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Relationship between structural parameters and the Nel temperature
in Sr;_,Ca,MnO; (0=x=<1) and Sr,_,BaMnO; (y<0.2
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The crystal and magnetic structures of newly synthesized,8aMnO; (0<x=<1) and S{_,BaMnO;
(y=<0.2) perovskite materialéof the ABO; type) were investigated using neutron and synchrotron x-ray
powder diffraction at temperatures between 10 and 530 K. Upon decreasing the sizeAefitiagéon (or the
unit-cell size a series of structural transitions appears at room temperature from RuiBon to tetragonal
I4/mcm(atx~0.3 to orthorhombid®bnmat x~0.4. In agreement with neutron-diffraction data, resistive and
magnetic measurements show that the samples are antiferromagnetic elitetperature, , varying from
233 to ~125 K and from 233 to 212 K by increasing the Ca and Ba contents, respectively. The observed
variation of Ty cannot be solely explained by the changes of the unit-cell size or the average Mn-O-Mn bond
angle 6. The behavior ofT can be satisfactorily described as a functionod< ¢) related to the superex-
change interaction integral, and, the A-site ionic size variancgL. M. Rodriguez-Martinez and J. P. Attfield,
Phys. Rev. B 54, R1562¢1996 ] regardless of the structural symmetry of the perovskite material.

DOI: 10.1103/PhysRevB.64.134412 PACS nuni®er75.25:+z, 61.12--¢, 75.30—m

[. INTRODUCTION fore due to Sr being less covalent than Ca and, hence, com-
peting less with théB-O-B interaction. Using the model of
Colossal magnetoresistan@@MR) in perovskite manga- superexchange interaction, Treves, Eibszhand Copperis
nites resulting from competing magnetic properties andand Boekema, Van Der Woude, and Sawat2ishowed that
charge and orbital ordering has been a fascinating subjeah rare-earth orthoferrites the changeTig relates primarily
that attracted considerable research efforts in the past fevo departures from 180° of tHg-O-B interaction angle and
years. Several chemical combinations were synthesized ehat Ty and cod 6 (where @ is the B-O-B bond angl¢ are
which the Lg_,Sr,MnO; and La _,CaMnO; systems have linearly related. A similar dependence between the ferromag-
been studied most extensivefishowing a strong correlation netic transition temperaturd. and codd was seen in
between ionic sizes and magnetic and structural transitiomanganese-based orthorhombic mateffaté Recent studies
temperatured In these systems, materials are usually syntheby Rodriguez-Martinez and Attfield and Attfield, Kharl-
sized under ambient conditions up to a limiting substitutionanov, and McAllistet* have shown that in CMR manganese
level at theA-site beyond which the chemical solubility is systems with constant doping level, the ferromagnetic tran-
severely limited mainly because of the decreasing averagstion temperaturd ¢ is mainly affected by the average size
size of the MA™* ion and the unfavorable tolerance factor of of the A-site cations(r ,)(=2y;r;), and by theA-site cation
the desired phase. However, with modified synthesis routinesize varianceo? (=3y;r?—(r,)?, wherer; is the ionic
solubility limits in some systems were recently extended ugsize”® andyj is the fractional occupancy of atoms occupying
to the end members of the phase diagram, for examplghe A site).
La; _,SrMnO; (x=0.6) [Ref. 4] and P5_,SrMnO;z (X In order to investigate the relationship betwebgp and
=0.5)>° structural parameter@.g., Mn-O-Mn bond angler?, (r,))
In a study to determine the size effect of theite on the in orthorhombic, tetragonal, and cubic materials, we synthe-
antiferromagnetic transition temperatufg,, MacChesney sized a series of metastable, SfCaMnO; (0=x=<1) and
et al” have prepared and examined;Cg5r,MnO; samples Sr_yBaMnO; (y=<0.2) perovskites in which the nominal
(ABO; type) with 0=<z=0.25 and found thaT increases Mn oxidation state is always-4. Insofar as we are aware,
unexpectedly with increasing the size of the unit cell. Mac-samples from the $r,CaMnO; series with strontium con-
Chesneyet al’s results are clearly in contradiction with pre- tent greater than 0.&xcept the end member SrMg3° and
dictions based on the de&molecular-field theory of antifer- the Ba-substituted materials have not been previously syn-
romagnetism that infers that enlargement of the unit-cell sizéhesized and little is known about their structural behavior
should result in decreasing the' ®l@éemperature. These re- and properties. Poepplemeier al,'’ using x ray and neu-
sults prompted Goodenouko suggest that the NMétem-  tron diffraction, determined the room-temperature crystal
perature increases, for localized-electron antiferromagnetistructures for stoichiometric CaMn@nd oxygen deficient
systems such as €a,Sr,MnO;, because of a competition CaMnO, 5to be orthorhombi®nmaand orthorhombi®bam
between the covalent mixing of tiicationd orbitals oft (with a 2ap,X4apX1la, superstructure respectively.
symmetry and the covalent mixing of tiesite cations with CaMnQ;_ 5 was shown by MacChesney al.” and by Zeng,
the anionp orbitals, thereby reducing tt&- O-B interaction.  Greenblatt, and Croff to be antiferromagnetiqTy of
The increase of  with increased Sr content would be there- ~123-125 K of the G type with a weak ferromagnetic com-
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ponent that was explained as possibly due to the anisotropy 0.0003 ———
imposed by orthorhombic distortion. Btieo et al,'® how-

