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We report on the temperature dependence of the zero-field resistivity~r!, absolute thermopower (S) and the
room temperature lattice constants of the title materials. The results indicate that at high temperatures, above
the transition to the ferromagnetic~FM! state electronic transport is carried out in narrow bands. An attempt to
account for the measured values ofS was put forward. Evidence for the presence of a gap in the density of
states of the compounds withx;1

4, possibly due to Coulomb repulsion, was found inS(T) at temperatures far
aboveTc . The positive sign ofS found in the FM state of most of the compounds studied is consistent with
transport in a one-electron band with polarized states. The temperature dependence of the resistivity in the FM
state is consistent with a transition probability which depends exponentially on the transfer integral.
@S0163-1829~96!06438-7#

I. INTRODUCTION

A series of doped manganese oxides of the type
L12xAxMnO3 ~LAMnO, with L-lanthanide,A-alkaline ions!
undergo, upon cooling, a transition from a paramagnetic
~PM! state to a ferromagnetic~FM! state accompanied by a
change from a negative to a positive temperature coefficient
~ntc to ptc! of the zero-field resistivity-r. In terms of the
double-exchange model,1,2 the itinerant holes, created by the
substitution ofL31 by A21 ions, provide the FM interaction.
The number of holes per formula unit is identified with the
concentration of tetravalent Mn which is taken equal tox.3

The temperatureTm of the resistivity maximumrm is iden-
tified with the transition to the FM state4 (Tm;Tc). The
strong dependence of the resistivity on magnetization and
thus on the applied magnetic field-H, leads to giant negative
magnetoresistance~GMR!, also calledcolossal magnetore-
sistance~CMR!. The discovery of this effect,5 with its appli-
cative implications, has revived interest in these materials.
The response to the magnetic field is maximal aroundTm .

4

For a given (L,A) pair Tm is maximal at an optimalA con-
centration,xc , typically around

1
3. For a given alkaline ion at

fixed concentration aroundxc , Tm increases strongly with
the average lanthanide ionic radius^r &.6,7 Application of hy-
drostatic pressure has a similar effect onTm as increasing
^r &.8 An anomalous thermal expansion is found aroundTm .

9

These effects demonstrate the strong electron-lattice interac-
tion in these materials.

A first-order transition from the FM state to a low-
temperature charge-ordered antiferromagnetic~CO-AFM!
state was observed in Pr12xSrxMnO3 aroundx51

2.
10 It is ac-

companied by a large increase of the resistivity and a change
from ptc to ntc of r. The onset of the CO-AFM state is
believed to be driven by the Coulomb repulsion between the
charge carriers and is optimized when the carrier concentra-
tion is commensurate with the lattice periodicity. In
Pr12xCaxMnO3,

11,12 which is nonmetallic for allx, the
CO-AFM state persists for a wide range ofx. The collapse of
the CO state under magnetic fields leads also to CMR.

The dramatic changes in resistivity accompanying the
transition from the PM to FM state, or from the FM to AFM

state~for x; 1
2!, are frequently regarded as insulator-metal or

metal-insulator transitions, respectively. These materials are
poor conductors even in the FM state and as suggested in
Ref. 4 the electronic transport process in this state cannot be
regarded as metalliclike; these authors reached the conclu-
sion that polaronic hopping is the prevalent conduction
mechanism both above and belowTc .

The temperature dependence of the absolute thermopower
(S) is a very sensitive probe of the electronic structure of
conductors aroundEf and a powerful indicator of phase tran-
sitions of various types. It is particularly useful in studying
the band-filling and the correlations between charge carriers
when electronic transport is carried out in narrow bands. It
was measured 35 years ago on the LaCaMnO system13 for
the whole range of compositions 0<x<1;14 for several
samples it was measured up to;1400 K. Observation of
giant magnetothermal effects accompanying GMR in
LaSrMnO crystals15 ~0.15<x<0.5! and LaCaMnO films16

~x5 1
3! were recently reported. We used this technique com-

bined with zero-field resistivity measurements in studying
Nd12xSrxMnO3 and Pr12xSrxMnO3 with

1
4<x< 1

2. These sys-
tems were chosen because they exhibit all the phenomena
mentioned above at very convenient temperatures, e.g.,Tm
and Tv are below room temperature~RT!. We also deter-
mined the RT lattice constants of samples of the various
compositions.

