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Transport properties of L,_,Sr,MnO5 (L=Pr, Nd; ;=<x=<3})
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We report on the temperature dependence of the zero-field resigpyigbsolute thermopowe] and the
room temperature lattice constants of the title materials. The results indicate that at high temperatures, above
the transition to the ferromagnefiEM) state electronic transport is carried out in narrow bands. An attempt to
account for the measured values®fvas put forward. Evidence for the presence of a gap in the density of
states of the compounds with-3, possibly due to Coulomb repulsion, was foundS(T) at temperatures far
aboveT, . The positive sign of 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.
[S0163-182696)06438-7

I. INTRODUCTION state(for x~3), are frequently regarded as insulator-metal or
metal-insulator transitions, respectively. These materials are
A series of doped manganese oxides of the typgooor conductors even in the FM state and as suggested in
L, ,AMnO; (LAMNO, with L-lanthanide A-alkaline iong  Ref. 4 the electronic transport process in this state cannot be
undergo, upon cooling, a transition from a paramagneticegarded as metalliclike; these authors reached the conclu-
(PM) state to a ferromagnetid&M) state accompanied by a sion that polaronic hopping is the prevalent conduction
change from a negative to a positive temperature coefficienhechanism both above and beldy.
(ntc to ptc) of the zero-field resistivitys. In terms of the The temperature dependence of the absolute thermopower
double-exchange modtf,the itinerant holes, created by the (S) is a very sensitive probe of the electronic structure of
substitution ofl>* by A** ions, provide the FM interaction. conductors aroung; and a powerful indicator of phase tran-
The number of holes per formula unit is identified with the sjtions of various types. It is particularly useful in studying
concentration of tetravalent Mn which is taken equakfd  the band-filing and the correlations between charge carriers
The temperaturd ,, of the resistivity maximunyp, is iden-  \when electronic transport is carried out in narrow bands. It
t|f|ed W|th the transition to the FM Stéthm"“Tc) The was measured 35 years ago on the LaCaMnO S)}étﬁm
strong dependence of the resistivity on magnetization anghe whole range of compositions<@<1;* for several
thus on the applied magnetic fieltl- leads to giant negative samples it was measured up te1400 K. Observation of
magnetoresistancéGMR), also calledcolossal magnetore- giant magnetothermal effects accompanying GMR in
SiStanCdCMR). The diSCOVery of this effeétWIth its appll- LaSrMnO Crysta'%5 (015§X$05) and LaCaMnO f||mgﬁ
cative implications, has revived interest in these materials(xz%) were recent|y reported_ We used this technique com-
The response to the magnetic field is maximal aroliRd®  pined with zero-field resistivity measurements in studying
For a given (,A) pair T, is maximal at an optimah con-  Nd, _, Sr,MnO; and Pj_,Sr,MnO; with 2<x<1. These sys-
centrationx,, typically around;. For a given alkaline ion at tems were chosen because they exhibit all the phenomena
fixed concentration aroung, T, increases strongly with mentioned above at very convenient temperatures, €,g.,
the average lanthanide ionic radirg.>’ Application of hy-  anq T, are below room temperatur@®T). We also deter-

drostatic pressure has a similar effect Op as increasing mined the RT lattice constants of samples of the various
(r).° An anomalous thermal expansion is found arotipd compositions.

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 antiferromagné@O-AFM)
state was observed in Pr,SrMnO; aroundx=2.1° It is ac- We prepared polycrystalline sampleslof_,Sr,MnO; (L
companied by a large increase of the resistivity and a changePr, Nd; ;=<x=<3) by the standard solid-state reaction, very
from ptc to ntc of p. The onset of the CO-AFM state is similar to that used by the authors of Ref. 17 for the prepa-
believed to be driven by the Coulomb repulsion between theation of targets for epitaxial films. The last annéal air)
charge carriers and is optimized when the carrier concentravas at 1470 °C.
tion is commensurate with the lattice periodicity. In  The resistance of the samples was measured in a closed
Pr,_,CaMn0O;,'**2 which is nonmetallic for allx, the cycle refrigerator, working from room-temperatuf®T)
CO-AFM state persists for a wide rangexofThe collapse of down to 10 K. The thermopower measurements were per-
the CO state under magnetic fields leads also to CMR.  formed in a cryostat working from 400 K down to liquid

The dramatic changes in resistivity accompanying thenitrogen temperatur€LNT). The reproducibility of the re-
transition from the PM to FM state, or from the FM to AFM sults, checked by repeated measurements on several samples,
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TABLE I. Composition and room temperature crystallographic lattice constants.

