dependencies of magnetization M
collected at various temperatures. The inset shows the full hysteresis
curve obtained at 15 K.

suggestive of the onset of a weak ferromagnetic contribution
to the susceptibility. Cooling to 240 K produces a plateau in
x(T), which drops again as the temperature is decreased below
210 K. This flat, extended anomaly is believed to be associated
with the onset of long-range antiferromagnetic ordering at
Ty = 250 K, seen in the NPD data. Below 170 K, there is a
rapid increase in x(T'), which tends to saturate at the lowest
temperatures, where the effects of the crystal field splitting
of the Pr** ions may become important. Although the feature
near Ty is broad, there is no evidence in the diffraction data
to suggest the presence of the A-type Fmmm phase, as seen in
Sr0.60PI'0,40M1’103 with TN ~ 200 K.7

Figure 12 shows the field dependencies of magnetization
M collected in various temperatures. A 7 = 15 K, the
hysteresis curve (the inset in Fig. 12) reveals very low-
remnant magnetization (~0.05 pup/f.u.) and coercive field
(~0.003 T) in the presence of a relatively high-saturation
moment, up to 0.6 wp/fu. at 9 T and 15 K. The origin of
the ferromagnetic-like behavior at low temperatures in many
manganites is still unclear; however, it is usually explained in
terms of canted order** or spin/cluster-glass state,* coexisting
with the majority antiferromagnetically ordered phase. The
latter appears to be appropriate in the present case, based
on: the collinear magnetic structure suggested by NPD and
the extremely narrow hysteresis loop and slight branching
of the field cooling (FC)-zero-field cooling (ZFC) curves
shown in the inset of Fig. 11; it is typical for spin glasses
to be associated with some irreversibility and presence of
superparamagnetic state at high temperatures.*® A Brillouin-
like magnetic response of the rare earth ions may also
contribute to the observed magnetization, and this may be
responsible both for saturation of magnetic susceptibility x (7')
and curvature of M (B) at the lowest temperatures. The M (B)
curves collected at higher temperatures are typical of those
observed in antiferromagnets (above 150 K) and paramagnets
(above 300 K), i.e. M(B) ~ B.*

It is worth noting that conductivity measurements between
5 and 300 K demonstrated that that sample is semiconducting
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FIG. 13. (Color online) Temperature dependence of heat capacity
Cp(T) of Srg65Pro3sMnO;. Inset shows the C,/T ratio.

and that there is a substantial increase of the resistivity below
Tx. This increase is believed to be related to charge carrier
localization that accompanies the onset of long-range AFM
ordering.

The temperature dependence of the heat capacity C, of
Sr.65Pro.3sMnO3 was also investigated, and these results are
depicted in Fig. 13. The most striking feature of this figure
is the anomaly with a maximum at 7 = 236 K. This is a
consequence of the antiferromagnetic transition seen in both
the neutron diffraction and bulk susceptibility measurements.
The total heat capacity contains contributions from the lattice,
electronic, and magnetic effects. As a consequence of the lack
of a suitable isostructural compound (an isostructural oxide
without localized d and f electrons), we were not able to
estimate magnetic entropy released during the phase transi-
tion. The broad and extended anomaly in the heat capacity
(and magnetic susceptibility) below the ordering temperature
demonstrates the presence of structural/magnetic/charge dis-
order in Sr 5Pro35MnO3, typical for manganites.48

IV. SUMMARY AND CONCLUSION

Srg.65Pro.3sMnO3 below 750 K adopts a tetragonal 14 /mcm
structure. Temperature-dependent powder neutron diffraction
data show that it undergoes a low-temperature magnetic
transition to a C-type antiferromagnet with Ty ~ 250 K, in
good agreement with bulk susceptibility and heat capacity
measurements. We demonstrate that the high-temperature
Pm3m < I4/mcem phase transition of Sty ¢sPro35MnO;3 can
be interpreted using a single Landau free-energy expansion,
which includes the contributions of both octahedral tilting and
Jahn-Teller distortions. At temperatures above Ty, both the
volume strain e, and square of the octahedral tilt angle ®? are
proportional to 7, — T, as expected for a second-order phase
transition. For a pure-tilting transition, it is expected that
the tetragonal strain e, would be proportional to the volume
strain; however, this is not observed; rather ¢, o (T, — T),
probably as a consequence of the Jahn—Teller-type distortion,
which is manifested by a larger-than-typical distortion of the
MnOQOg octahedra.
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Attemperatures below 250 K, the effect of magnetostriction
is evident in the tetragonal strain and in the distortion of the
MnOg octahedra. The magnetic order increases the magnitude
of the tetragonal strain e, above what would otherwise be
expected. The formation of superparamagnetic clusters near
320 K results in a small, but discernable, change in the
distortion of the MnOg octahedra. Changes in the tilt angle
upon magnetic ordering show there to be effective coupling
between the magnetic ordering process and octahedral tilting.
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