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The crystal and magnetic structures of Tb12xCaxMnO3 series have been studied by x-ray and neutron-
diffraction techniques. Macroscopic magnetic properties have been characterized using ac magnetic suscepti-
bility measurements. The relationships between structural and magnetic behaviors are discussed. Our study
shows that the magnetism of manganese in this system is very complex due to the small size of the rare earth.
TbMnO3 does not develop a simpleA-type magnetic order, as does LaMnO3, but an incommensurate sinewave
structure. As the Ca content increases up tox50.33, the magnetization increases without, however, reaching a
truly ferromagnetic state. Instead, the magnetic ground state is composed of ferromagnetic clusters in a
paramagnetic matrix. Charge ordering is observed at higher values ofx and the magnetic ground state evolves,
with increasingx values, from theCE type to a mixture of different magnetic structures including some
noncollinear structures. Forx50.85, we observe a phase segregation at low temperatures into an orthorhombic
phase and a monoclinic phase.
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I. INTRODUCTION

Mixed oxides of rare earth and manganese were ex
sively studied in the past due to their magnetic properties1–3

These compounds show both, antiferromagnetic~AF! and
ferromagnetic~F! interactions depending on the Mn31/Mn41

ratio and the physics of manganites has primarily been
scribed by the double exchange model.1 However a current
burst of activity has been stimulated by the discovery
giant magnetoresistance in some of these compounds4 and
the recent studies are pointing out to their great complex
The R12xAxMnO3 (R5rare earth;A5Ba, Sr, Ca; hereafte
denoted asA-site cations! compounds display a great varie
of magnetic structures2,5 and charge ordering phenomena.6,7

The pioneering work of Wollanet al.2 revealed different
magnetic structures~A, G, CE, or C types! for these com-
pounds. We refer the reader to this reference to get a
description of these magnetic structures.

Different effects such as the electron-phon
interaction,8,9 the average size of theA-site cations,10 and the
mismatch between theA-site cations11 modulate the physica
properties of these compounds. So far, the lightR-based
compounds ~La, Pr, or Nd! have been intensely
investigated,1–11 whereas fewer studies have concentrated
heavy R-based systems.12,13 In particular, there is no pub
lished information about the evolution of the magnetic pro
erties and the magnetic ground state for the Tb12xCaxMnO3
system. The only available information corresponds to p
ticular samples (x50.5 and 0.33! studied by us in previous
works.14,15 This system is interesting because the Tb-ba
samples are close to the limit of stability for perovskite co
pounds and the resulting structure is very distorted~competi-
tive hexagonal phase appears inRMnO3 with R5Ho, Er,
Tm, Yb, and Lu!. This allows one to study the magnet
properties of manganites with a narrow one-electron ba
width.

The aim of this work is to determine with accuracy t
magnetic properties and magnetic ground state for this se
in order to compare our results with the related systems.
PRB 620163-1829/2000/62~9!/5609~10!/$15.00
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results are interpreted by considering the role of super
change, double exchange and the small size of Tb31 ions.

II. EXPERIMENTAL SECTION

A wide set of Tb12xCaxMnO3 samples (x50,0.15,
0.25,0.33,0.45,0.50,0.55,0.65,0.75,0.85,0.95,1) were
pared by solid state chemistry procedures. Stoichiome
amounts of Tb4O7, CaCO3, and MnCO3 with nominal puri-
ties not less than 99.99% were mixed, ground and calci
overnight at 950 °C. Then, they were ground, pressed a
kbar and sintered at 1250 °C in air for 3 days with interm
diate grindings. Finally, samples withx,0.25 and withx
.0.5 were annealed overnight at 1000 °C in nitrogen a
oxygen current flows, respectively, in order to optimize t
oxygen content.

The oxygen content was determined by means of re
titration and the results of the analysis are summarized
Table I together with the chemical composition of th
samples. All samples can be considered stoichiome
within the experimental error. Consequently, the effects a
ing from oxygen or cation vacancies must be negligible.

X-ray diffraction patterns were collected using a Riga
D/max-B instrument with a copper rotating anode and
graphite monochromator to select the CuKa wavelength. The
device was working at 40 kV and 100 mA. In order to pe
form Rietveld analysis, some selected samples were m
sured in step-scanned mode from 18°<2u<140° in steps of
0.02° with a counting rate of 8 s/step. A continuous-heliu
flow cryostat from Oxford Instruments was coupled to t
goniometer in order to measure at different temperatu
down to 15 K. In this case the device was working at 45
and 160 mA. Neutron-diffraction experiments were carri
out at different temperatures at the high-flux reactor of
ILL using the D1B instrument and working with a wave
length of 2.52 Å covering an angular range 2°<2u<100°.
Structural refinements were made of both, x-ray and neu
5609 ©2000 The American Physical Society
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5610 PRB 62J. BLASCOet al.
diffractograms, by using theFULLPROF program.16

Magnetic measurements were carried out between 5
300 K by using a commercial Quantum Design~SQUID!
magnetometer with an ac experimental setup. Measurem
of magnetic ac susceptibility were performed at frecuenc
ranging from 1.2 to 120 Hz and an amplitude of the oscill
ing magnetic field of 4.5 Oe. All samples studied in th
work are semiconducting or insulating and the electrical c
ductivity at room temperature decreases with increasing
content.