II. EXPERIMENT

We prepared polycrystalline samples ofL12xSrxMnO3 ~L
5Pr, Nd; 14<x< 1

2! by the standard solid-state reaction, very
similar to that used by the authors of Ref. 17 for the prepa-
ration of targets for epitaxial films. The last anneal~in air!
was at 1470 °C.

The resistance of the samples was measured in a closed
cycle refrigerator, working from room-temperature~RT!
down to 10 K. The thermopower measurements were per-
formed in a cryostat working from 400 K down to liquid
nitrogen temperature~LNT!. The reproducibility of the re-
sults, checked by repeated measurements on several samples,
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over complete, or over portions of temperature cycles, was
found to be very good.

All samples were characterized by x-ray powder diffrac-
tion ~Siemens D-5000 diffractometer, CuKa radiation!. The
lattice parameters were determined by least-squares fitting of
reflection peaks in the range 6°<2u<140° ~0.02° per 8 sec.
step!. All lines of x-ray patterns could be indexed in terms of
the lattices shown in Table I, thus confirming that the
samples were of single phase.

III. EXPERIMENTAL RESULTS

The RT unit cell volume (V) as a function of Sr contentx
is plotted in Fig. 1. The unit cells contain four formula units.
For both NdSrMnO and PrSrMnO,V drops linearly withx.
The line for PrSrMnO~with the largerr (L)! lies higher and
its slope is steeper than that for NdSrMnO.

Figure 2~a! shows the temperature dependence of the re-
sistivity r and Fig. 2~b! shows the absolute thermopowerS
for Nd12xSrxMnO3 samples. Corresponding results for
Pr12xSrxMnO3 are shown in Fig. 3. The dashed lines in Fig.
3~b! represent the data for Nd12xSrxMnO3 samples withx5
1
4,

1
3, and

1
2, replotted there for comparison.

As seen in Fig. 2~a!, each plot ofr(T) for Nd12xSrxMnO3
has a maximumrm(x) at Tm(x); rm increases with decreas-
ing x andTm is the highest forx50.4. AroundTm, r(T) is
very asymmetric for13<x< 1

2 ~note the weak dependence ofr
onT aboveTm , and the strong dependence onT belowTm!,
and becomes remarkably symmetric forx5 1

4. Straight lines
could be traced on the semilog plots ofr vs T for x5 1

4 on
both sides ofTm . They representr5r0 exp(aT), with a
positive belowTm and negative aboveTm . Each of these two
lines fit the data points on both sides ofTm for almost one

order of magnitude ofr. Straight lines with smaller~posi-
tive! slopes and lower extrapolated values~r0! at T50 were
traced also through data points lying belowTm on the plots
for x> 2

5. The slopes of the straight lines,d ln r/dT5a are
shown on the graphs. Forx5 1

4, the data points atT;Tm fall
on a rounded tip of the cusp. For the following three com-
positions the data points aroundTm stick out, far above the
straight lines. At low temperatures the data points deviate
gradually from the straight line towards a saturation value
reached around 50 K. A small deviation from the straight
line is observed for the data points forx5 1

4 close to RT. For
x51

2, a narrow range ofr with ptc is followed at lower

TABLE I. Composition and room temperature crystallographic lattice constants.

Pr12xSrxMnO3 Nd12xSrxMnO3

x ~Sr! 1
4

1
3

1
2

1
4

2
7

1
3

2
5

1
2

a ~Å! 5.474~1! 5.484~2! 5.404~1! 5.465~1! 5.460~1! 5.451~1! 5.471~2! 5.473~1!

b ~Å! 5.455~2! 5.437~2! 5.430~1!

c ~Å! 7.747~2! 7.709~3! 7.789~2! 7.724~2! 7.717~1! 7.716~2! 7.678~2! 7.626~2!

V ~Å3! 232.14 230.62 227.46 230.69 230.06 229.27 228.39 226.63

FIG. 1. Room temperature unit cell volume vsx.

