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Abstract

We have performed measurements of thermoelectric power (TEP), electrical resistivity, DC magnetization and X-ray
powder diffraction in polycrystalline samples of the charge-ordered manganite Pr, 5Sr, 5. Ca,MnO; for x = 0, 0.1 and
0.2. All the studied samples revealed three magnetic phases: paramagnetic at high temperatures, ferromagnetic below
T down to Ty, below which the antiferromagnetic phase is established. At the paramagnetic-ferromagnetic transition,
the TEP presents a clear break, and the three samples show metallic resistivity below T. On the other hand, below
T all the samples turn to an insulating-like resistivity, but the TEP shows striking differences between the x = 0 sample
and the other two. These differences are compatible with the different lattice and magnetic structures of the samples.
These results support the idea that below T a 2D-metal is present and no charge-order accompanies the A-type

antiferromagnetic phase. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Colossal magnetoresistance have been the most
attractive property of the manganese oxides in the
perovskite structure [ 1,2], but not the only one [3].
A rich relation between different structural, mag-
netic and electronic phases has created renewed
interest because of the possibility of manipulating
these properties. One of the most visited states of
these materials is the charge-order (CO) state,
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where real-space periodic arrangement of Mn®*
and Mn** ions takes place [4]. This localization
results in an abrupt increase in the resistivity and in
most cases it is accompanied by the CE-type anti-
ferromagnetic order [5].

As a fundamental parameter, the average ionic
radius of the A-site in manganites (<7, ») drives the
physical behavior of these compounds, ie., for
a given carrier concentration the strongest charge-
ordered states are found for the lowest (r,). As
{ray decreases, the Mn-O-Mn bond angles de-
crease from the ideal 180° of the perovskite struc-
ture [6]. At the same time, the distortion of the
MnOg octahedra for the Mn** ions increases and
it stabilizes the Jahn-Teller (JT) distortions [7].
The increase in the local distortions induces carrier
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localization, resulting in the CO state. The reduc-
tion in the mobility of the charge carriers also leads
to the consequent reduction in the double-ex-
change mechanism [8], so at low temperatures the
CO is accompanied by antiferromagnetic (AFM)
order due to the super-exchange interaction [9].

Although the previous paragraph tends to de-
scribe the CO scenario in a simple way, the relation
between the transport and magnetic properties are
not totally clear. In fact, some compounds that
present A-type antiferromagnetism at low temper-
atures are referred also as charge ordered [10,11].
However, in compounds like Pry sSrysMnOs,
with A-type AFM order [12,13], scientists have not
been able to establish the true electronic phase of
the system at temperatures below Ty [10-14].

In this work we present measurements of the
thermoelectric power (TEP), electrical resistivity,
DC magnetization and X-ray powder diffraction in
the Pry 5Sry s .Ca,MnO; charge-ordered perov-
skite with x =0, 0.1 and 0.2. We show that the
electrical properties of this compound undergo an
abrupt change when the Ca content increases. All
the samples present a para-ferromagnetic transition
at T and a ferro-antiferromagnetic transition at
Tn<Tc. We have found that at Ty the sample
with x = 0 presents qualitative differences in the
TEP with respect to the other two samples. These
differences are also seen in the lattice structure at
room temperature, being tetragonal for x = 0 while
for x = 0.1 and 0.2 we have found an orthorhombic
structure. These results, together with that of the
previous works of neutron diffraction [12,13],
transmission electron microscopy (TEM) [13] and
anisotropic resistivity [ 15] measurements, could be
indicating the non-existence of a true charge-or-
dered state in A-type antiferromagnetic manga-
nites. On the contrary, a 2D-metallic phase should
be the associated electronic state.

2. Experimental

Powdered samples of Pry sSrys-,.Ca,MnO;
were prepared by the nitrate decomposition route.
Raw materials were CO3Sr, CaO and metallic Mn
and Pr. The raw materials were mixed in the
stoichiometric amounts and heated at 800°C in air

for 12 h. Then the powders were pressed into pellets
and treated at 1350°C for 12h. A final heat treat-
ment at 1450°C was performed for 12h after an
intermediate grinding. Finally, the samples were
cooled down to 800°C at 5°C/min and then quen-
ched to room temperature.

