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Abstract

Using the transient thermoelectric effect (TTE), we have measured the thermoelectric power S(7) and the heat
conductivity k(7 of La;_,Sr,MnOj; ceramic surface layers with nominal compositions x = 0.075, 0.1, 0.15, 0.2 and 0.3
in the temperature range 50—340 K. Except for a shift in the characteristic temperatures, the surface layer S(7') is still
similar to the bulk thermopower while the heat conductivity x(7') is markedly different, even changing the slope at
intermediate temperatures. As S is less structure sensitive than x, we relate these differences to an increased number
density of defects near the surface. In particular, a stoichiometry gradient close to the surface and oxygen vacancy
related (two level tunneling-) modes are indicated. In addition, new S and x data are presented for lower doping, i.e.
x=0.075 and 0.1. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The series La;_,Sr.MnO; is one of the most
extensively studied system of giant magnetoresis-
tance (GMR) compounds, mainly because of the
high Curie temperatures which are obtained for
higher Sr-contents [1-12,22—41]. However, if one
hopes to use these ceramics as robust field sensors,
the stability of the surface in air and eventual
stabilisation measures become important. As with
the TTE- or flash method, we measure the
thermoelectric power S and the heat conductivity
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x within the penetration depth of the applied
light pulse, we can look at x and S close to
the surface. In particular k should show deviations
from bulk data [1,17,36,37] and from the differ-
ences we may derive information about the
(macroscopic) surface layer. We use the phase
diagram [3] shown in Fig. | to sort out the bulk
properties. With our choice of compounds, we
intersect at 7y (x = 0.075), T, (x=0.1), Ty~ T,
(x=0.15) and at 7. (x=0.2; 0.3), T, is a
structural transition between two orthorhombic
structures, O — O/, T, supposedly a transition into
a mixed state O—-0/O’ and T. a (double
exchange) Curie temperature. We indeed find that
the bulk/surface differences in x are larger as those
in S, in particular in the vicinity of the various
transitions.
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Fig. . Magnetic phase diagram of La;_ ,Sr,MnOj3: T, Curie
temperature, ferromagnet; 7n canted antiferromagnet, T
structural orthorhombic O/orthorhombic O’ transition; Ty
transition into a phase mixture O—0/O’, T,, orbital and
charge ordering transition.

2. Experimental and preparation
2.1. Preparation

The samples were made by standard ceramic
techniques: in particular, high purity powders of
La,0O3, SrCO3;, and MnO, were mixed thoroughly
and then fired at temperatures between 1400°C
and 1500°C in air for several days with inter-
mediate grindings. Finally, the powders were
pressed into pellets and heated at 1500°C for two
days. As compounds with low x have a tendency
to adopt an oxygen content more than three if
prepared in air, the x = 0.075 sample was prepared
in an argon atmosphere, but using the same heat
treatment.

2.2. Characterization

The samples were then subjected to powder X-
ray diffraction at room temperature. The lattice
parameters are collected in Table 1 and coincide
reasonably well with the literature. In particular,
from the diffraction spectra we could detect the
first structural transition line (7y) O —=O0O,
(x=0.075 and 0.1) while our data did equally
well fit to an orthorhombic or rhombohedral cell
for x> 0.1, making it impossible to confirm the
second structural transition line O — R. However,
in Table 1 we have choosen the lattice parameters

Table 1

The lattice parameters®

X a (300K) b (300K) ¢ (300K) Symmetry
(nm) (nm) (nm)

0.075  0.55464(9)  0.56373(5)  0.77251(9)
0.5535 0.5650 0.7741 o’

0.1 0.55333(8)  0.55956(3)  0.77101(4)
0.5526 0.5613 0.7760 (6]

0.15  0.55290(5)  0.55912(5)  0.77108(8)
0.5517 0.5550 0.7788 (6]

0.2 0.55305(5)  0.55305(5)  1.33689(4) R
0.5496 60.62°

0.3 0.55073(7)  0.55073(7)  1.33622(1) R
0.5483 60.35°

#Lower set of lattice parameters : Ref. [32].
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Fig. 2. Resistivity versus temperature curves p(7) of
La;_,Sr,MnO; compounds with x = 0.075, 0.1, 0.15, 0.2, 0.3,
Tmax = T¢ characteristic temperature; for more details see text.