Pr;_SrMnO; Nd; _,Sr,MnO;

1 1 1 1 2 1 2 1
X (Sn i 3 3 7 7 3 5 3

aA) 5.4741) 5.4842) 5.4041) 5.4651) 5.46(01) 5.4511) 5.4712) 5.4731)
b (A) 5.4552) 5.43712) 5.4301)
c (A 7.7472) 7.7093) 7.7892) 7.7242) 7.7171) 7.7142) 7.6782) 7.6262)
Vv (A% 232.14 230.62 227.46 230.69 230.06 229.27 228.39 226.63

over complete, or over portions of temperature cycles, wasrder of magnitude op. Straight lines with smallefposi-
found to be very good. tive) slopes and lower extrapolated valugg) at T=0 were

All samples were characterized by x-ray powder diffrac-traced also through data points lying beldy; on the plots
tion (Siemens D-5000 diffractometer, B« radiation. The  for x=2. The slopes of the straight lined,In p/dT=a« are
lattice parameters were determined by least-squares fitting shown on the graphs. Far=3, the data points af~ T, fall
reflection peaks in the range €26<140° (0.02° per 8 sec. on a rounded tip of the cusp. For the following three com-
step. All lines of x-ray patterns could be indexed in terms of positions the data points aroufgl, stick out, far above the
the lattices shown in Table I, thus confirming that thestraight lines. At low temperatures the data points deviate
samples were of single phase. 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 for=3 close to RT. For

lll. EXPERIMENTAL RESULTS X=3, a narrow range op with ptc is followed at lower

The RT unit cell volumeY) as a function of Sr contemt
is plotted in Fig. 1. The unit cells contain four formula units.
For both NdSrMnO and PrSrMnQ, drops linearly withx.
The line for PrSrMnQ(with the largerr (L)) lies higher and 10
its slope is steeper than that for NdSrMnO. 3

Figure Za) shows the temperature dependence of the re- .
sistivity p and Fig. Zb) shows the absolute thermopow@r
for Nd;_,Sr,MnO; samples. Corresponding results for 107
Pr,_,Sr,MnO; are shown in Fig. 3. The dashed lines in Fig. & ]
3(b) represent the data for Nd,Sr,MnO; samples withx= g
1, %, and3, replotted there for comparison. o

As seen in Fig. @), each plot ofp(T) for Nd; _,Sr,MnO, 10°
has a maximunp,,(x) at T(X); pn, increases with decreas-
ing x and T, is the highest fox=0.4. AroundT,,, p(T) is
very asymmetric foE<x<3 (note the weak dependenceof
on T aboveT,,, and the strong dependence Below T ), 10?
and becomes remarkably symmetric for . Straight lines
could be traced on the semilog plots @ivs T for x=5 on
both sides ofT,,. They represenp=p,exp(aT), with «
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FIG. 3. Resistivityp(a) and absolute thermopow&(b) vs T 0.2 0. 25 03 0. 35 0.4 045 05 0.55
for samples of Rr ,Sr,MnO; at various values ok. (&) The X
straight lines represept=pgexp(aT). The values ofx are given in
the figure. The dashed line below the low-temperature data=for FIG. 4. T, &, pn (b, and S (400 K) (c) vs x for

1 was obtained by subtracting the minimal resistivity from he Nd;_,SrEMnO; and Pg_,SrMnOs;. The data for La_,CaMnO;

data. (b) The straight solid line representS=—0.04T uVI/K. at 400 and 1400 K were taken from Ref. 13.

(9)S(T) for Nd; _,Sr,MnO; with x=3%, % and? replotted here for ~ Sea=(kg/|€])IN[(1—x/a)/(1+x/a)] is represented by the dashed

comparison. line for a=3, and by the solid line foa=2. The dotted line repre-
sents calculated values 8f,, for bipolarons.