Powder X-ray diffraction (XRD) data were re-
corded on a Phillips PW 1700 diffractometer using
CuK, radiation and a graphite monochromator.
X-ray data at room temperature were refined by the
Rietveld method with the fullprof program [16].
The magnetization (M) data were measured be-
tween 35 and 300K in a commercial quantum
design SQUID magnetometer with an applied
magnetic field H = 100 Oe. The electrical resistivity
p was measured by the usual four probe method in
the 80-300K temperature range with an applied
current of 100 puA. The TEP coefficient (S) was
measured in a home-made device with temperature
gradients of + 1.5K between 80 and 300 K.

3. Results
3.1. X-ray diffraction

For the x = 0 sample, our refinement was made
on the basis of the tetragonal I4/mcm space group.
On the other hand, the spectra of the x = 0.1 and
0.2 samples were refined in orthorhombic space
groups. For x = 0.1, we have used the Ibmm space
group, while for x = 0.2 the Pbnm space group
provided the best fit of our data. The evolution of
this system towards the Pbnm symmetry when x in-
creases is an expected behavior, since for x = 0.5
the same space group was reported [17]. The ob-
tained lattice parameters for the three samples are
shown in Table 1.

In Fig. 1, we show the XRD pattern of the sample
with x = 0.2 at room temperature. In the inset of
this figure, the characteristic peak of the Pbnm
space group present at 20 = 25.9° is clearly observ-
able, while it is not present in the X-ray patterns of
the other samples.

Our XRD results are similar to that reported in
previous works [13,17] and reflect an important
difference between the samples. The tetragonal
symmetry observed in the x = 0 sample is broken
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Table 1

Room temperature lattice parameters, critical temperatures,
average ionic radius and size mismatch of the A-site and band
gap obtained from the high-temperature TEP of the
Pry.5Sry.5-,Ca,MnO; samples

Space group x=0 x=0.1 x=02
I4/mcm Ibmm Pbnm
a(A) 5.4135(6) 5.4688(7) 5.4507(4)
b(A) 5.4135(6) 5.4335(7) 5.4240(4)
o(A) 7.7895(9) 7.6340(9) 7.6450(6)
Tn(K) 138 189 178
Te(K), 273 261 242
rad(A) | 1.244 1.231 1.218
6%(1073A2) 423 4.06 3.55
Eg(meV) 15.0 9.5 45
6x10*
3x10°
W § 2x10°
4 o
4x10*1 o .
@ 1x10 j
g A
3 0
3 20 22 24 26 28
2x10°1 20 [deg.]
0.4 i é . é A A
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20 [deg.]

Fig. 1. Room temperature X-ray diffraction pattern of the
x = 0.2 sample. The spectrum was adjusted assuming the or-
thorhombic Pbnm space group. Inset: blow up of the low angle
region. The smaller peak at 25.9° is characteristic of the Pbnm
symmetry.

into an orthorhombic one when the Sr atoms are
replaced by smaller Ca atoms. This behavior is
related to the stabilization of the local JT distor-
tions when <{r,» is reduced. In the tetragonal
I4/mcm space group, the MnOg octahedra have
only in-plane rotations (within the ab planes) while
the angles along the c-axis are still 180° [13]. On
the other hand, when smaller Ca atoms are added,

(b) P
0 50 100 150 200 250 300
T [K]

Fig. 2. (a) Magnetization vs. T for the Ca-free sample at
H =100 Oe. (b) TEP data as a function of temperature. A clear
break is observed when ferromagnetic correlations begin to
appear (as indicated by the dotted line). No features are ob-
served at the FM - AFM transition.

tilts along the c-axis appear, changing the structure
to the orthorhombic symmetry.

The homogeneity and the absence of secondary
phases in the samples were checked in the XRD
patterns and by SEM observations. SEM micro-
graphs showed grains ranging from 2 to 4 pm in
size.

3.2. Magnetization

The M vs. T curves were measured after the
samples were cooled in zero magnetic field (ZFC),
and can be seen in Figs. 2a, 3a and 4a for x =0,
x =0.1 and x = 0.2, respectively. All the samples
show two magnetic transitions on cooling: a para-
magnetic (PM) to ferromagnetic (FM) one at
T and a ferromagnetic to antiferromagnetic one at
Tx < Tc. The critical temperatures, obtained as the
position of the inflection points in the M(T) curves,
are displayed in Table 1. Although the x =0
sample shows a broad transition at Ty, the Néel
temperature is in agreement with the previous
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Fig. 3. (a) M(T) curve at H =1000e for the sample with

x =0.1. (b) S vs. T data. The wide plateau occurs around the
transition from the FM to AFM charge-ordered state.

works [12]. The appearance of AFM interactions
in Pry sSrg sMnQOj, that suppress the magneti-
zation at high temperature well inside the FM
phase (at T =~ 230K) has also been observed [13].