such as to comply with the symmetries as proposed
in Fig. 1. Bulk resistivity measurements were
performed in a cryostat using the standard four-
point method. Fig. 2 shows the resistivity versus
temperature curves p(7) for four of the com-
pounds, i.e. x = 0.075, 0.1, 0.15, 0.2. Values of p at
300K are collected in Table 2. Note the change
from purely activated behaviour (x = 0.075) to the
typical metallic behaviour below the metal-insu-
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Table 2
Values of p, k and L at 300 K
x p (300K) K (300K) L (300K)
(Q cm) (W/km) (W Q/K?)
0.075 324 2.04 22%x1072
0.1 0.015 1.40 0.7x107°
0.15 0.020 1.55 1.03x 107°
0.15 0.030* 1.15% 1.15x 107
0.2 0.0021 1.61 1.13 x 1077
0.3 0.0014° 2.47 1.16 x 1077
aRef. [1].
®Ref. [32].

lator transition and onset of ferromagnetic order
(Twi = T) for x =0.2, in accord with the litera-
ture. The compound with nominal x =0.1,
although showing some anomalous behaviour
could well be insulating for all temperatures as
the structure around 225K could be a secondary
resistivity peak like the anomaly observed with
x =0.15 below T.. This extra structure, which
only occurs in polycrystals, probably has to do
with grain boundaries [14]. For nominal x = 0.15,
we compare our data with that of a single crystal
[1]. Note, that our T, is a little higher, probably
due to small deviations from the nominal compo-
sition in either case, but the secondary maximum is
indeed absent in the single crystal. p(7T) of x = 0.2
does not show that extra hump distinctly. Note,
that this extra (grain boundary) scattering anom-
aly makes a discrimination between metallic and
semiconducting state through the slope of p(T)
impossible, at least in the case of ceramics.
However, even with the single crystal one cannot
easily detect an (eventual) metallic range. Thus, an
independent indicator of the metallic state, for
example the thermopower or the absence of space
charges would be highly desirable. That the latter
is possible using TTE-transients has been demon-
strated with epitaxial layers [15] and would be, if
properly developed, an important tool for deter-
mining the conduction state—metallic or insula-
ting—also in ceramics.

2.3. TTE-method

In a TTE set-up a light pulse which is limited in
space and time is applied close to one of the long

ends of a thin rectangular sample (flash method).
Contacts (usually silver paint) are applied to both
sample ends and a (decaying) voltage is measured
between them. Details of the experimental set-up
used have been described in detail elsewhere [4], in
particular tests using standard materials and
perpendicular heat flow corrections have been
performed [42,43]. In the current experiments the
data aquisition is performed using Labview 5.2. In
the case of a thermal diffusion, the initial
amplitude V73 of a TTE-transient is recorded,
which is proportional to the thermopower S, while
the decay time is related to the heat diffusivity D.
The absolute thermopower cannot be obtained, as
after applying the contacts one has build a
thermochain, wusually Cu-silver glue—sample-
silver glue—Cu. Empirically, i.e. by comparing V3
with conventionally measured thermovoltages, this
gives a small positive linear contribution S, which
has to be subtracted, i.e. Sexp =S+ Sc. In addi-
tion, we do not measure with a constant tempera-
ture increment AT but with constant applied heat
AQ. Thus, before one can subtract this contribu-
tion one has to correct V3 for the temperature
increment. Using a constant light pulse, it is
suggested to use AQ = ¢,AT for the correction,
i.e. as we measure V3(7T) = SAT, only the product
V3¢,y/cp(300K) = V5 is proportional to Sexp. If V3
is not too small, our corrected signal V3 follows
the conventionally measured TEP already, so that
arguments concerning structure in S(7°) can be
made without the contact correction. However, the
best procedure is to calibrate the corrected TTE-
data using conventional data from other sources.
All this has been done. As an example we present
S(T) of a Lag,Cag3MnO; ceramic (Fig. 3). Note
the small peak at the Curie temperature 7., which
remains if we use a Debye-function for ¢,(7’) only.
If we use experimental c,(7) data, this peak
vanishes as it coincides with the specific heat peak
(weak solid line). There remains a small dip which
could be due to overestimating the c,-peak. If one
wants to resolve critical fluctuations in S(7°) one
would have to choose the same sample quality and
the same heat influx as with the ¢,(7") measure-
ment. The specific heat capacity ¢, ~ c,, which we
use for the 73— S conversion, is also needed to
calculate the heat conductivity from the heat
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Fig. 3. Thermopower S(T) of Lay;Cagz+,MnOsz: @, x =0;
¢,(T): Debye-function, TTE-method; —, x = 0, experimental