ever, showed that this ferromagnetic component saturates at
~0.04ug for stoichiometric CaMn@ (in agreement with
Jonker’s resulfd) and decreases to about 0wl with de-
creased oxygen content for CaMp§)

In this paper, we report the physical properties and evo-
lution of the structure of Sr,CaMnO; (0=x=<1) and
Sr_,BaMnO; (y=<0.2) investigated by neutron and syn-
chrotron x-ray powder diffraction. With the continuous de-
crease of the average size of thsite, we observe a series of 0
room-temperature structural-phase transitions from cubic

Pm3m (x<0.2, y<0.2 to tetragonall4/mcm (0.3=x 0.06
<0.4) to orthorhombic Pbnm (0.5=x=<1.0). Neutron-
diffraction data and resistive and magnetic measurements
show that the samples are antiferromagnetic witfelNem-
peraturesTy varying from 233 to~125 K and from 233 to
212 K by increasing the Cé& up to 1.0 and Ba §<0.2)
contents, respectively. We demonstrate that the observed
variation of Ty, cannot be solely explained by the changes of
the unit-cell size or by the Mn-O-Mn bond anglgy can be 0 b i v
better described in terms ¢tog 6) and the variance? of 0 50 100
sizes of theA-site ions. T (K)
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FIG. 1. Temperature dependencesgafac susceptibility andb)
“Field-cooled” dc magnetization for $r,CaMnO; and
Sn_yBaMnOs.

Il. SAMPLE PREPARATION AND EXPERIMENTAL
DETAILS

Polycrystalline Sy ,CaMnO;  (0=x=<1) and
Sr_yBaMnO; (y=<0.2; Ax and Ay intervals of 0.} diffractometef® at the intense pulsed neutron source. Dif-
samples were synthesized from stoichiometric mixtures ofraction data were acquired at room temperature and for
CaCQ, Srcg, BaCQ, and MnQ. The 0.6sx<=1.0 some selected samples at temperatures between 10 and 530
samples were processed using the standard solid-state redcusing a closed-cycle helium refrigerator with heating ca-
tion method and fired in air several times at various temperapabilities. High-resolution backscattering data, from 0.5 to 4
tures up to 1350 °C followed by slow cooling to 500 °C. The A, were analyzed using the Rietveld method and the general
remaining compositions @x=<0.5) andy<0.2 were syn- structure analysis system cotesas). **
thesized using a two-step method previously developed for

similar metastable compounajs.ln the first step, single- IIl. MAGNETIC AND RESISTIVE PROPERTIES
phase oxygen-deficient perovskites were obtained from pre- o
cursors fired in flowing argoricontaining ~10 ppmQ or The temperature dependence of ac susceptibility in zero-