III. RESULTS

A. Crystal structure at room temperature

The analysis of the x-ray diffraction patterns indicat
single-phase compounds for all Tb12xCaxMnO3 samples at

TABLE I. Nominal composition, Mn41 content obtained by re
dox titration and the atmosphere of synthesis for
Tb12xCaxMnO3 series.

Nominal composition Mn41 ~%! Sintering conditions

TbMnO3 3 air1N2 annealing
Tb0.85Ca0.15MnO3 16 air1N2 annealing
Tb0.75Ca0.25MnO3 27 air
Tb0.67Ca0.33MnO3 34 air
Tb0.55Ca0.45MnO3 47 air
Tb0.5Ca0.5MnO3 49 air

Tb0.45Ca0.55MnO3 55 air1O2 annealing
Tb0.35Ca0.65MnO3 66 air1O2 annealing
Tb0.25Ca0.75MnO3 77 air1O2 annealing
Tb0.15Ca0.85MnO3 86 air1O2 annealing
Tb0.05Ca0.95MnO3 92 air1O2 annealing

CaMnO3 96 air1O2 annealing
nd

nts
s
-

-
b

room temperature. Observed diffraction peaks can be
dexed in the orthorhombicPbnmspace group~standard set-
ting Pnma, No. 62!. This is one of the most common dis
torted structures derived from the cubic perovskite. Rietv
profile analysis was performed for selected samples and
results are summarized in Table II. This analysis was a
carried out forx50.33 andx50.5 samples but their result
have been already reported14,15 and we will refer to these
references in order to compare our results. Table III sho
the Mn-O distances and̂Mn-O-Mn& bond angles obtained
from the refined atomic positions together with the MnO6

octahedron distortion for each sample. For the sake of c
ity, we have included the data forx50.33 and x50.5
samples. The lattice parameters obtained for both e
members of the series nicely agree with the data repo
previously.17,18 The unit cell volume decreases with increa
ing Ca content reflecting the large difference in the ion
radii between19 Mn31 and Mn41 that overcomes the differ
ence between Ca21 and Tb31. Figure 1 shows the evolution
at room temperature of both, lattice parameters and unit
volume, along the series. TbMnO3 shows a large orthorhom
bic distortion indicated by the large differences between
a andb lattice parameters. This is the macroscopic mark
the cooperative Jahn-Teller distortion due to the Mn31 ion in
an octahedral environment~see Table III!. Both, the ortho-
rhombic and the octahedron distortion decrease with incre
ing the Ca content~see Fig. 1 and Table III! and the other
end member CaMnO3, with Mn41 and regular MnO6 octahe-
dra shows a nearly cubic unit cell. Therefore, theb axis
decreases strongly with increasing Ca content while the o
lattice parameters have singular features as can be obse
in Fig. 1. The lack of a continuous evolution in these latti
parameters indicates the large correlation between the e
tronic state of Mn atoms and the geometrical structure of
unit cell. Thea-axis peaks atx50.5 while thec axis has a
l
TABLE II. Fractional atomic coordinates and isotropic thermal factors forR~Tb/Ca!, Mn and O atoms~note that an average therma
factor has been considered for both kind of oxygen atoms!. Lattice parameters and reliability factors~unweighted, weighted,x2 and Bragg!
defined as in Ref. 16. Numbers in parentheses indicates standard deviations of the last digits. Data forx50.33 andx50.5 samples have
already been reported in Refs. 14 and 15.

x50 x50.15 x50.25 x50.75 x50.85 x51

R:x 0.9836~1! 0.9841 0.9853~2! 0.9920~3! 0.9905~3! 0.9929~4!

y 0.0810~1! 0.0724 0.0645~1! 0.0399~1! 0.0369~1! 0.0313~1!

B ~Å2! 0.84~1! 0.86~3! 0.81~4! 0.64~2! 0.71~1! 0.52~1!

O~1!:x 0.1083~8! 0.1112~12! 0.1042~10! 0.0750~10! 0.0657~7! 0.0624~8!

y 0.4694~8! 0.4768~12! 0.4676~6! 0.4843~6! 0.4869~5! 0.4869~5!

B ~Å2! 0.94~7! 0.42~9! 0.61~5! 1.20~5! 1.31~4! 0.89~3!