¢,(T), TTE-method; +, x = 0, conventional TEP; —, x = 0.03
acc. to Ref. [35]; T., Tpni: Curie temperature, metal-insulator
transition temperature.

diffusivity D, since D = k/pyc, (py: density). i is
the simpler quantity from a theoretical point of
view and in general compares easier with the
literature. The ¢,(T) data on these parti-
cular samples were obtained using a standard
DSC-2 Perkin-Elmer calorimeter and are not
supposed to be surface sensitive aside from a
possible shift of 7, due to the slight oxygen non-
stoichiometry.

Thus, while we can have a marker for the
magnetic transition using a constant heat pulse
AQ, we cannot hope to unambiguously separate
critical fluctuations. Note also the sharp drop in
S(T) at a temperature below T, suggesting that
here the magnetic transition (at 7;) and the metal—-
insulator transition are slightly different, T, < 7.
The strong solid line represents a conventional
measurement of S(7") of x = 0.33, taken from the
literature [38], while the crosses denote our own
calibrating conventional bulk TEP-measurement
on a sample from the same batch. While the shape
and magnitude of S(7) is similar in general, the
MI-transition appears to be shifted and might
even coincide with 7, for bulk x = 0.3 and 0.33.
This suggests different oxygen deficits ¢ in the
bulk and in the surface layer. 6 might increase
the carrier density through changing the
disproportion, but it also blocks certain Zener

bonds via its oxygen defect sites [41], thus,
reducing the Curie temperature and eventually
even splitting 7, and T,;. From the T}, shift one
can estimate the largest oxygen deficiency to be
about 1%. The curves also suggest that the shift of
transition temperatures with increasing A-doping
x 1s opposite to that of increasing oxygen
deficiency.

As the TTE-method works best with thin layer
samples and as near the surfaces the oxygen
content might differ from that in the bulk, with
thicker samples the TTE-method has to be
considered surface sensitive as compared to con-
ventional (bulk) methods. The penetration depth
of the light and with it the pertinent layer depth
measured, is here likely given by the halogen lamp
quartz glass IR-cutoff, i.e. <4um. Moreover,
because of the small temperature gradients we
use, generally both S(7) and x(T) show sharper
structure as compared to conventional measure-
ments, in particular if there one uses larger sample
volumes, which usually adds compositional im-

homogeneity.

Since we usually apply an impedance
transformer, S can be measured also with
higher impedance samples where conven-
tional TEP-setups suffer from stray induction
voltages.

In the case of semiconductors, one can have two
additional and faster transients, i.c. internal
electric fields resulting from ambipolar diffusion
of electron—hole pairs which are excited over an
energy gap, Vi(¢), and, following this excitation,
the decay of internal space charges captured in
trap states V»(¢) [13]. Therefore, for the semicon-
ducting regions of the La—Sr samples we have
occasionally scrutinized the initial part of the
transients. For x = 0.1 in particular, we have tried
to find a second transient. For that, the signal to
noise ratio was enhanced through transient repeti-
tions and averaging: only at low temperatures,
T <80K, we find indications for an additional
faster transient but its amplitude is less than 5% of
V5. Thus, to date we can only state that the
compound with x = 0.1 is insulating at 59K,
consistent with the phase diagram and the
observed resistivity and thermopower (see Figs. 2
and 4).
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Fig. 4. Thermopower S(T) for x =0.075, 0.1, 0.15, 0.2, 0.3
solid points: this work; open points: [25], undesignated arrows:
zero crossings acc. to Ref. [25].

3. Results and discussion
3.1. Thermoelectric power

Bearing in mind that we can have a fm- metal to
pm- insulator transition, for the ferromagnetic
metallic range we expect diffusion thermopower
Sy~ T [18], superimposed to a magnon thermo-
power contribution Sy, [33], while for the activated
regime one has a choice between the standard
semiconductor expression S = (k/e)(AE/kT+cy);
AE: energy gap, ¢; ~ constant [19] and the polaron
thermopower [3,20,21,35,44]. In addition, one has
to consider the eventuality of a two carrier
situation and one also has to remember that
always S—0 for T'—0, according to the third law
of thermodynamics.