It can be easily observed in Table 1 that the
critical temperature T decreases while the Ca con-
tent x increases. This is an expected behavior due
to the larger lattice distortion at higher x. The
Mn-O-Mn bond angles decrease and the hopping
probability is reduced, thus softening the double-
exchange mechanism. On the contrary, the samples
with x = 0.1 and 0.2 have a much higher Ty than
the Ca-free sample.

3.3. Electrical properties

In Fig. 5 we show the p vs. T curves of the three
samples. All of them present a metallic region at
T < T, due to the FM order. On the other hand,
below Ty the resistivity changes to an insulating
behavior, with an appreciable hysteresis between
the cooling and heating curves for T <Ty. Al-
though similar features are presented by all the
samples, we have to note in Fig. 5 that there exists
some differences between the Ca-free sample and

()

(®) L :

— T T T T 1
0 50 100 150 200 250 300
T [K]

Fig. 4. (a) M vs. T data for the x = 0.2 sample with an applied
magnetic field H = 100 Oe. (b) S(T) curve. Note the change in
the behavior of the TEP when the charge ordering is established
below Ty ~ 178 K.

2.5x10°

2.0x10°

————————————11.5x10®
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Fig. 5. Electrical resistivity of the three samples studied.

the other two. First, the change to an insulating-
like resistivity in the sample with x = 0 is much
more smooth than the step-like change in the sam-
ples with Ca. Second, the increase of p at T < Ty in
the x = 0.1 sample is of more than two orders of
magnitude at 80K, and the x = 0.2 sample has an
increase of 10* at the same temperature. However,
the x = 0 sample has a less marked increase of only
25%. Both these differences are as a consequence of
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the different AFM structures presented by the sam-
ples. For x = 0 the compound exhibits an A-type
AFM structure [12,13] and no charge ordering has
been observed neither by neutron diffraction [12]
nor by TEM studies [13]. On the other hand, for
x = 0.1 the CE-type AFM structure realizes below
Ty together with the appearance of charge order-
ing (Tco = Tn) [18]. For x = 0.5 the AFM phase
has also the CE-type structure and charge ordering
appears at T¢o > Ty in the PM phase [17]. Thus,
for our x = 0.2 sample we expect the same AFM
structure and also charge ordering, but with
Tco = T because the temperature transition in
the electrical resistivity coincides with Ty (see
Fig. 4a).

In the lower panels of Figs. 2b, 3b and 4b , to-
gether with the magnetization curves we have plot-
ted the S vs. T data. All the samples show a clear
break at temperatures slightly above T, where
ferromagnetic correlations begin to appear. This
break implies a faster reduction of S (in absolute
value) for T < T'¢, that is related to the increase in
the mobility of the charge carriers in the metallic
phase. When T crosses Ty, the samples with
x =0.1 and 0.2 present a wide plateau while the
AFM state is established. This behavior is related
to the localization of the carriers due to charge
ordering at Ty. On the other hand, the x =0
sample shows no appreciable features at Ty, imply-
ing that the electronic state is not hardly affected by
the magnetic transition, as it does occur with the
other samples.

4. Discussion

The manganite Pry sSro sMnO5; (our x =0
sample) has been previously studied on ceramic
samples and single crystals. It is known that this
compound exhibits two magnetic transitions. One
from PM-insulator to FM-metallic at T ~ 270K
and a second one to AFM-insulator at T ~ 140 K.
From the structural point of view, this perovskite is
still a subject of controversy. Both Knizeck et al.
[19] and Kawano et al. [12], at room temperature
described the crystallographic phase with a Pbnm
space group. By other way, Argyriou et al. [20]
used a F4/mmc tetragonal symmetry and finally

Damay et al. [13] made a systematic XRD, neutron
diffraction and TEM study as a function of temper-
ature and they explained the structure at 292K
with a tetragonal I4/mcm symmetry. The charac-
teristic peak of the Pbnm orthorhombic space
group, located at 20 = 25.9° in the spectrum of the
x = 0.2 sample (see Fig. 1), did not appear in the
spectrum of our Ca-free sample. Thus, in agreement
with the results of Damay et al. [13], our best fit
was obtained assuming the tetragonal [4/mcm
space group.