O~2!:x 0.7085~7! 0.7093~10! 0.7088~11! 0.7062~7! 0.7093~5! 0.7118~6!

y 0.3267~6! 0.3056~9! 0.3015~9! 0.2861~7! 0.2877~5! 0.2882~6!

z 0.0523~4! 0.0465~7! 0.0466~7! 0.0360~5! 0.0349~4! 0.0342~4!

B ~Å2! 0.94~7! 0.42~9! 0.61~5! 1.20~5! 1.31~4! 0.89~3!

Mn:B ~Å2! 0.75~2! 0.63~4! 0.77~4! 0.25~2! 0.23~1! 0.14~1!

a ~Å2! 5.3019~1! 5.3076~2! 5.3180~3! 5.3049~2! 5.2824~1! 5.2687~1!

b ~Å! 5.8557~1! 5.6962~3! 5.5997~4! 5.3529~2! 5.3133~1! 5.2813~1!

c ~Å! 7.4009~1! 7.4547~3! 7.4879~5! 7.4805~5! 7.4731~1! 7.4582~1!

Rp /Rwp ~%! 5.3/7.7 7.5/9.7 7.4/9.4 4.8/6.8 5.0/6.8 6.0/8.9
x2 3.1 3.8 3.9 2.8 2.3 2.6

RBragg ~%! 4.2 4.1 4.4 2.9 3.2 2.5
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TABLE III. Interatomic Mn-O distances~Å!, octahedron distortion and angles~deg.! between the MnO6 octahedra for Tb12xCaxMnO3

samples obtained from refined atomic positions at room temperature. The octahedron distortion is defined asDoct5103„Su(Mn-Oi )
2^Mn-O&averageu…/^Mn-O&average.

No. x50 x50.15 x50.25 x50.33 x50.5 x50.75 x50.85 x51

Mn-O~1!: 2 1.946~1! 1.959~2! 1.961~2! 1.957~2! 1.940~4! 1.914~1! 1.901~1! 1.895~1!

Mn-O~2!: 2 2.243~4! 2.094~5! 2.051~5! 2.009~5! 1.965~12! 1.901~4! 1.905~3! 1.904~3!

2 1.889~4! 1.931~5! 1.938~5! 1.949~5! 1.948~12! 1.952~4! 1.923~3! 1.903~3!

^Mn-O&average 2.026 1.995 1.983 1.979 1.951 1.922 1.910 1.901
Doct 2.14 0.99 0.68 0.38 0.14 0.30 0.14 0.06

Mn-O~1!-Mn:
2 143.98~6! 144.04~9! 145.41~9! 146.6~3! 149.0~2! 155.46~5! 158.54~3! 159.57~3!

Mn-O~2!-Mn:
4 145.7~1! 150.6~2! 151.0~2! 151.6~8! 154.2~5! 155.8~1! 156.3~1! 156.8~1!

^Mn-O-Mn&av 145.1 148.4 149.1 149.9 152.5 155.7 157.0 157.7
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local minimum at this composition. These features must
related to the charge-ordering structure along the ac p
shown by this sample14 at 300 K. Its real unit cell is mono
clinic although it is hard to notice superstructure peaks
room temperature. Thec-axis peaks atx50.33 at which the
related compounds, as La2/3Ca1/3MnO3, show the highest
temperature of ferromagnetic transition. Ferromagnetic in
actions are also present in Tb2/3Ca1/3MnO3 as evidences its
spin-glass-like behavior at low temperatures.15 In addition,
the replacement of Tb by Ca also affects the bond an
between neighboring octahedra~see Table III!. These angles
are very low for TbMnO3 due to the low Tb31 ion size, and
they increase with increasing Ca content.

B. Structural and magnetic properties below room
temperature

Neutron-diffraction experiments were performed on
lected samples (x50, 0.15, 0.33, 0.5, 0.65, and 0.85! in or-
der to study both, the thermal evolution and the magn
ground state. First, we present the structural data and, su
quently, we correlate these data with macroscopical m
netic measurements.

FIG. 1. Lattice parameters and unit cell volume f
Tb12xCaxMnO3 samples at room temperature.
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1. Thermal evolution of the lattice parameters

All of these samples have been refined in thePbnmspace
group at room temperature. Figure 2 shows the thermal e
lution of the refined lattice parameters in this space gro
Lattice parameters for TbMnO3 and Tb0.85Ca0.15MnO3
samples exhibit a similar thermal evolution with a slight d
crease in both,b and c axes, with decreasing temperatur
However, no changes are observed in thea-parameter, within
the experimental error, down to 125 K. Below this tempe
ture, a small increase in its value is noticed for both samp