The overview of S(T) for the various com-
pounds (Fig. 4) suggests as trends:

(1) an increase of S on going from the metallic to
the semiconducting regimes, as expected.

(2) a negative or zero slope of S(T) in the
semiconducting regimes, like predicted above,
while for the metallic regimes Sy, appears to be
the dominant contribution.

On that basis, we have tentatively evaluated
AE/k and Er/¢& (&: logarithmic energy dependence
of the resistivity [18]; Ep Fermi energy), after
calibrating S(7') with literature data [3,12,25,33].
The gap values AE would be between 10 and
20meV, which is even lower as those formally
derived from p(T), i.e. 20-25meV [22], suggesting
the use of a two carrier and/or a hopping model.
The weighted Fermi energies Ep/¢ lie around 8-
9eV. According to band calculations Ep lies
indeed between 6.8 and 7.8¢eV [23,24].

3.1.1. Thermopower of LaygsSrg.;1sMnQO;

For a more detailed discussion we start with x =
0.15. We find in particular a slight decrease for
T > T, i.e. in the paramagnetic and insulating
region. However, at T<7. a drop occurs,
suggesting a metal to insulator transition. At the
orbital ordering, T,,, S(T) rises again like in Refs.
[1,3,33], suggesting that insulating behaviour
reappears. The arrows denote the bulk transition
temperatures taken from Fig. 1. Note, that our
characteristic temperatures (7.0, 7c) appear
shifted, consistent with the idea of surface layer
modified properties.

3.1.2. Thermopower of Lay oSty ;MnQO;

For this compound, around 250K a very
prominent double peak occurs. As indicated by
the open points, the ascending slope is also
reported for bulk ceramic [25], and again our
characteristic temperatures appear to be shifted
against the bulk values. While the peak at higher
temperatures might relate to critical fluctuations,
as the O’ phase appears at T, the origin of the
second peak is unknown. It might have to do with
the changing volume fractions of O’/O, eventually
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in interaction with the grain boundaries. In the
middle of that region, i.e. at 225K, the volume
fractions would be equal, and eventually equal to
the grain size, thus making up thermochains of
pockets of O and O’ phases, which might result in
a higher TEP as compared to that of the individual
homogeneous phases when distributed inside the
grains. At Ty and Ty (transition into a canted
magnetic order) the phase mixture apparently
reduces to a single phase. Support for a phase
separation itself comes from the fact that while at
temperatures above the double peak S(T') is stable
in respect to different temperature runs, we
observe a degradation of S(7) in the temperature
range TN < T < Ts. The structures do not disappear
but they tend to broaden out, indicating tempera-
ture cycle induced structural changes—the data
given in Figs.4 and 5 are averages over 3
temperature runs. This partly irreversible beha-
viour is not found in the neighbouring compounds
x = 0.15 and 0.075, again supporting the suspected
0O/O’ phase mixture. For T<Tny~150K, the
situation is again stable. For that region, from
S(T) we can deduce insulating behaviour, but we
cannot extract a gap value because of the zero
crossing(s) around 150 K.

3.1.3. Thermopower of Lay 9>5519.07,5MnO3

If we move to x = 0.075, the sample should be
insulating everywhere; however, we would expect
an influence of the structural transition Ty;
apparently this is small, as we observe neither
critical fluctuations nor a change of slope close to
Ti. While the slope of S(7) is negative at high
temperatures as with x=0.1, at intermediate
temperatures it is positive. As S is sensitive to
changes in electronic state, while the compound
certainly remains insulating in this temperature
interval, we may connect this anomaly with a
continuous change in the electronic structure,
eventually an increasing carrier localisation when
we approach Ty, which would be consistent with
the steeply rising p(7). Similar changes seem to
occur also with x = 0.1 (dashed line), contributing
to the steep drop of S(7T) to small negative values.
All this would suggest that T is not a simple Neel
temperature, but more similar to a charge and
orbital ordering temperature, which in turn would

x=0.075
TN Ts = Tt
0 1 L 1
| x=0.1 i
[—:’Sf‘/
1+ I o - T T
Pé‘ TTN Ts
M O | | 1
3 [x=0.15 e
= ST
‘/
1 - /‘ -
& e
P
o Too Tc
O__‘/-(. 1 1 i
L/ \-\ Te A
ll T l
2l x-02 A
OL ‘:'."'u 1 I |
T
N ‘/.“\:",_/"‘ c
21/ \\‘."\\ T—
: i T
1 ‘
1F S 1
x=0.3
O 30300
2
0 100 20 T[]