temperatures by with ntc. This latter feature is identified
with the transition to the CO-AFM stdféwhich is not well ~+0.5 mf) cm. The plot shown here represents the data
resolved in our samples with=Nd. taken after several full cooling-heating cycles, following
The plots ofp(T) for L=Pr [see Fig. 8)] exhibit with  which the resistivity became reversible at the expense of a
few exceptions the features of the corresponding plots fonet increase with respect to its initial value. It is possible that
L=Nd. The values ofT,, are higher and those qf,, are  the values ofp(x=3) measured betweef, and T, do not
lower [for this comparison see Figs(a} and 4b)]. The ab- represent the bulk but a residual resistivity of macroscopic
solute values ofx are also lower. Fox=3, the steep rise defects. The dashed line traced Tox T, was obtained after
towardsp,, is preceded by a weak dependence oh T (the  subtracting the minimal resistivittaboveT,) from the p(T)
points lie below the straight lineForx=3, T,, may be iden- data obtained during the cooling portion of the cycle. It is
tified with the change in the slope @{T) because in the seen that this procedure does not affect much the results in
narrow range up to Rp is almost constant. the low-T regime. Both the corrected and the original data
The first-order transition to the CO-AFM stateTat (Ref.  points lie on an almost straight line with slightly different
10) is exhibited in our plot for RysSr, sMnO; by a jump to  slopes. It is notable that tHeegative « so obtained is com-
high p with ptc and hysteresis. The transition temperaturesparable with that obtained fox=; above T,,. A similar
T, andT, are similar to those in Ref. 10 for a single crystal exponential drop op with T can be seen in Fig. 2 of Ref. 10
but the transitions in our samples are less sharppavaties  for the single crystal of BrSrysMnO; in the lowest tem-
very little with temperature between the two transitions. Asperature regime.
is often observed in structural phase transitions, our From the plots ofS vs T [Figs. 2b) and 3b)] it is seen
Pr, sS1,sMnO; samples exhibited irreversibilities. Following that there is very little difference between the data for the
one cooling-heating cycle through,, p(RT) changed by L=Nd andL=Pr samples with the same Our plots are
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very similar to those published previously for that the samples withi=% may also be in the AF state for
La,_,CaMnOs, in the overlapping ranges of and T.2®* T, <T<RT. An exponential drop of the resistivity with tem-
There is also a qualitative agreement between our results amerature has been observed in many systénudten over
those shown in Ref. 15 for La,CaMnQ; in the tempera- many orders of magnitude. In most cases this temperature
ture rangeT <T,, (For the samples discussed in Ref. T,  dependence is followed at lower temperatures by an
is above RY. activated-type temperature dependefee seems to be the
For 3=x=<3 and T>T,,, S is negative, almost indepen- case inp(T<T,) for Nd, sSty sMnO5)]. Its interpretation in
dent on temperature and increagbecomes less negative terms of tunneling through a vibrating barfikis still under
with decreasing. For these compositions, the transition to dispute??
the FM state is marked by steep risesSabwards zero. The The temperature dependence pffound in our FM
pair of plots for the two different. and samex separate at samples, e.g., an exponential rise gofvith T preceded by
the higherT,,. [For a givenx, T,,(Nd)<T,,(Pn.] Forx<0.4  saturation at low temperatures, can be seen in many plots of
these rises are followed & T, by saturation at zero or low In(p) vs T for FM-LAMnO samples. It can be seen, for ex-
positive values. ample, in Fig. 2 of Ref. 10 for the single crystal of
For the two lowest values of(3 and 3), S(T,,<T<400 Pr,SrysMnO;. Without magnetic field the temperature
K) is not constant but rises with decreasing temperature. Aange of the linear dependence is narrow being limited by
sign reversal occurs far abovg,. With lowering T, S  T,. The range of temperatures of the linear portions of the
reaches a positive maximun${) followed by a rather sharp graphs increases with increasiflg The characteristic shape
drop towards low positive saturation values at lower of In(p) vs T, in the FM state, including saturation pfat
Forx=0.4 and both_, all S(T) plots group below the FM T—0 is fully recovered when the AF state is suppressed by a
transition region around constant, small positive valuedield of 70 KOe.
(close to zerp In this regime our results are close to those The strong dependence pfon x (for fixed T) cannot be
found in Ref. 16 for LggCa 3dMN0O3. For Py sSrp sMNnO3, accounted for by the variation in the band filling. The rise of
S(T<T,,) rises linearly towards zero. This rise is interruptedIn(p) with decreasing at fixedT seems to be correlated with
at T, where S drops to large negative values. For thethe dependence of the unit cell volume with decreasing
Nd, 5SrH sMNO; samplesS(T<T,) is more complicatefisee  The plots of Ifp) vs T in the FM state, resemble typical plots
Fig. 3(b)]; this behavior, like that of itg(T), is probably due  of thermal expansion of solids.The enhanced increase pf
to the proximity between the FM and AFM states. close toT,, for x=3 is probably related to the large magne-
tovolume effect found in related materidl3he temperature
V. DISCUSSION depgndence ob emphasaes the effect of Sr_doplng on the
mobility of the carriers, e.g., on the transfer integral.
A. Resistivity