Small variations are observed in both,a and b axes, for
Tb0.67Ca0.33MnO3. Only thec axis decreases when lowerin
the temperature down to 200 K. On further cooling down
remains essentially constant down to 2 K. Large jumps
perceived in the thermal dependence of the lattice parame
at high temperatures for Tb0.5Ca0.5MnO5 and
Tb0.35Ca0.65MnO3 compounds. While thea andb parameters
increase with decreasing temperature, thec axis decreases
these variations being sharper for the Tb0.5Ca0.5MnO3
sample. In this sample, these changes can be related to
formation of a charge ordered state at room temperatur
reported elsewhere.14 The ordering is established within th
ac plane~considering thePnmaspace group setting! and the
observed superstructure peaks are consistent with a m
clinic unit cell P21 /m that can be obtained from the ortho
rhombicPnmaby doubling thea axis. The similar behavior
observed in Tb0.35Ca0.65MnO3 might suggest a similar charg
ordering for this sample but in this case, we have not noti
any superstructure diffraction peak below the transition te
perature and accordingly, an orthorhombic unit cell can
count for the patterns down to 2 K. Later, we will show th
in fact different magnetic ground states are observed
these two compositions.

Finally, a sharp change is perceived for all lattice para
eters around 130 K in the Tb0.15Ca0.85MnO3 sample. This is
an indication of both, the phase transition and the phase
regation undergone by this compound.

2. Magnetic structures

Let us report now on the magnetic ground states and
magnetic transitions observed for these compounds. Figu
displays the Rietveld refinement of the neutron-diffracti
spectra at 16 K of the TbMnO3 sample. The Mn moments
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5612 PRB 62J. BLASCOet al.
order at 45 K, below this temperature a sine wave magn
structure, similar to the one reported by Quezelet al.,20 is
found. At 16 K we obtain a propagation vector ofd
50.007,0.275, 0.0 with an amplitude of about 3.5mB . The
phase between the atoms within one ab layer is 0.0775
28°. The plot of the Fig. 3 shows the indexation of the mo
important incommensurate diffraction peaks. Below 10 K t
Tb moment ordering sets slowly in. It is of short range
deduced from the broadness of the diffraction peaks. T
result nicely agrees with the dynamic behavior observed
the ac measurements at very low temperatures as will
shown below. The refined structural and magnetic data
shown in Table IV together with the results of all the oth
compounds studied by neutron diffraction.

The neutron-diffraction data of Tb0.85Ca0.15MnO3 suggest
the absence of magnetic long range order for this compo
in agreement with the spin-glass behavior deduced from
susceptibility curves~see below!. If a ferromagnetic compo-
nent is included in the refinement at 2 K, a small value

FIG. 2. Thermal evolution of the lattice parameters obtain
from neutron diffraction data for selected Tb12xCaxMnO3 samples.
The values ofx are displayed in the figure. Note: The orthorhomb
phase is minority forx50.85 at low temperatures.
ic
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0.7(0.2)mB per Mn atom can be determined. However,
wavylike background which is indicative of remaining sho
range correlations of the Tb sublattice renders the refinem
less reliable, explaining the high value of the reliability fa
tor ~see Table IV!.

Structural data for the sample withx50.33 has been re
ported elsewhere.21 This compound is magnetically inhomo
geneous at low temperatures. The main phase is a spin-g
like phase and small residual Mn moments are ordered in
CE type structure,21 the Neel temperature (TN) being 80 K
for this AF phase.

Tb0.5Ca0.5MnO3 also shows aCE-type magnetic ordering
of the Mn moments as reported elsewhere.14 In this type of
structure, there are two different Mn sites and from the
finements, we determined the magnetic moment values t
3.0 and 3.3mB . This sample develops a charge ordering
about14 300 K, see Fig. 2, whereasTN is around 145 K.

Two magnetic phases are observed in Tb0.35Ca0.65MnO3 at
low temperatures. The ordering temperatures for both pha
coincide or are very close to each other (TN about 140 K!.
The first of the magnetic phases~about 35% of the total
volume! is commensurate and best described as the supe
sition of two C-type sublattices with ferromagnetic chain
along the@110# and @1–10# crystallographic directions, re
spectively. The second phase~65% of the total! has an in-
commensurate spiral structure with a propagation vectod
5(0.0 0.327 0.0). This incommensurate propagation v
tor is acting on a magnetic structure pattern, which is id
tical to the first commensurate magnetic phase. The plo
the Rietveld refinement is displayed in Fig. 4, a value
2.4mB is found for the Mn moment for both phases. A pi
ture of the two magnetic structures can be found in Ji
et al.5 who first found a similar mixing of magnetic phases
the related series Pr12xCaxMnO3, for x50.7.