Fig. 5. Heat conductivity «(7’) for x = 0.075, 0.1, 0.15, 0.2, 0.3:
dashed lines acc. to Ref. [37], multiply by f(x) to fit x-scale:

Fr=011) = 1.58; f(x = 0.155) = 2.5; f(x =0.2)=1.95; f x

(x=03)=34.

suggest a crossing over of the T, and T,, phase
lines, similar to the theoretical phase diagram as
put forward in Ref. [2].

3.1.4. Thermopower of Lay sSro MnO;z and
Lay 78rg3sMn0O;

With x = 0.2, we enter the regime of metallic
conduction and thus should generally measure
lower thermovoltages. This is indeed found. When
we compare our samples with those of nominally
the same composition [25], we again observe
relative shifts in the zero crossing temperatures
(arrows in Fig.4) up to 40K, again suggesting
surface layer and/or compositional difference
related shifts. We find hump-shapes of S(7') in
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the metallic regime of both compounds which are
probably magnon contributions [27,28,33]. Then
small structures on this humps are real, they could
relate to specific magnon branches or, considering
the strong magnon—phonon coupling in these
compounds, to specific phonon branches. Inter-
estingly, they appear to be more pronounced in
our data as compared to bulk data [25,33],
suggesting a surface layer changed phonon spec-
trum. Similar low temperature structures were
observed for x = 0.18 [34]. At low temperatures
the thermopower seems to become linear, suggest-
ing a numerical take over of the diffusion thermo-
power. If we tentatively attribute the linear
contribution to a linear diffusion thermopower
Sq alone, for the metallic compounds we can
obtain an estimate for the weighted Fermi energies
(see Table 2). The zero crossing temperatures,
which apparently always precede T, on the other
hand point to a two carrier model.

3.2. Heat conductivity

In the case of magnetic materials, the heat
conductivity can be written as a sum of heat
conductivities arising from the lattice, the electro-
nic system and the spin system [16]: k = x| + K¢ +
Km. The temperature dependence of the lattice
contribution x; usually goes over a broad max-
imum, since k;—0 for 7—0 and xk~ 7" at high
temperatures where phonon-phonon (umklapp-)
processes dominate the lattice heat conduction. In
the case of amorphous materials or polycrystals,
the broad maximum can degenerate to a shallow
maximum or x(7) might be simply saturating at
high temperatures, i.e dx/dT>0 for all T [29].
Evidence for a significant electronic contribution
can be derived from the effective Lorenz number
L =k¢/oT and in the case of metal insulator—
transitions (at T), eventually from a step at Ty
The overview of k(7T for the various compounds
(Fig. 5) suggests as trends:

(1) at temperatures between 50 and 150K, the
slope of k(T) is positive, suggesting a chemi-
cally or elastically randomized system, prob-
ably a distorted or oxygen deficient surface
layer.

(2) the absolute values of x increase by a factor of
3 on going from x = 0.1 to 0.3 (factor of § acc.
to Ref. [37]).

(3) a hump-like structure of variable height is
observed between 100 and 250K for all x.

(4) the phase transition temperatures do not show
very distincly except for the onset of the (O/
O')-phase mixture (T5).

As the increase in x with x might have to do
with the increased doping, we have calculated the
effective Lorenz numbers L =xp/T at 300K
(Table 2) and find them to approach
Lo =245x 10 WQ/K? with increasing x, as
expected; however, even with the best conducting
(semi-) metallic compound, x =0.3, L is only
1.15x 1077 WQ/K?, suggesting that x. plays a
minor role even in the fm metallic state of the
manganites and cannot be held responsible for the
general increase in x with x. In particular, the
small step of k at T, of x =0.2 suggest an
electronic contribution of maximal k.<0.4W/
Km near T, for x =0.2. For x=0.15, k. has
been estimated to be 0.15W/Km [1]. The magnon
part is usually considered to be the smallest and its
existence can be most easily concluded if there is
structure at the magnetic transition 7, or a
magnetotransport effect. For x = 0.17 a magneto-
transport change of 25% is observed applying a
9T field [36] and one of 50% under 4T for x =
0.15 [1]. However, these changes are not confined
to T, and thus cannot be readily assigned to k.
One has to suspect field-induced changes in the
bandstructure [30] or in the phonon spectra via
magnetostrictive effects.