From the electronic point of view, a more general
controversy is still present in A-type AFM
manganites. It is not clear whether or not the low-
temperature AFM phase corresponds to a true
charge-ordered phase in half-doped compounds.
The Pry 5Sry. s MnO5; manganite is included in this
case, and the comparison of its electric properties
with the other two samples, that indeed present
charge ordering, gives striking differences at
T < Ty.

Consistently with our resistivity and magneti-
zation results, the TEP can be classified in several
regions, as indicated by the vertical dotted lines in
Figs. 2-4.

It is known that the TEP in manganites ap-
proaches a constant negative value at high temper-
atures [21]. Above T, a semiconducting behavior
is observed because of the thermal activation of
charge carriers, that determines the temperature
dependence of the resistivity [22]. In this case,
S can be described by

ke[ Es
5= ?(m ~ B>, 1)

with Eg the band gap and the constant B (of the
order of 1) is related to the spin [21] and configura-
tional [23] entropies of the carriers, that deter-
mine the high-temperature TEP. In manganites
Eg < E,, where E,; is the band gap obtained from
the electrical conductivity. This great difference be-
tween the values of the gap has been interpreted in
the frame of strong electron-phonon coupling that
forms small lattice polarons. Thus, the energy gap
obtained from the conductivity is written as
E, = Eg + Wy, where Wy is the energy barrier
that the polarons must surpass in order to hop to
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another site [22]. Therefore, the band gap of the
TEP in this regime is insensitive to polaron para-
meters, as for example, the size or the effective mass
(that generates the barrier Wy).

Despite of the small temperature range above
Tc, we have estimated the values of Eg. These
values are listed in Table 1, and are similar to that
reported previously in other manganites [21,22,24].
As can be observed in Table 1, the value of
Eg decreases with decreasing {r, >. Within the po-
laron frame, it is expected that the effective band
gap behaves exactly in the opposite way. With
decreasing {r, > the structure stabilizes the JT dis-
tortions and therefore the polaron formation is
favored, increasing its effective mass and producing
localization of the charge carriers. This opposite
behavior is an indication that the energy gap in the
TEP does not sense polaron parameters above Tc.
Thus, the observed behavior of Eg is perhaps re-
lated to the A-site size mismatch (6 = (i)
— {rx>?), that introduces some disorder in the sys-
tem. The ionic radius of the Sr** ions is much
bigger than that of the Pr®" ions. On the other
hand, the Ca?* and Pr®* ions have the same ionic
radius. In this way, when the Ca content x is in-
creased (r,)> diminishes and ¢3 is also reduced,
thus reducing the cationic disorder and, conse-
quently, the electronic band energy gap Eg is also
reduced [25,26].

At the temperatures where the ferromagnetic
correlations begin to appear, a clear break in the
S(T) curves can be observed. These anomalies have
also been observed in the previous TEP measure-
ments in other ferromagnetic metallic manganites
[24,27]. The faster decrease in the absolute value of
S at lower temperatures is related to the rapid
increase in the magnetization, with the consequent
reduction in the magnetic scattering due to spin
disorder. A maximum in d|S|/dT is present at
T = T, so that the variation of the TEP is given
by the variation of M in the temperature region
around T¢. This relation can be interpreted in
terms of the magnetic scattering contribution to the
conductivity. The general expression of the TEP is
given by [28]

oS = — lf(s — 'u)a(s)|: _ M}ds. 2)

e T o¢

In this equation e is the electron charge, u is the
chemical potential, f; is the Fermi distribution, ¢ is
the one-particle energy, ¢ is the conductivity and
a(e) is the energy-dependent conductivity, where
the magnetic scattering plays a fundamental role.
In the standard Boltzmann theory, making use of
the relaxation time approximation

a (oY _ S/
dt \ot Jeon (e)

The term df/dt describes the evolution of the
particles distribution function due to fields (electric
field and temperature gradient) and the term
(0f/0T)con is related to the incoherent scattering,
which returns the system to the equilibrium in
a characteristic time 7(¢). By using standard proced-
ures [28], from Eq. (3) we obtain

. (3)

o(g) oc e*v?(e)t(g)N(s), 4)

where v is the velocity of the charge carriers and
N(e) is the density of states. Thus, the key point
determining the TEP is the energy and temperature
dependence of the relaxation time 1(¢) and the den-
sity of states, around the Fermi level.