FIG. 2. Resistivityr(a) and absolute thermopowerS(b) vs T
for samples of Nd12xSrxMnO3 at various values ofx. The straight
lines representr5r0exp(aT). The values ofa are given in the
figure.
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temperatures byr with ntc. This latter feature is identified
with the transition to the CO-AFM state18 which is not well
resolved in our samples withL5Nd.

The plots ofr(T) for L5Pr @see Fig. 3~a!# exhibit with
few exceptions the features of the corresponding plots for
L5Nd. The values ofTm are higher and those ofrm are
lower @for this comparison see Figs. 4~a! and 4~b!#. The ab-
solute values ofa are also lower. Forx51

3, the steep rise
towardsrm is preceded by a weak dependence ofr onT ~the
points lie below the straight line!. Forx51

2, Tm may be iden-
tified with the change in the slope ofr(T) because in the
narrow range up to RTr is almost constant.

The first-order transition to the CO-AFM state atTv ~Ref.
10! is exhibited in our plot for Pr0.5Sr0.5MnO3 by a jump to
high r with ptc and hysteresis. The transition temperatures
Tm andTv are similar to those in Ref. 10 for a single crystal
but the transitions in our samples are less sharp andr varies
very little with temperature between the two transitions. As
is often observed in structural phase transitions, our
Pr0.5Sr0.5MnO3 samples exhibited irreversibilities. Following
one cooling-heating cycle throughTv, r~RT! changed by

;60.5 mV cm. The plot shown here represents the data
taken after several full cooling-heating cycles, following
which the resistivity became reversible at the expense of a
net increase with respect to its initial value. It is possible that
the values ofr~x5 1

2! measured betweenTc and Tv do not
represent the bulk but a residual resistivity of macroscopic
defects. The dashed line traced forT,Tv was obtained after
subtracting the minimal resistivity~aboveTv! from ther(T)
data obtained during the cooling portion of the cycle. It is
seen that this procedure does not affect much the results in
the low-T regime. Both the corrected and the original data
points lie on an almost straight line with slightly different
slopes. It is notable that the~negative! a so obtained is com-
parable with that obtained forx5 1

4 aboveTm . A similar
exponential drop ofr with T can be seen in Fig. 2 of Ref. 10
for the single crystal of Pr0.5Sr0.5MnO3 in the lowest tem-
perature regime.

From the plots ofS vs T @Figs. 2~b! and 3~b!# it is seen
that there is very little difference between the data for the
L5Nd andL5Pr samples with the samex. Our plots are

FIG. 3. Resistivityr(a) and absolute thermopowerS(b) vs T
for samples of Pr12xSrxMnO3 at various values ofx. ~a! The
straight lines representr5r0exp(aT). The values ofa are given in
the figure. The dashed line below the low-temperature data forx5
1
2 was obtained by subtracting the minimal resistivity from ther
data. ~b! The straight solid line representsS520.04T mV/K.
~–!S(T) for Nd12xSrxMnO3 with x5

1
2,

1
3, and

1
4 replotted here for

comparison.

FIG. 4. Tm ~a!, rm ~b!, and S ~400 K! ~c! vs x for
Nd12xSrxMnO3 and Pr12xSrxMnO3. The data for La12xCaxMnO3
at 400 and 1400 K were taken from Ref. 13.
Ssat5(kB/ueu)ln[(12x/a)/(11x/a)] is represented by the dashed
line for a53, and by the solid line fora52. The dotted line repre-
sents calculated values ofSsat for bipolarons.

54 9361TRANSPORT PROPERTIES OFL12xSrxMnO3 ~L5Pr, . . .



very similar to those published previously for
La12xCaxMnO3, in the overlapping ranges ofx and T.13

There is also a qualitative agreement between our results and
those shown in Ref. 15 for La12xCaxMnO3 in the tempera-
ture rangeT<Tm ~For the samples discussed in Ref. 15,Tm
is above RT!.

For 1
2<x<1

3 and T.Tm , S is negative, almost indepen-
dent on temperature and increases~becomes less negative!
with decreasingx. For these compositions, the transition to
the FM state is marked by steep rises ofS towards zero. The
pair of plots for the two differentL and samex separate at
the higherTm . @For a givenx, Tm~Nd!,Tm~Pr!.# For x<0.4
these rises are followed atT,Tm by saturation at zero or low
positive values.