A phase segregation is observed in Tb0.15Ca0.85MnO3 at
low temperatures. Additional diffraction peaks were first d
tected in the neutron diffractograms. In order to verify th
origin, x-ray-diffraction measurements at low temperatu
were carried out. The refinements indicate the presenc
two crystallographic phases at low temperatures. The m

d

FIG. 3. Rietveld refinement of the neutron-diffraction pattern
16 K for TbMnO3. The difference between experimental and the
retical spectra is plotted at the bottom. The bars denoted the nu
and magnetic reflections.
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TABLE IV. Refined fractional atomic positions, magnetic moment for Mn atoms, unit cell parameter
reliability factors obtained from neutron diffraction data for Tb12xCaxMnO3 samples (x50, 0.15, 0.33, 0.65,
and 0.85! at 16 K for x50 and at 2 K for the rest of samples. The Wyckoff positions in thePbnmspace
group are: (4c) for R ~Tb/Ca! and O~1!; (4b) for Mn; (8d) for O~2!. The atomic positions in theP21 /m
space group can easily be obtained by splitting the ones of the orthorhombic cell~considering thePnma
settings!. Then, the Wyckoff positions for the monoclinic cell~unique axisb! are (2e) for R, R8, O~1!, and
O(1)8, (4f ) for O~2! and O(2)8; (2c) and (2b) for Mn and Mn8, respectively.

x50 x50.15 x50.33 x50.65

x50.85

~21%! ~79%!

R:x 20.0149~8! 20.0143~16! 20.0127~13! 20.0066~14! 20.0063~35! 0.0330~15!

(x8) 0.5330~15!

y 0.0798~7! 0.0736~16! 0.0630~14! 0.0368~12! 0.0330~15! 1/4
z 1/4 1/4 1/4 1/4 1/4 20.0063~35!

(z8) 0.5063~35!

O~1!:x 0.1053~8! 0.0955~17! 0.0900~13! 0.0800~13! 0.0628~20! 0.4822~15!

(x8) 0.9822~15!

y 0.4668~7! 0.4698~7! 0.4727~12! 0.4868~12! 0.4822~15! 1/4
z 1/4 1/4 1/4 1/4 1/4 0.0623~20!

(z8) 0.4372~20!

O~2!:x 0.7039~7! 0.6988~14! 0.7042~9! 0.7128~8! 0.7174~16! 0.2937~13!

(x8) 0.7937~13!

y 0.3259~6! 0.3132~13! 0.3013~9! 0.2924~7! 0.2937~13! 0.0394~9!

(y8) 0.0394~9!

z 0.0515~4! 0.0494~12! 0.0448~7! 0.0378~5! 0.0394~9! 0.7174~16!

(z8) 0.7826~16!

Boverall 0.1~1! 0.1~2! 0.3~2! 0.0~1! 0.1~5! 0.1~5!

Mn:mB 3.49~3! 1.6~3! 2.46~4! 2.7~1! 2.6~3!

0.8~2! 2.44~4!

a ~Å! 5.3090~5! 5.3156~6! 5.3266~14! 5.3175~5! 5.2753~32! 5.3245~6!

b ~Å! 5.8118~5! 5.6780~7! 5.5367~15! 5.3880~6! 5.3033~29! 7.4223~16!

c ~Å! 7.3860~7! 7.4297~11! 7.4628~21! 7.4157~9! 7.4684~62! 5.2841~6!

b ~deg.! 91.02~1!

Rp /Rwp ~%! 1.6/2.1 2.7/3.5 2.8/4.1 2.4/3.1 2.5/4.1
RBragg ~%! 2.0 8.5 3.7 4.0 1.1 2.4
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FIG. 4. Rietveld refinement of the neutron-diffraction pattern
2 K for Tb0.35Ca0.65MnO3. The difference between experiment
and theoretical spectra is plotted at the bottom. The nuclear
magnetic reflections for the 2C type and the spiral magnetic struc
tures are also shown.
phase is a monoclinic phase, space groupP21 /m, character-
istic of systems that show theC-type magnetic
arrangement.12 The second phase has an orthorhombic u
cell, space groupPbnm, with a small orthorhombic distor-
tion. The ratio between them is 85:15 at 80 K and 80:20
15 K. The x-ray refinement at 80 K is shown in Fig. 5 a
Fig. 6 shows the refinement of the neutron-diffraction spec
at 2 K. The structural parameters obtained from the neutr
diffraction data at 2 K are reported in Table IV. Our result
confirm the C-type magnetic structure for the monoclin
phase~79%! while the orthorhombic one~21%! shows a
G-type magnetic arrangement with a ferromagnetic com
nent. The temperature of the appearance of this ferrom
netic component nicely agrees with the anomaly in the th
mal dependence of the lattice parameters~Fig. 2! and with
the sharp peak seen in the ac susceptibility measurement~see
below!. Figure 7 shows the thermal evolution of the latti
parameters of the two individual phases as obtained from
neutron diffractograms. At room temperature, a single ph
~Pnma! accounts for the whole pattern while at about 130
a second orthorhombic phase,G-type magnetic and with dif-
ferent lattice constants, develops out of the original orth
rhombic mother phase. The mother phase itself become

t
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5614 PRB 62J. BLASCOet al.
well magnetic but at slightly lower temperatures. This ma
netic transition coincides with the nuclear phase transition
the monoclinic unit cell (P21 /m). The large variation of the
lattice parameters and of the monoclinic angle at this tra
tion can be seen in Fig. 7. This kind of phase segrega
was predicted in the past3 and it has been observed in relat
compounds such as Sm-based manganites.22