lesy at temperatures increasing from 1150°C for0.5 magnetic field of Sr ,CaMnO; and Sg_,BaMnOs;
(St.sCay sMNO, 59 to 1400 °C forx=0 (SrMnQ, 7). Inthe  samples is presented in Fig@l For 0.2<x<1.0, we ob-
second step, oxygen-deficient samples were annealed in &grve a sharp step in ac susceptibility on decreasing tempera-
at 500 °C to bring the oxygen content up to 30001 oxy- ture followed by a slow decrease at lower temperatures. The
gen atoms per formula unistoichiometry monitored using “field-cooled” magnetization measured on cooling in a mag-
thermogravimetric analysisAll samples were phase pure netic field of 5 T is presented in Fig(ld). Below the kink at
according to x-ray and neutron powder diffraction. Details ofthe paramagnetic-antiferromagnetic transition the magnetiza-
the synthesis procedure, thermogravimetric measurementéQn increases to a value of 0,6g/Mn at low temperatures
structural, magnetic, and resistive properties for the oxyge#vith x increasing to 1.0. This indicates weak ferromagnetic
deficient materials will be published separatély. behavior of Sy_,CaMnO; possibly of the Dzyaloshinsky-
Magnetization and resistivity measurements were perMorya type since the=0.3—1 compounds show structural
formed using a quantum design physical properties measurélistortions from the cubic structure. We define theeNlem-
ment system—model 6000 at temperatures between 10 afgratureTy as the temperature of the maximum slope in the
350 K. Synchrotron x-ray diffraction data were collected onac susceptibility or dc magnetization vs temperature curves.
the BESSRC-CAT beam line at the advanced photon sourcBoth ac susceptibility and magnetization measurements give
using an intense x-ray beam of wavelength 0.7749 Athe same values oFy. The inset to Fig. ) shows a dif-
Samples were placed in glass capillaries and measured #rent behavior of the magnetization for the cukie 0,0.1
temperatures between 18 and 350 K using a closed-cyclendy=0.1,0.2 samples. The magnetization decreasés, at
helium refrigerator. Time-of-flight neutron powder diffrac- and then starts to increase at much lower temperatures. For
tion data were collected on the special environment powdethese samplesTy values were determined more precisely
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FIG. 3. Structural and magnetic phase diagram of
Sr_,CaMnO; and Si_,BaMnO; showing cubicPm3m, tetrag-
onall4/mcm and orthorhombid®bnmstructural ranges as a func-
tion of (r,). Open symbols denote structural transitions, filled
circles denote measuretlys. Diffraction data were collected at
(b) e SV ; temperature ranges shown as light shadedutron$ and dark
T ETETEERENE FERTN FEETE R B | shaded(synchrotron x raysvertical bars.
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romagnetic transition. For example, for CaMn@& changes
from ~40 meV in the antiferromagnetic state tdl60 meV
in the paramagnetic state, and fog L&, gMnO; the corre-
sponding change foE is 35 to 140 meV. These values are
comparable to an averadge~89 meV for CaMnQ@, which
was attributed to thermal activation of charge carriers from
impurity states to the extended states in the conduction
band?’ For higher Sr contentx<0.4),5 shows a sharp cusp
(© ce at Ty and a complicated behavior of resistivity beldw .
TS RETEE PERTE PR FETEE SRR A The magnetic and structural phase diagrams of
100 200 300 Sn_CaMnO; and Sg_,BaMnO; are plotted in Fig. 3. For
T (K) this plot and the remainder of this paper we useTkeval-
ues determined from magnetic and resistive measurements.
FIG. 2. Resistivity measurements for ;S¢CaMnO; and  Despite the good agreement between these values and those
Sr-yBaMnO; as a function of temperature. Insets show the loga-optained from the Rietveld analysis of the neutron-
rithmic derivative 5=d In p/dIn(1/T) as a function of the inverse (iffraction patterns, we shall use the more accurate magnetic
temperature. and resistiveT, values measured with fin®T steps(< 1 K)
compared to &AT of 10-20 K for the neutron diffraction
from the derivatives of the resistivity measurements as depatterns. As shown in Fig. 3y increases from 123 K for
scribed in the paragraph below and shown in the insets o€aMnQ; to a maximum of 233 K for SrMn@and then de-
Figs. 2b) and Zc). The arrows in the inset to Fig(d) show creases for the Ba-substituted samples. While the increase of
the values off y=233K forx=0, 228K forx=0.1, and 225 Ty for Ca-substituted samples agrees with MacChesney
K for y=0.1. et al’s result the decrease ofy for the Ba-substituted
The temperature dependence of resistivity ofsamples appears to be consistent with the behavior predicted
Sr,_xCaMnO; and Sg_,BaMnO; samples is presented in from the Nel molecular-field theory of antiferromagnetism
Fig. 2. Because we find that the measured resistivity is indebut neither can explain the observég's over all structural
pendent of the magnetic field up to the value of 7 T, weregions.
present here the data obtained in zero field. The logarithmic
derivative  of the resistivif?  8=dIn p/dIn(1/T)
=[p(E/kT)P]—s (wherep=1 for thermally activated con- )
duction, E is the activation energy, argk=1/2 from Mot£®) The structural phase diagram of ;SfCaMnO; and
plotted as a function of inverse temperatusee insetsis  Sfh-yBaMnOs plotted in Fig. 3 shows the evolution of the
roughly linear above and beloWy, for x=0.4 and shows a Structure as a function df ,) and temperature. To calculate
change of the slope at a temperature that corresponds to tfiea) We used the ionic radi for 12-coordinated C#1.34
magnetically determined’y. Our observation points to a A), Sr(1.44 A, and Ba(1.61 A). As shown in the figure, the
significant change of the activation enerByat the antifer-  structure changes from cubRm3m (x<0.2; y<0.2) to te-
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A. Neutron and synchrotron x-ray powder diffraction
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TABLE I. Room temperature structural parameters3qr ,CaMnO; and Sr,_,BaMnO;.