For the two lowest values ofx~ 27 and
1
4!, S(Tm,T,400

K! is not constant but rises with decreasing temperature. A
sign reversal occurs far aboveTm . With lowering T, S
reaches a positive maximum (Sm) followed by a rather sharp
drop towards low positive saturation values at lowerT.

Forx<0.4 and bothL, all S(T) plots group below the FM
transition region around constant, small positive values
~close to zero!. In this regime our results are close to those
found in Ref. 16 for La0.66Ca0.33MnO3. For Pr0.5Sr0.5MnO3,
S(T,Tm) rises linearly towards zero. This rise is interrupted
at Tv where S drops to large negative values. For the
Nd0.5Sr0.5MnO3 samplesS(T,Tm) is more complicated@see
Fig. 3~b!#; this behavior, like that of itsr(T), is probably due
to the proximity between the FM and AFM states.

IV. DISCUSSION

A. Resistivity

The values ofrm obtained in this work span over more
than two orders of magnitude@see Fig. 4~b!# and thentc
~aboveTm! increases with increasingrm . Similar behavior
was found in various magnetic alloys. In~Fe12xVx!3Si,

19 it
was found that the onset ofntc of r in the PM state occurs
when the resistivities aroundTc exceed;150 mV cm. All
our rm exceed this value and the onset ofntc seems to cor-
respond to a value ofrm about one order of magnitude
higher. Largentc are observed only whenrm.1022 V cm.
These values exceed the Mott maximum metallic resistivity
indicating that aroundTm the carriers may be treated as lo-
calized with transport carried out via phonon assisted tunnel-
ing ~hopping!. Only for x51

4 the temperature range ofntc of
r is wide enough for quantitative analysis. Expressions of the
type lnr}(T0/T)

p for variable range hopping~p;1
4! or

nearest-neighbor hopping with constant activation energy~p
51! do not seem to fit the experimental data. In this tem-
perature range the exponential drop ofr with T fits them
better. The same temperature dependence seems to fit best
the results for the Pr0.5Sr0.5MnO3 samples atT,Tv .

20 This
regime can be seen also in the results for the single crystal
without magnetic field, in the range 0,T,50 K ~see Fig. 2
in Ref. 10!. Note that in our case the line that fitsr(T,Tv)
for Pr0.5Sr0.5MnO3 is almost parallel to the straight line on
the graph for Pr0.75Sr0.25MnO3 but shifted to lower values of
the resistivity and temperatures. This suggests that the trans-
port mechanisms above 250 K in the samples withx5 1

4 and
below 120 K in those withx51

2 are similar. If this tempera-
ture dependence ofr is typical for the AF state, it indicates

that the samples withx51
4 may also be in the AF state for

Tm,T,RT. An exponential drop of the resistivity with tem-
perature has been observed in many systems,21 often over
many orders of magnitude. In most cases this temperature
dependence is followed at lower temperatures by an
activated-type temperature dependence@as seems to be the
case inr(T,Tv) for Nd0.5Sr0.5MnO3!#. Its interpretation in
terms of tunneling through a vibrating barrier21 is still under
dispute.22

The temperature dependence ofr found in our FM
samples, e.g., an exponential rise ofr with T preceded by
saturation at low temperatures, can be seen in many plots of
ln~r! vs T for FM-LAMnO samples. It can be seen, for ex-
ample, in Fig. 2 of Ref. 10 for the single crystal of
Pr0.5Sr0.5MnO3. Without magnetic field the temperature
range of the linear dependence is narrow being limited by
Tv . The range of temperatures of the linear portions of the
graphs increases with increasingH. The characteristic shape
of ln~r! vs T, in the FM state, including saturation ofr at
T→0 is fully recovered when the AF state is suppressed by a
field of 70 KOe.

The strong dependence ofr on x ~for fixed T! cannot be
accounted for by the variation in the band filling. The rise of
ln~r! with decreasingx at fixedT seems to be correlated with
the dependence of the unit cell volume with decreasingx.
The plots of ln~r! vsT in the FM state, resemble typical plots
of thermal expansion of solids.23 The enhanced increase ofr
close toTm for x> 1

3 is probably related to the large magne-
tovolume effect found in related materials.9 The temperature
dependence ofr emphasizes the effect of Sr doping on the
mobility of the carriers, e.g., on the transfer integral.