The TEP behavior in the ferromagnetic phase of
all the studied samples do not show appreciable
differences. This is not a surprising result, since the
samples have the same magnetic structure (fer-
romagnetic), leading to a similar t or scattering
process. Also, the three samples show metallic p(T)
in this temperature range, so they must present
half-filled conduction bands, with no gap at the
Fermi level. Therefore, these similarities are reflec-
ted in the TEP.

Nevertheless, in the antiferromagnetic phase we
expect different magnetic scattering for the samples
with A- and CE-type magnetic structure. This dif-
ferent scattering mechanisms should affect the re-
laxation time 7(¢) and therefore also the TEP.

As can be seen in Fig. 2b, the TEP in the x =0
sample is not greatly modified when the FM -
AFM transition takes place. Thus, this transition to
the AFM phase in the A-type structure does not
strongly affect the mean free path of the charge
carriers. This should be true at least in two dimen-
sions, within the FM planes, where we expect the
same high mobility of the carriers than in the 3D
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FM phase. Also, a half-filled 2D conduction band is
expected, similar to that of the 3D metallic state in
the FM phase. This is indeed the result obtained in
the mean-field theory. Maezono et al. [14] have
shown that a 2D-metallic band, with d,:_ - orbital
ordering, accompanies the A-type AFM order in
half-doped manganites. This assumption would be
false if a charge-ordered state were established be-
low Ty, with the appearance of a band gap. How-
ever, in previous experiments of TEM [13] and
neutron diffraction [12] on the Pry 5Sry sMnO;
manganite, no signals of charge ordering were ob-
served. Moreover, anisotropic transport measure-
ments in Ndg4s5SrgssMnO3z [15], that also
presents A-type AFM order [12], show that the in-
plane conductivity within the FM planes is 10*
times higher than the out-of-plane conductivity at
low temperatures. Thus, there are no reasons to
assume the localized carriers within the FM planes
in the A-type AFM structure. The weak semicon-
ducting behavior presented by our x = 0 sample
below Ty (Fig. 5) is related to its polycrystalline
nature. In this resistivity measurement, a fraction of
the out-of-plane conduction is included.

On the contrary, the other two samples with
CE-type AFM structure present significant changes
in the TEP around the FM-AFM transition at Ty.
These changes indicate a different behavior of
the carrier scattering, related to the appearance
of a true charge-ordered phase below Ty. The
transition zones observed in the TEP in Figs. 3b
and 4b should occur when a band energy gap
related to the charge ordered state develops in the
density of states at the Fermi level. This gap turns
the samples to a strong insulating phase, as shown
by the resistivity curves in Fig. 5 for the x = 0.1 and
0.2 samples.

5. Conclusions

We studied Prj 5Sry 5 —,Ca, MnO; for x =0, 0.1
and 0.2. At room temperature, important structural
changes are observed when x increases. For the
x =0, 0.1 and 0.2 samples the space group are the
tetragonal I4/mcm and the orthorhombic Ibmm
and Pbnm, respectively. Our thermoelectric power
measurements show that all the samples behave in

a similar way as in the paramagnetic and ferromag-
netic phases. On the other hand, we found signifi-
cant differences between the samples during the
transition from a ferromagnetic to an antiferromag-
netic state, when the temperature is decreased. The
samples that exhibit CE-type magnetic structure
and charge ordering (x = 0.1 and 0.2) present clear
features at this magnetic transition, related to the
change in the nature of the scattering processes and
the appearance of a band gap in the density of
states at the Fermi level. The x = 0 sample, that has
A-type magnetic structure and no charge ordering,
did not show appreciable changes at Ty. This be-
havior indicates that the scattering mechanism is
hardly affected by the magnetic transition, and it
should be related to the change from a 3D-metal in
the ferromagnetic phase to a 2D-metal in the A-
type antiferromagnetic phase.
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