OrthorhombicPbnm Tetragonal 4/mcm Cubic Pm3m

A=Ca A=Ba
X,y 1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0 0.1 0.2
a (A) 5.265908)  5.28361) 5.30052) 5.31451) 5.32922) 5.34351) 5.336402) 5.347102) 3.791932) 3.7982271) 3.805401) 3.818341) 3.831263)
b (A) 5.277908)  5.28621) 5.29452) 5.30311) 5.31442) 5.32721)
¢ (A) 7.45341) 7.47471) 7.49423) 7.50852) 7.52365) 7.53722) 7.575007)  7.583 525)
V (A%)? 207.1522) 208.7722) 210.3123) 211.6263) 213.0766) 214.55%4) 215.7264) 216.8233) 218.0933) 219.1804) 220.4264) 222.6804) 224.9484)
X (Sr, A —0.00595) —0.00485) —0.001910) —0.00317) —0.002915) —0.000@8) 0 0 0.5 0.5 0.5 0.5 0.5
y (S, A 0.46672) 0.47212) 0.47694) 0.48153) 0.48659) 0.49116) 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Uiso (S1, A) (A2P  0.752) 0.772) 0.803) 0.762) 0.734) 0.702) 0.692) 0.661) 0.691) 0.661) 0.602) 0.601) 0.643)
UisoMn (A2) 0.231) 0.261) 0.262) 0.302) 0.294) 0.31(2) 0.392) 0.342) 0.322) 0.342) 0.282) 0.251) 1.014)
x (01) —-0.06534) —0.06075 —0.057G9) —0.0516) —0.048G12) —0.04156) 0 0 0 0 0 0 0
y (01) -0.01022) —0.00813) —0.0075) —0.00584) —0.004912) —0.00178) 0 0 0 0 0 0 0
Uy, (01) (A?) 0.657) 0.91) 0.82) 1.001) 1.02) 1.3(1) 1.757) 1.546) 1.51) 1.122) 0.873) 0.852) 0.994)
Uy, (01) (AP 0.727) 0.899) 1.02) 1.21) 1.53) 1.32) 1.757) 1.546) 1.51) 1.122) 0.873) 0.852) 0.984)
Uz (01) (A?) 0.436) 0.386) 0.4(1) 0.309) 0.22) 0.21) 0.739) 0.257) 0.7(1) 0.443) 0.375) 0.353) 0.547)
U;, (01) (R?) 0.074) 0.185) 0.149) 0.197) —-0.02) 0.4(1) 0 0
X (02) 0.21282) 0.21583) 0.21985) 0.22273) 0.22716) 0.23253) 0.22651) 0.23141)
y (02 0.28662) 0.28462) 0.28184) 0.27842) 0.27445) 0.26873) 0.27351) 0.26861)
z (02 0.03372) 0.03152) 0.02864) 0.02653) 0.02356) 0.02113) 0 0
Uy, (02) (A?) 0.523) 0.564) 0.707) 0.81(5) 0.91) 0.958) 0.552) 0.792)
U,, (02) (A?) 0.373) 0.454) 0.41(6) 0.524) 0.5(1) 0.627) 0.552) 0.792)
U3 (02) (A?) 0.733) 0.844) 1.138) 1.096) 1.22) 1.339) 2.498) 1.607)
Uy, (02) (A?) —~0.233) -0.313) -0.325) —0.41(4) —-0.41(1) —0.457) —0.404) —~0.364)
Ug3 (02 (A% 0104  -0005  -01K9)  -0.156) 0.0) -0.208) 0 0
Uyps (02) (AP —0.093) -0.134) —0.008) —0.065) 0.21) 0.21) —0.047) 0 0
Rup%® 6.23 6.09 7.50 6.37 8.15 5.82 8.69 7.37 8.17 8.33 4.35 8.16 11.19
i 1.80 2.07 1.31 161 1.19 1.47 1.76 1.62 1.87 1.66 1.72 1.94 1.36
Mn-O1-Mn (°) 158.83 160.34 161.52 163.27 164.40 166.58 180 180 180 180 180 180 180
Mn-O2-Mn (°) 157.39 158.88 160.85 162.53 164.80 167.33 169.26 171.49 180 180 180 180 180
(co6) 0.857 99 0.87572 0.894 77 0.912 30 0.930 07 0.949 97 0.976 85 0.985 4D 1 1 1 1
a? (A?) 0 0.0009 0.0016 0.0021 0.0024 0.0025 0.0024 0.0021 0.0016 0.0009 0 0.0026 0.00462
obsTy(K) 123 130 141 150 164 175 191 205 218 228 233 225 212
CalcTy(K) 123.65 132.80 143.97 154.97 167.15 181.98 203.17 211.26 225.00 228.50 233.00 220.00 209.88