The values ofp,,, obtained in this work span over more B. Thermopower
than two orders of magnitudesee Fig. 4b)] and thentc
(aboveT,, increases with increasing,,. Similar behavior
was found in various magnetic alloys. (Re;_,V,)3Si,!? it
was found that the onset oftc of p in the PM state occurs 1
when the resistivities around@, exceed~150 u) cm. All S=— —— (E—u), (1)
our p,, exceed this value and the onsetrdt seems to cor- le[T

respond to a value op, about one order of magnitude . L
higher. Largentc are observed only whep,,>10"2 Q cm. where(E—w) is an average energy of the states participating

These values exceed the Mott maximum metallic resistivityn ransport, measured from the chemical potenualFor
indicating that around’,, the carriers may be treated as lo- ransport in a single band of widtw, S| increases with
calized with transport carried out via phonon assisted tunnef€mperature whekgT/W<1. For fixed population in a nar-
ing (hopping. Only for x=1 the temperature range ofc of ~ 'OW band(NB) S approaches saturation whkgT~W. The

p is wide enough for quantitative analysis. Expressions of thc_{'@‘lmosfL constant values & observed afT>T, for each
type Inpe(To/T)P for variable range hoppingp~2) or  35X=2 and its dependence on but not on the A) pair,
nearest-neighbor hopping with constant activation enépgy support the possibility prewousl_y suggestgd in Ref. 13 that
=1) do not seem to fit the experimental data. In this tem-IN€ Pand is narrow. The saturation valueSois
perature range the exponential drop pfvith T fits them

better. The same temperature dependence seems to fit best ks |
the results for the BeSr, MnO; samples af <T,.?° This Ssat_ﬁ n
regime can be seen also in the results for the single crystal

without magnetic field, in the range<d’ <50 K (see Fig. 2 where n/p is the electron/hole ratio and is the spin-

in Ref. 10. Note that in our case the line that fgéT<T,) degeneracy factob=1 for nondegenerate states=3 for

for PrygSip, sMnO; is almost parallel to the straight line on doubly degenerate stajesThe negative sign obtained for
the graph for Ry,sSr, ,dMNO; but shifted to lower values of T>T,, in the samples with<x<=3 is consistent with a popu-
the resistivity and temperatures. This suggests that the tranktion of uncorrelated electrons in a less-than-half filled band
port mechanisms above 250 K in the samples wittg and  as proposed in Ref. 15, e.qu=1—X, p=1-+Xx (each Sr ion
below 120 K in those withx=3 are similar. If this tempera- contributes one hole to the NBindb=1. However the val-
ture dependence ¢f is typical for the AF state, it indicates ues ofS,,; obtained by these substitutions in E8) are far

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

n

bE , 2
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more negative than those measured in this work at 400 Kthe reduction of S, in Ndy7:Si,gMnO; and in
For x=1 the discrepancy is about a factor of 3. Pry 7556 29MInO5 from the maximal predicted value.

In Fig. 4(c) we plottedS(400 K) for our samples and for The temperature dependence 8f obtained for x~7
the LaCaMnO samples from Ref. 13. We also added the tw@round the temperature of the sign reversal may also be in-
data points 055(1400 K) available for the latter system in the terpreted as the transition in a two-electron NB from nonde-
relevant range of concentrations. The agreement between ténerate to degenerate states, due to Coulomb repdfsion.
results forS(400 K) for the three systems both in the range t4h|s case the sign reversals Sfoccur for 3<n<1 (or for
of weak temperature depender(ge=2) and strong tempera- 3<N<2) when the Coulomb energy is of the order okgT.
ture dependencéx=1) is remarkable. The temperature de- 1he NB vaIuesS(U/kBT>1)1: Sc can be obtained using Eq.
pendence o8(x~ ) with the sign reversal and the maximum (2) for p=1-n and b=3. This yields 5,=35 uVIK
in S(T) (S, seen in our work is also very similar to that for n=; (x=3). This is only slightly higher than
observed in Ref. 13. With decreasing S, (LaCaMnQ S (Nd, 755r/4MnQ;). This is a very attractive model because

shifts to lower temperatures and its magnitude increases. It |jt Is consistent with the presently accepted picture of the
. P 1 9 . - ""Blectronic structure of LAMNO. Its weekness stems from the
possible thaS(400 K) for x=3 cannot yet be considered as