3.2.1. Heat conduction of LaygSro-MnOjz and
Lay 7819 3MnO;

For the bulk versus surface discussion of the
individual x(T) we start with x = 0.3 and 0.2. As
there is no significant step at Ty = T, (x = 0.2),
both k. and Kk, are small or they compensate. As
Km 18 supposed to be small, they are both small and
then the lattice contribution should be dominant,
resulting in the classical broad hump shape for the
bulk heat conductivity—see dashed line in Fig. 5.
Our almost continuous increase of k(7') deviates
markedly, suggesting a surface layer related
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property change. The structure in x(7") observed
for x=0.3, in particular suggest a specifically
modified phonon spectrum. As we suspect an
oxygen deficiency in the surface layers of our
samples, in particular a connection with oxygen
defect oscillations is indicated.

3.2.2. Heat conduction of LaygsSrg.;sMnO3;

The general shape of x(7) again suggests a
dominant lattice contribution. However, now we
have structure which is located definitely below T-.
As there is an equivalent peak for x = 0.3 and 0.1,
we tend to connect this anomaly with oxygen
deficiency modes, as above. Single crystals with
x = 0.15 and 0.17 also show structure in x(7") in
this temperature interval [1,36]. As the shape of the
anomalies is somewhat different for ceramic and
single crystal, grain boundaries could play a role,
too. Fujishiro et al. have connected the general
increase of x with x with the O—R symmetry
change, when certain oxygen related anomalous
two-level phonon modes become less important (in
the R-structure), and thus the heat conduction in
that structure is increased.

Interestingly, their x = 0.15 sample also shows
(a2 double hump) structure [37], suggesting a
relation between these humps and the composi-
tionally based reduction in k. Obviously, these
structures become more pronounced in the surface
layers. However, because of the random arrange-
ment of the defects it is unlikely that the surface
layer undergoes a symmetry change. As the
structures in x(7) also appear in different magni-
tude for different samples and compositions, we
tend to assign them to (oxygen) defect modes. Still,
the general trend x(x) might be an intrinsic
property (intrinsic oxygen modes).

3.2.3. Heat conduction in Lay ¢Sty ;MnO;

The O/O’ phase mixture, which, according to
the phase diagram (Fig. 1) starts at 7 should show
for x = 0.1 only. Consequently, we connect the
high temperature anomaly near T with this phase
mixture. In a (magnetically) inhomogeneous
amorphous system a similar anomaly has been
observed in x(7) and was connected with ther-
mally excited magnetic clusters just below T,
interfering with the heat conduction in the matrix,

which in the absence of these excited clusters, i.e.
both in the magnetically ordered and in the
paramagnetic state, was assumed to be practically
constant [31]. The phase mixture below Ty of x =
0.1 would then be an example of an equivalent
(structurally) inhomogeneous system.

3.2.4. Heat conduction in Lag¢>55r9975MnO3

For the compound with x = 0.075, there is no
phase mixture and we do not expect a peak-like
anomaly near Ty~ T, like that of x = 0.1. This is
indeed observed. Also, consistent with the small
structure if any of x at the structural transition 7%,
we do not find a significant dependence on
eventual lattice parameter changes below T} [26].

4. Summary

Using the flash method to measure the heat
conductivity k and the thermoelectric power S of
La;_,Sr.MnOj; ceramic, we detect a macroscopic
surface layer where some physical properties are
significantly changed. While S(7) still follows the
bulk data save for a shift of the characteristic
transition temperatures, k(7)) is notably different,
suggesting a markedly changed phonon spectrum
close to the surface. The strong sensitivity of the
absolute values of k to oxygen-related modes in
particular suggests that both the shift and the
spectral changes are primarily connected to a
gradient of the oxygen content close to the surface.
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