l;\/ multiplied by four for samples with the cubic structure.
U;so=isotropic thermal factor.

C . . .

Ryp=weighted profile residual agreement factor.

tragonall 4/mcm (0.3<x=<0.4) to orthorhombi®®bnm (0.5  structural models were examined fo=0.4 and 0.5. Good

<x=<1.0) forming regions that are separated by steep-phadés were obtained using thEbnmmodel while theBmmb
boundary lines. model resulted in unstable refinements and poor fits. Table |
A similar sequence of structural phase transitions was prdists the structural parameters for ;S¢CaMnO; (0=<x
viously observed for $r,CaTiO; [Refs. 28,29 and <=1) and Sy_,BaMnO; (y<0.2).
Sr,_,CaV03.%° In Sr;_,CaTiO, Ball etal® suggested,
based on the examination of observed x-ray superlattice re-
flections and the corresponding E©ctahedral tilts, that a The large average ionic size of thé site in
second orthorhombiBmmbphase exists in a narrow region Sr,_,CaMnO; (x<0.2) and Sy_,BaMnO; (y<0.2) re-
(for x near 0.5 between the orthorhombiebnmphase and sults in a simple cubic structure with lattice dimensions com-
the tetragonal4/mcmphase. Later, x-ray diffraction studies parable to those of the primitive perovskitayj. The struc-
carried out by Qiret al?® reported that th@mmbphase in  ture can be simply described as a three-dimensional stacking
the Si_,CaTiO3 series is possible but could not be con- of corner-sharing Mn@ regular octahedra formed by six
firmed in a definitive way, thus, leaving this question open.equivalent Mn-O bonds. Sr, Céer Ba) atoms occupy the
Sr;—,Ca VO3 was not reported to exhibit such an intermedi- cavities formed between the Mctahedra and are co-
ate phase. In our present study, both Btenmand Bmmb  ordinated with 12 first-neighboring oxygen atoms. Figure

1. The cubic structure
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S 4000 ;, - l - FIG. 5. Lattice parameters of cubic,;S;CaMnO; (x=0,0.1)
£ = % o0 200" %% and Sg Bay ;MnO; as a function of temperature. Weak changes of
© T K) .
- ; slope(denoted by the arrowsorrespond to the onset of antiferro-
€ 2000 E magnetic ordering.
3 1
S ik L
0 TN T 4T 1T ST T T the tetragonal splitting of several peaks at different positions.
L B - s Figure 4b) shows the best-fit Rietveld refinement for
; T kc) o =.F Sry Cay sMnO3 using the 10 K neutron diffraction data. In
8000 [ Sr Ca. MnO £ ‘e the tetragonal structure, the long-range structural distortions
L 0.1 09 3 § 1 o result in elongation and rotation of the MpMctahedra
_ g, along and around the axis, respectively. The tetragonal
4000 [ =% 100" 200" 300 structure assumes thd/mcm symmetry with a unit cell of
; = 1 V2a,Xv2a,%x2a, and the same unit cell can be used to
* ] describe the antiferromagnetic structure that is also of@he
1 . ; ] type with the magnetic moments pointing in the direction
0 [ | 1
I AT SRR S BT T :
1.0 15 20 25 3.0
d-spacing (A)

FIG. 4. Best-fit Rietveld refinement using neutron powder dif-
fraction data at 10 K for QrBa, ;MnO; (a) Sty LCay sMnO; (b) and
Srp1Ca MNnO; (c). Magnetic intensities observed at locations
marked with asterisks. The insets show the refined Mn magnetic
moment for each sample.