3. Magnetic susceptibility

Let us now focus on the macroscopical magnetic prop
ties of the series, which can roughly be divided in thr
regions depending on thex value. Figure 8~a! shows the
initial ac susceptibility forx<0.3 samples up to 150 K. A
peak is observed for these samples at low temperatureT
,50 K) and both, the temperature and magnitude of the p
increase with increasing Ca content. This behavior point
the enhancement of the ferromagnetic interactions. The

FIG. 5. The x-ray pattern~dots! and best fit~line! at 80 K for
Tb0.15Ca0.85MnO3. The difference between experimental and the
retical fit is plotted at the bottom. The bars denote the allow
Bragg reflections for the monoclinic and orthorhombic unit ce
Inset: Detail of the x-ray pattern showing both, the monoclinic sp
ting ~horizontal index! and the contribution from the seconda
phase~vertical index!.

FIG. 6. Rietveld refinement of the neutron-diffraction pattern
2 K for Tb0.15Ca0.85MnO3. The difference between experiment
and theoretical spectra is plotted at the bottom. The nuclear~ortho-
rhombic and monoclinic! and magnetic reflections~G andC types!
are also shown.
-
o

i-
n

r-
e

(
ak
to
s-

ceptibility curve of TbMnO3 peaks at 9 K where neutron-
diffraction detected the onset of the ordering of localiz
Tb13 moments. However, some differences can be noti
between the undoped sample TbMnO3, and the rest of the
series withx<0.33. The doped samples show a dynam
behavior in the peak characteristic of a spin-glass system
reported15 for x50.33. The frequency dependence of t
freezing temperature Tf ~cusp of the peak!, for
Tb0.85Ca0.15MnO3 is displayed in Fig. 9. It is clear thatTf
increases with increasing frequency of the ac field. The
phase componentx8 shows the expected diminution of th
cusp value as the frequency increases. The out-of-ph
componentx9 ~absorption!, also exhibits a peak at tempera
ture slightly lower thanx8. This peak is also shifted to high
temperatures by increasing the frequency of the ac field
the cusp value is now increased. These results might sug
that the spin-glass behavior shown by this compound be
type A glass.23 Similar results were obtained forx<0.33
samples. The origin for this spin-glass behavior is though
lie in the competitive magnetic interactions shown by th
family of compounds. It is well known that structural disto
tion weakens theF interactions between Mn31-Mn41 ions
~double exchange! and, below a critical̂ Mn-O-Mn& value,
long-range ferromagnetism is not achieved. Instead, isola
ferromagnetic clusters appear as has been detected by se

-
d
.
-

t

FIG. 7. Thermal evolution of the lattice parameters f
Tb0.15Ca0.85MnO3. The orthorhombic and monoclinic unit cell pa
rameters are indicated in the plot. Pnma settings have been use
the orthorhombic structure to have a direct comparison with
monoclinic one. Inset: Thermal evolution of theb angle of the
monoclinic phase.
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techniques such as SANS.24 The samples studied in thi
work evidence a large structural distortion and low^Mn-O-
Mn& values~see Table III!. Accordingly, the spin-glass be
havior can be ascribed to the existence of these ferrom
netic clusters. Recently, it has been proposed that a large
mismatch at the cation size (s2) favors the spin-glass state i
manganites due to a random magnetic anisotropy.25 Our re-
sults agree with this work because the value ofs2 in non-
negligible for samples showing spin-glass behavior.

The undoped sample TbMnO3 does not show dynamic
behavior at the peak but at lower temperatures. Below
peak, there is an additional increase of the paramagnetic
nal that depends on the frequency of the ac field, better

FIG. 8. Thermal dependence of the initial ac susceptibi
curves for Tb12xCaxMnO3 samples,~a! 0<x<0.33, ~b! 0.45<x
<0.65. The oscillating magnetic field has an amplitude of 4.5
and a frequency of 12 Hz.

FIG. 9. Thermal dependence of the ac magnetic susceptib
for TbMnO3 and Tb0.85Ca0.15MnO3 samples at 1.2~solid line!, 12
~broken line!, and 120 Hz~dotted line!. The amplitude of the mag
netic excitation field was 4.5 Oe.
g-
ize

e
ig-
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ticed in the out-of phase component, see Fig. 9. This fea
must be related to the Tb sublattice short range ordering
observed in neutro˙n diffraction patterns below 10 K.