B. Thermopower

The most general formula for the absolute thermopower,
holding for charge carriers in extended or localized states is24

S52
1

ueuT ^E2m&, ~1!

where^E2m& is an average energy of the states participating
in transport, measured from the chemical potentialm. For
transport in a single band of widthW, uSu increases with
temperature whenkBT/W!1. For fixed population in a nar-
row band~NB! S approaches saturation whenkBT;W. The
almost constant values ofS observed atT.Tm for each
1
3<x< 1

2 and its dependence onx, but not on the (LA) pair,
support the possibility previously suggested in Ref. 13 that
the band is narrow. The saturation value ofS is

Ssat5
kB
ueu

lnS b n

pD , ~2!

where n/p is the electron/hole ratio andb is the spin-
degeneracy factor.~b51 for nondegenerate states,b5 1

2 for
doubly degenerate states!. The negative sign obtained for
T.Tm in the samples with

1
3<x< 1

2 is consistent with a popu-
lation of uncorrelated electrons in a less-than-half filled band
as proposed in Ref. 15, e.g.,n512x, p511x ~each Sr ion
contributes one hole to the NB! andb51. However the val-
ues ofSsat obtained by these substitutions in Eq.~2! are far
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more negative than those measured in this work at 400 K.
For x>1

3 the discrepancy is about a factor of 3.
In Fig. 4~c! we plottedS~400 K! for our samples and for

the LaCaMnO samples from Ref. 13. We also added the two
data points ofS~1400 K! available for the latter system in the
relevant range of concentrations. The agreement between the
results forS~400 K! for the three systems both in the range
of weak temperature dependence~x> 1

3! and strong tempera-
ture dependence~x51

4! is remarkable. The temperature de-
pendence ofS~x; 1

4! with the sign reversal and the maximum
in S(T) (Sm) seen in our work is also very similar to that
observed in Ref. 13. With decreasingx, Sm~LaCaMnO!
shifts to lower temperatures and its magnitude increases. It is
possible thatS~400 K! for x>1

3 cannot yet be considered as
Ssat due to finite band effects. This argument does not hold
for S~1400 K!; the data for LaCaMnO samples can be con-
sidered as saturation values ofS because they are preceded
by a wide range of constantS.

Several possibilities have been considered in order to ac-
count for the values ofS of these materials measured at high
temperatures. The simplest are discussed here. The dashed
line in Fig. 4~c! represents calculated values ofSsatusing Eq.
~2! with b51, n/p5(12x/a)/(11x/a) and a53. It lies
close to the data for13<x< 1

2 ~for which the temperature de-
pendence ofS around 400 K is weak!. The solid line repre-
sent values ofSsat calculated similarly as above witha52.
This line fits very well the two data forS~1400 K!
La12xCaxMnO3. The numerical values may be obtained for
either ~1! a nondegenerate two-electron band filled with
12x/a carriers, e.g., the number of holes created in the nar-
row band by the substitution of L31 by A21 ions is much
smaller thanx (Dp5x/a); or ~2! a nondegenerate band with
2a states per formula unit filled witha2x carriers (Dp5x).
The first possibility~1! can be easily quantified by assuming
that part of the holes reside in traps created by the doping.

A rather remote, but worth mentioning possibility~3! is
represented by the dotted line in Fig. 4~c!. It shows the cal-
culated values ofSsat for bipolarons in a two-electron band.
For the same population of electrons in such band~or narrow
spread of states!, the absolute thermopower of bipolarons is
half of that obtained for polarons@e should be replaced by
2e in Eq. ~2!#. It lies close to the solid line because for
1
4<x< 1

2, ln[(12x/2)/(11x/2)]'~1/2!ln[(12x)/(11x)].
All three possibilities discussed above implySsat50 for

n/p51 ~x50!. And indeed this is the result shown in Ref. 13
for LaMnO3 at T.1000 K.25 More experimental data are
needed in order to find out if one of them is reasonable.
However, as shown below, the second possibility witha52
can lead to a simple, quantitative interpretation of the tem-
perature dependence ofS for at leastx5 1

4.
Suppose that a gapD opens in the NB with four states per

formula unit, splitting it into a lower band with three states
and an upper band with one state per formula unit. For
T!D/kbT only the lower band will participate in transport.
Using again Eq.~2! with b51, n522x and p511x we
obtainS529 mV/K for x51

4. Within the experimental error
this is exactly Sm~Nd0.75Sr0.25MnO3!. It is worth noting that
this model predictsS>0 for x>1

2. It may represent the high-
temperature precursor to the onset of magnetic order. Finite
band effects and/or the transition to the FM state may cause

the reduction of Sm in Nd0.71Sr0.29MnO3 and in
Pr0.75Sr0.25MnO3 from the maximal predicted value.