4(a) shows the best-fit Rietveld refinement for
Sry.9Bay.1MnO; using neutron-diffraction data collected at
10 K. Figure 5 shows the continuous temperature depen-
dence of the lattice parameters for,;SCaMnO; (X
=0,0.1) and §BayMnO; with weak changes of slope
that correspond to the onset of the antiferromagnetic order-
ing. The antiferromagnetic structure of;SCaMnO; (x
<0.2) and Sy_,BaMnO; (y<0.2) is of theG type in
which neighboring Mn moments are oriented antiparallel to
each other in all three directions, thus giving rise to a mag-
netic structure with lattice dimensions oag@x2a,x2a,.

The refined Mn magnetic moment for (3Ba, ;MnO; be-
tween 300 and 10 K is shown in the inset of Figa)4

2. The tetragonal structure

As the amount of Ca at thA site increases, a cubic-to-

33 334

338
26 (deg)

342 54

54.4 54.8
28 (deg)

tetragonal structural phase transition develops and is clearly FIG. 6. Synchrotron x-ray datdor the x=0.2 sampleshowing
seen below~200 K for x=0.2. Figure 6 shows synchrotron the tetragonal splitting of the cubic 226) and 420(c) lines into
x-ray data(for x=0.2) taken at 50 and 350 K demonstrating tetragonal 224 and 40®) and 228 and 444d) lines.
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smooth increase of the lattice parametersand c (for i ° |
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Further lowering of the symmetry from tetragonal to

3. The orthorhombic structure

FIG. 9. (8 Lattice parameters andb) unit-cell volume of
Sy sCa sMNO; as a function of temperature.

orthorhombic is observed as the Ca content increasex for

=0.4. Figure 4c) shows the best-fit Rietveld refinement for
Srp.1Ca gMNnO; using the 10 K neutron-diffraction data. The
orthorhombic structure of $r,CaMnO; can be described
using the symmetry of thbnmspace group in which the
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Portions of best-fit

Rietveld

2.8

MnQOg octahedra are rotated around and tilted off ¢hexis.
The antiferromagnetic structure retains Betype configu-
ration with the magnetic moments pointing along thaxis
[inset of Fig. 4c)].

Figure 8a) shows portions of best-fit Rietveld refine-
ments using neutron-diffraction data forgCa sMnO; at
530 K and at 90 K demonstrating the tetragonal-to-
orthorhombic structural transition. Below the transition tem-
perature T~500K, the figure shows extra reflections at
~2.01 and 2.39 A together with the splitting of the tetrago-
nal 202 line(at ~ 2.2 A) into two orthorhombic 202 and 022
lines. Plotting the refined lattice parameters of
Srp.sCa sMnO; as a function of temperature shows the split-
ting of the tetragonah parametebecominga andb in the
orthorhombic structupeand a steep decrease in the magni-
tude of thec axis, Fig. 9a). No abrupt changes were seen in
the unit-cell volume that decrease smoothly as a function of
decreasing temperature, Figb® Similar behavior of the
lattice parameters was seen for thg &a, ,MNO; sample
below 280 K.

Evolution of the room-temperature unit-cell volumig,,
and the average Mn-O-Mn bond angle is plotted as a func-
tion of {r ») in Figs. 1@a) and 1@b), respectively. The figure
shows the expected increase of the volume as a function of
increased average ionic size of tAesite and a scaling be-
tweenTy and the average Mn-O-Mn bond angle fox 0.3
giving evidence for a direct link between the two parameters
in the noncubic region. In the cubic reginbe=0-0.2 and
y=0.2) where the Mn-O-Mn bond angle is straight, the lat-

refinements for tice size continues to expand with decreasing Ca content and

then increasing Ba conterf{r ) increasing continuously

Inset shows the splitting of the tetragonal 202 line into orthorhom-while Ty initially increases and then decreases, respectively.
bic 022 and 202 lines.