All of these samples (x<0.33) follow a Curie-Weiss law
at high temperatures. As example, plots of 1/x vs T for x
50 andx50.25 are shown in Fig. 10~a!. TbMnO3 follows
the Curie-Weiss law practically down to 45 K, temperatu
where the onset of the ordering of the Mn magnetic mome
is observed by neutron diffraction. The other samples 0
<x<0.33, deviate from the Curie-Weiss law at higher te
peratures~130–150 K!. We have summarized the resul
from the fits to a Curie-Weiss law in Table V. In all case
the effective magnetic moments obtained from these
nicely agree with the expected ones26 from Mn31(4.9mB),
Mn41(3.8mB), and Tb31(9.5mB).

Samples with 0.45,x,0.65 do not show apparen
anomalies in their susceptibility curves, see Fig. 8~b!. Only
an apparent change of slope, better noticed in the 1/x plots,
indicates the presence of phase transitions in these sam
@see Fig. 10~b!#. None of these samples follows a Curi
Weiss behavior as can be observed in Fig. 10~b!. The strong

e

ty

FIG. 10. The inverse of the magnetic susceptibility versus te
perature for selected Tb12xCaxMnO3 samples;~a! x50 and x
50.25; ~b! 0.45<x<0.6,TCO, TN , andTSG indicates the proposed
temperatures for the different kind of transitions~charge ordering,
AF and reminiscent spin glass!; ~c! x50.75 andx50.85. The
straight lines are guides to eyes in order to show the linear beha
of some curves at high temperatures.
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TABLE V. Magnetic constants, experimental and theoretical—spin only for Mn ions and experimental value for Tb31—effective
magnetic moments~Bohr magneton per formula unit! and fit range of the ac magnetic susceptibility data for Tb12xCaxMnO3. The data were
fitted to a conventional Curie-Weiss lawx5C/(T2u). Samples with 0.45<x<0.65 do not follow this law.

Sample C ~emu K/mol! u ~K! meff(mB) Th. meff(mB) Fit range

TbMnO3 15.0 20.15 10.95 10.68 60–300 K
Tb0.85Ca0.15MnO3 12.6 0 10.0 9.96 140–300 K
Tb0.75Ca0.25MnO3 10.65 10.1 9.25 9.45 140–300 K
Tb0.67Ca0.33MnO3 9.85 10.2 8.9 8.9 140–300 K
Tb0.25Ca0.75MnO3 6.05 10.7 6.95 6.3 200–300 K
Tb0.15Ca0.85MnO3 3.38 18.5 5.2 5.4 180–300 K
Tb0.05Ca0.95MnO3 2.57 11 4.4 4.4 160–300 K

CaMnO3 2.26 289 4.2 3.8 160–300 K
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change of the slope observed at high temperatures is asc
to the charge ordering transition14 and they are also related t
the sudden jump observed in the lattice parameters@compare
Figs. 2 and 10~b! for x50.5 andx50.65; there is a relation
ship between the broadness in the change of both, the la
parameters and the slope of 1/x#. In addition,x50.5 andx
50.45 show small anomalies at low temperatures, proba
they arise from the formation of minority spin-glass phas
similar to the ones present in samples withx,0.45.

Samples withx.0.75 show magnetic anomalies arou
110–140 K distinctive of long-range ordering as can be
served in Fig. 11. All of these samples follow a Curie We
law at higher temperatures@see Fig. 10~c!# and the effective
magnetic moments agree reasonably with the expected
from the addition of localized moments of Tb31, Mn31, and
Mn41. The magnetic anomalies observed in this range
compositions suggest again a complex magnetism as
denced already in the neutron study forx50.85. As ex-
plained above, a phase segregation takes place at low
peratures in this sample. The susceptibility curve show
sharp peak~better noticed in the inset of Fig. 11! at tempera-

FIG. 11. Thermal dependence of the initial ac susceptibi
curves for Tb12xCaxMnO3 samples, 0.75<x<1. The oscillating
magnetic field has an amplitude of 4.5 Oe and a frequency o
Hz. Inset: Detail showing the sharp peak of the magnetic transi
for x50.85 sample.
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tures where AF order takes place for both phases~see
above!. This peak is typical of weak ferromagnetism
agreement with neutron-diffraction results for this sam
that shows a ferromagnetic component in the minority ort
rhombic phase. A similar peak in the susceptibility curv
has been reported22 for the Sm0.15Ca0.85MnO3 compound.
The sample withx50.75 shows two anomalies in the a
susceptibility curve. They can be ascribed to both transitio
a charge ordering and an AF ordering, developed practic
at the same temperature in relatedR1/4Ca3/4MnO3
compounds.12 However, a phase segregation of this sam
at low temperatures can not be neglected. CaMnO3 shows an
anomaly at 120 K that agrees with the AF ordering~G type!
proposed for this compound.2,6,12 Finally, the sample with
x50.95 exhibits a peak at 110 K that can be related to a lo
range AF ordering similar to the undoped CaMnO3. How-
ever, the magnetic behavior is different below this tempe
ture presenting aF component. It must be related to either
canting of the AF structure due to the presence of Mn31 ions
or to the appearance of cluster-glass regions as notice
related compounds at similar doping ratio.12