The temperature dependence ofS obtained for x;1
4

around the temperature of the sign reversal may also be in-
terpreted as the transition in a two-electron NB from nonde-
generate to degenerate states, due to Coulomb repulsion.26 In
this case the sign reversals ofS occur for 2

3,n,1 ~or for
4
3,n,2! when the Coulomb energyU is of the order ofkBT.
The NB valuesS(U/kBT@1)5Sc can be obtained using Eq.
~2! for p512n and b51

2. This yields Sc535 mV/K
for n5 3

4 ~x5 1
4!. This is only slightly higher than

Sm~Nd0.75Sr/4MnO3!. This is a very attractive model because
it is consistent with the presently accepted picture of the
electronic structure of LAMnO. Its weekness stems from the
predictedSsatwhich are much larger than the measured ones.

While the sign ofS for x, 1
2 in the FM state is well un-

derstood, a quantitative analysis ofS in this state is difficult
since it may be expected thatW/kBT is large and dependent
on temperature. The grouping of allS(T) plots for x<0.4
around small, constant values is remarkable in view of the
resistivities of the materials which are of different orders of
magnitudes@for L5Nd at 150 Kr~1/4!/r~1/3!'200!#.

In the narrow temperature range betweenTv and Tm ,
S(T) for Pr0.5Sr0.5MnO3 exhibits a simple behavior; a line
representingS'20.04T mV/K can be traced within the scat-
ter of the data points. This would correspond to anS of a
wide metallic band27 with Ef estimated at a fraction of an
eV. This however should not be taken too seriously in view
of the proximity to the CO-AFM state and the peculiar be-
havior of S(T) in the other FM compounds studied in this
work. Measurements ofS(T) for Pr0.5Sr0.5MnO3 under high
magnetic fields, which would retain the FM state down to the
lowest temperatures could provide the best test for such in-
terpretation. It should be mentioned that in the ideal case
~perfect stoichiometry, absence of hole traps and perfect
symmetry of the band! S~FM-Pr0.5Sr0.5MnO3! should be
zero, for arbitrary bandwidth.

V. CONCLUSIONS AND REMARKS

The results of thermopower measurements in the present
work on the NdSrMnO and PrSrMnO systems and in an
early work on the LaCaMnO system are consistent with
transport in narrow bands. Three different scenarios that can
account for the saturation values ofS at high temperatures
have been discussed. Common to all three is that the bands
are less than half-filled forx<1. The absolute values of the
resistivities are consistent with carrier hopping between lo-
calized states. Evidence for the presence of a gap in the
density of states leading to a transition to a more than half-
filled band at temperatures aboveTm was found in the ther-
mopower results for samples withx; 1

4. This may be due to
on-site Coulomb repulsion. This and the resemblance be-
tweenr(T) for x5 1

4 at high temperatures with that ofr(T)
for CO-AFM Pr0.5Sr0.5MnO3 ~at low T!, suggest that the
samples withx; 1

4 may be AF ordered at temperatures above
Tc . Additional measurements are needed to find the evolu-
tion with temperature of the magnetic order for this compo-
sition.

The positive sign ofS found in the FM state of most of
the compounds studied is consistent with transport in a one-
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electron band with polarized states. The small absolute val-
ues ofS in a regime where the resistivity changes by orders
of magnitude are worth noting. Various possibilities leading
to such result are now under investigation.

Over wide ranges of temperatures in the FM state the
semilog plots ofr vsT look like plots of thermal expansion,
including the anomalous thermal expansion aroundTm . This
supports the conclusion reached in Ref. 4 that in this regime
the conductivity depends exponentially on the transfer inte-
gral, e.g., onW which in turn depends on temperature.
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