This unusual behavior clearly indicates that the average Mn-
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240 | (b) 1180 A o
§ FIG. 11. Calculateds? (filled circles and the measured room
- li7s & temperature Debye-Waller fact@d) (open circleg for the oxygen
= atoms as a function dfr »).
—~ 200 | =]
< {170 Y
= - R 2 8 noted thato? is zero when there is no variance at theite
160 EFWNEK) 094 165 o as in the case of CaMn@nd SrMnQ, while (rQ—(r,))? is
o ‘6‘ 8 <cos?> 085v a zero when the average ionic radi@is,) equals that of an
134138142146 | 160 — ideal cubic perovskite2 . In our case this is achieved when
120 ¢ ! ! . R/ § the system becomes cubic near the0.2 composition and

1.34 136 1.38 140 142 144 146 148

FIG. 10. (8 The room temperature unit-cell volume for
Sr_,CaMnO; (0=x=<1) and S{_,BaMnO; (y=<0.2). (b) Ty
(filled circles and(Mn-O-Mn) bond angle(6) (open squargsas a
function of (r ,). The inset showd, and(co¢ 6) (open triangles

plotted as a function ofr »).

O-Mn bond angle is not the only parameter affectihg.

Similarly, the behavior ofT over the whole cubic region

cannot be explained by the increase of the unit-cell size.
As mentioned in the Introductiof,y and

(cog #)[ ={cog(B-01-B)+ 2 cog(B-02-B)}/3]

were determined to be linearly related in orthorhombic rare-
earth orthoferrites and manganese-based matériigvhile

<r,> A)

as suchf\ in our system is~1.42 A at room temperature.
Using geometrical arguments, the linear relationship be-
tween ¢3—(r))? and(cog ) can be easily verified. Thus,
we prefer to use the well-established paramétas 6) for
describing the behavior dfy.°~*2 Similarly, the variance of
the Mn-O-Mn bond angle from its average value can be ap-
proximated by the parameter®. It should be stressed that
the A-site cation mixing causes local variations of the Mn-
O-Mn bond angle even when the average angle is 180°. In
theory, these distortions can be deduced from the Debye-
Waller factors of the oxygen atoms measured at low tem-
peratures and as such the two parameters would be linearly
related as shown by Rodriguez-Martinez and Attfféldn
practice, however, the low-temperature Debye-Waller factors
remain contaminated by contributions from thermal effects,
thus, making it difficult to extract meaningful or accurate
values for the variation of the local angular distortions. In
Fig. 11 we plot the calculated?® and the average Debye-

this relationship works reasonably well for our orthorhombic
and tetragonal samples, inset of Fig(l)Q with an average

the observed variation dfy in the cubic regime. Rodriguez-
Martinez and Attfield® and Attfield, Kharlanov, and
McAllister** analyzed the relationship betwed@i and the
averageA site ionic size for a large number of samples that
belong to the colossal magnetoresistaAténO; materialg®
and the superconducting,CuQ, series* and proposed an
empirical relation betweefic and ¢%—(r,))? and o2 that
can be written as

T((ra), 02 =T(r2,00 = ps(ra—(ra))?—pyo?, (1)

where(r ,) is the averagd-site cation radius;} is the ideal
A-site radius for an undistorted cubic perovskit€, is the
variance of theA-site cation radius distributiofdefined in
the Introduction, T,((ra),c?) is the observed magnetic
transition temperature, aﬁldn(rX,O) is the ideal temperature

300 RERES RASS RRAnD EEEEN LS IR RIS R
200 | :
éz s La ]
[ _ 4 ]
100 | p E
C Nd € Pr ]
L ° ]

1o EU
[0 S P TP I IR BT I e
0.6 0.7 0.8 0.9 1.0

<cos?6>

FIG. 12. Ty vs (cog ¢) for REMnO, (RE=La, Pr, Nd, Eu, and

Waller factor for oxygen atoms measured at room tempera-
Mn-O-Mn bond angle of less than 180° it cannot account forfure as a function ofr,) showing the similarity in the be-