IV. DISCUSSION

The main factors that control the magnetic coupling
this system are supposed to be the Mn-O-M
superexchange27 and the double exchange.1 The former leads
to AF interactions between pairs of Mn31-Mn31 and
Mn41-Mn41. The latter leads toF interactions between
Mn31-Mn41 by hopping of theeg electron. One consequenc
of the small size of Tb31 is the large tilting of the MnO6
octahedra. Therefore, there is a decrease in the^Mn-O-Mn&
bond angle and consequently, in the effective one-elec
bandwidth27,28 W(W'cos@180°-̂ Mn-O-Mn&#/dMn-O

3.5).
This leads to a weakening of theF interactions and instead o
developing a truly ferromagnetic state, as in La-based co
pounds, the system becomes a cluster glass for 0.15<x
<0.33. In addition, AF ordered regions are observed fox
50.33. The low value of thêMn-O-Mn& bond angle reduces
as well the AF superexchange interaction29 and TbMnO3 de-
velops a long-range AF ordering at temperatures quite lo
than related compounds such as LaMnO3 or PrMnO3. Fur-
thermore, the magnetic ground state is incommensurate
TbMnO3 while an A-type structure is shown by othe
RMnO3 compounds, withR being a light rare earth.1,17 Both,
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a static Jahn-Teller effect and anA-type magnetic structure
are considered evidence of orbital ordering forRMnO3 in
agreement with superexchange interaction rules.27 The de-
partures of̂ Mn-O-Mn& from 180° strongly weaken the su
perexchange interaction betweeneg orbitals and introduce
overlap betweent2g orbitals on one cation andeg orbitals on
the other. It is thought that there is a critical angle arou
135° where the latter interaction becomes prepondera27

Although there are some Mn compounds (MnF3) with
^Mn-O-Mn&5145° where theA-type structure is preserved
competitive magnetic interactions can be expected
TbMnO3 and it could provide a suitable explanation for t
incommensurate structure.

For higher values ofx, the charge ordered state is stab
lized by the large lattice distortion and it appears close
room temperature for 0.45<x<065. As recently shown by
Vanithaet al.,30 in manganites with Mn31/Mn4151, TCO in-
creases as the average cation size decreases but it i
affected by the cation size mismatch. The low average ca
size in this series explains the highTCO we observe.

The magnetic ground state forx.0.65 is inhomogeneou
and it is a hallmark of competitive interactions among d
ferent lattice, charge and orbital degrees of freedom. TheTN
for Tb-based samples are lower than those obtained for
equivalent La or Pr-based compounds,5–6 but this difference
decreases, as expected, as the Ca content increases. In
tion, the kinds of AF structures found in the Tb12xCaxMnO3
series forx>0.5 are similar to the ones reported for relat
systems with lighter rare earth atoms2,5 but more complex
magnetic behavior is observed. Finally, the phase segr
tion observed at low temperatures for Tb0.15Ca0.85MnO3 has
also been noticed22 in the related Sm0.15Ca0.85MnO3 com-
pound.

V. CONCLUSIONS

The magnetic properties of Tb12xCaxMnO3 samples have
been characterized by means of neutron-diffraction study
ac susceptibility measurements. The Tb-rich samples pre
a large structural distortion. This feature explains the insu
tor behavior of these samples and influences the magn
properties of the series. The magnetic ground state
TbMnO3 is incommensurate and quite different from the
lated RMnO3 compounds. As the Ca content increases,
on
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ferromagnetic interactions are reinforced but long-rangeF
ordering is not achieved. Both features are related to the
Tb31 ion size and the strong MnO6 octahedron distortion.
This distortion is larger in this series than in th
La12xCaxMnO3 series for corresponding values ofx.
Samples withx>0.5 exhibit an AF ground state, which i
mostly magnetically inhomogeneous. Moreover, forx
50.85 a phase segregation is observed. Samples aroux
50.5 are charge ordered at high temperatures. This effe
enhanced by the narrow one-electron bandwidth of th
compounds.

According to both, the neutron-diffraction study and t
ac susceptibility measurements, a preliminary phase diag
for the Tb12xCaxMnO3 series is proposed in Fig. 12. Furth
studies would be necessary in order to determine the e
composition range where the different magnetic structu
are stable.

ACKNOWLEDGMENTS

This work has been supported by the Spanish C.I.C.Y
Projects No. MAT99-0847 and MAT99-1063-C04-01.

FIG. 12. Magnetic phase diagram of the Tb12xCaxMnO3 series.
P stands for paramagnetic, SG for spin-glass-like, CO for char
ordering, AF8 and AF for antiferromagnetic~incommensurate in the
first case!. The vertical letters indicate the different magnetic stru
tures found in this work. The dotted lines are proposed bound
regions taking into account secondary phases.
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