of magnetic transitionp, andp, are constants. It should be Tb) materials witho?>=0. Data extracted from Refs. 32—-36.
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240 ——r T are in good agreement with the observiggvalues over the
(@) o © © . 1 whole range ofr ) regardless of the structural symmetry of
L the perovskite material. Structural parameters used in these
200 E o ] calculations are listed at the bottom of Table I.
[ ° ] Figure 13b) shows Ty values calculated using Eq2)
i together with the individual contributions of? and (1
; o ] —(cog #)) as a function ofr ). To emphasize these indi-
160 |- g ] vidual contributions, we divide the figure into four shaded
F g ® Obs. T ] areas as shown. The linear curffiled squares represents
o) O Cale. T, the variation ofC,(1—(co¢ 6)), the inverse paraboldilled
120ttt triangles represents the calculatéesite varianceC,0?, and
the open circles show the variation @f; as a function of
oy 240 (rp). In the first area, the negative impact®f (increasing
i away from its first minimum at CaMn{on Ty, is overcom-
o pensated by the positive effect of {Xcos 6)) on Ty de-
S creasing rapidly towards its minimum. In the second paft,
;—, reverses sign and decreases towards its second minimum at
g
_|

Obs. and Calc. T (K)
[ Jeo)

1200

SrMnO; and the two parameters collaborate positively to
keepTy increasing faster. At the onset of the third area, (1

C,(1-<cos’>), Co° (K)

1605 —(cog 0)) reaches its zero value and remains as such
-~ throughout the cubic region, thus, having no effectlanin
A ] this region. The variance?, on the other hand, continues to
A m w120 decrease towards its second minimuat SrMnQ) and

keeps Ty increasing but at a slower rate. Finally, in the
fourth part of the graphg? departs from its second mini-
mum and decreasés, .

FIG. 13. (a) Observed(filled circles and calculatedry (open
circles as a function of(r,). (b) CalculatedTy values (open
circles obtained by subtracting the individual contributions of

Cy(1—(cos 0)) (filled squares and C,0* (filled triangley from We synthesized a series of high-quality metastable
T, Of 233 K[see Eq(2) in the tex]. Sr_,CaMnOy(0=x=<1) and S ,BaMnOy(y=<0.2)
_ ] samples for the study of the dependence of the antiferromag-
havior of the o parameters. Thus, takifigos’ (180°)  netic transition temperature on structural features. Magnetic,
—(cos' §)] ando? as parameters affecting the ideal temperaesistive, and neutron-diffraction measurements determined
ture of the magnetic transition, E(L) can be written as Ty for all samples. Neutron and synchrotron x-ray diffrac-
o tion experiments showed that the nuclear structure changes
TN(G’UZ):TNmax(lSO ’Q_C1(1_<CO§ 0>)_C202’ 2) from chic to tetragonal to orthorhombic as a function gf

whereC, andC, are the variation rates dfy, as a function decreased average size of tAssite cation similar to other

of (co §) and o2, namely,d Ty, /d({co€ 6)) andd Ty /do? transition-metal perovskites. Our data show a reasonable

respectively. In this equation, o2, (co€6), and scaling betweerly and (cog 6) in the orthorhombic and

o tetragonal regimes. In the cubic regime, however, we observe
T 180°,0)=233K are known andC; and C, can be . )
Ny = ! 2 a continuous change ifiy for a constant Mn-O-Mn bond

angle(i.e., constan{cog #)). Similarly, the parabolic behav-

ior of Ty cannot be explained by the monotonic increase of
the unit-cell size. These observations demonstrate a need for
consideration of the local variations of the Mn-O-Mn bond

IV. CONCLUSIONS

independently determined. In the cubic region of
Sr_xCaMnO4(x=<0.2) and Sy_,BaMnO;(y=<0.2), where
(1—{cog 0)) is null, we determined the ratidTy/do? as
C,~5000(500) K/&. The parametelC, was determined

from a plot depictingTy vs (cos ¢) that we constructed angles that are related to thesite size variancer?. We

2_A_ . .
for o°=0—REMnO; materials[RE (rare earth is La, P, gnoy that optimally ., is suppressed by two contributions

Nd, Eu, and Th in Fig. 12, usingTy and(_cos.2 0) values C,(1—(cog 6)) and C,0? whereC, andC, equal 77070)
from Refs. 32-36. The figure shows a linear relation beq and 5000500 K/A2, respectively.

tween Ty and (cog ¢) from which we calculate the
dTy/d(cog @)ratio=C, as~770(70) K. This value is com-
parable to &C; of ~520(50) K that can be extracted from the ACKNOWLEDGMENTS

Ty vs(cos ¢) plot shown in Ref. 10 for the rare-earth ortho-  \we wish to thank Simine Short for her help with neutron-
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