. ) redictedS,,,which are much larger than the measured ones.
Sq, due to finite band effects. This argument does not hoIJ) While the sign ofS for x<1 in the FM state is well un-

fqr S(1400 K); the 'data for LaCaMnO samples can be con-gerstood. a guantitative analysis $in this state is difficult
5|dereo_l as saturation values $tbecause they are preceded gjce it may be expected that/kgT is large and dependent
by a wide range of consta& on temperature. The grouping of &(T) plots for x<0.4
Several possibilities have been considered in order to aGround small, constant values is remarkable in view of the
count for the values db of these materials measured at high resistivities of the materials which are of different orders of
temperatures. The simplest are discussed here. The dashedgnitudegfor L=Nd at 150 Kp(1/4)/p(1/3)~2001].
line in Fig. 4c) represents calculated valuesS,; using Eq. In the narrow temperature range betwegn and T,
(2) with b=1, n/p=(1—x/a)/(1+x/a) anda=3. It lies  S(T) for Pr, S sMnO; exhibits a simple behavior; a line
close to the data fot<x=3 (for which the temperature de- representing~ —0.04T uV/K can be traced within the scat-
pendence of around 400 K is weak The solid line repre- ter of the data points. This would correspond to &wof a
sent values o5, calculated similarly as above wita=2.  wide metallic band& with E; estimated at a fraction of an
This line fits very well the two data forS(1400 K) eV. This however should not be taken too seriously in view
La, ,CaMnO;. The numerical values may be obtained for of the proximity to the CO-AFM state and the peculiar be-
either (1) a nondegenerate two-electron band filled withhavior of (T) in the other FM compounds studied in this
1-x/a carriers, e.g., the number of holes created in the narork. Measurements d§(T) for ProsSf sMnO; under high
row band by the substitution of3" by A2* ions is much magnetic fields, which would retain the FM state down to the

smaller tharx (Ap=x/a): or (2) a nondegenerate band with lowest temperatures could provide the best test for such in-
2a states per formula un,it filled with— x carriers A p=x) terpretation. It should be mentioned that in the ideal case

The first possibility(1) can be easily quantified by assuming (perfect stoichiometry, absence of hole traps and perfect
that part of the holes reside in traps created by the doping_symmetry of the bark S(FM-PrO.5SrO.5Mn03) should be

A rather remote, but worth mentioning possibilitg) is zero, for arbitrary bandwidth.
represented by the dotted line in Figcy It shows the cal-
culated values oS, for bipolarons in a two-electron band.
For the same population of electrons in such ba@rdcharrow
spread of statg@sthe absolute thermopower of bipolarons is  The results of thermopower measurements in the present
half of that obtained for polaron® should be replaced by work on the NdSrMnO and PrSrMnO systems and in an
2e in Eq. (2)]. It lies close to the solid line because for early work on the LaCaMnO system are consistent with
=<x=<3, In[(L—x/2)/(1+x/2)]=1/2)In[(1 —x)/(1+X)]. transport in narrow bands. Three different scenarios that can

All three possibilities discussed above im@y,=0 for  account for the saturation values 8fat high temperatures
n/p=1 (x=0). And indeed this is the result shown in Ref. 13 have been discussed. Common to all three is that the bands
for LaMnO; at T>1000 K More experimental data are are less than half-filled fox<1. The absolute values of the
needed in order to find out if one of them is reasonableresistivities are consistent with carrier hopping between lo-
However, as shown below, the second possibility veith2  calized states. Evidence for the presence of a gap in the
can lead to a simple, quantitative interpretation of the temdensity of states leading to a transition to a more than half-
perature dependence 8ffor at leastx=3. filled band at temperatures aboVg, was found in the ther-

Suppose that a gap opens in the NB with four states per mopower results for samples wittr3. This may be due to
formula unit, splitting it into a lower band with three states on-site Coulomb repulsion. This and the resemblance be-
and an upper band with one state per formula unit. Fotweenp(T) for x=3 at high temperatures with that ofT)
T<A/k,T only the lower band will participate in transport. for CO-AFM Pr sSi, sgMnO; (at low T), suggest that the
Using again Eq(2) with b=1, n=2—x andp=1+x we  samples withk~3 may be AF ordered at temperatures above
obtain S=29 uV/K for x=%. Within the experimental error T.. Additional measurements are needed to find the evolu-
this is exactly $,(Ndg 7551 29MNOy). It is worth noting that  tion with temperature of the magnetic order for this compo-
this model predict$=0 for x=1. It may represent the high- sition.
temperature precursor to the onset of magnetic order. Finite The positive sign ofS found in the FM state of most of
band effects and/or the transition to the FM state may causite compounds studied is consistent with transport in a one-

V. CONCLUSIONS AND REMARKS
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electron band with polarized states. The small absolute val- ACKNOWLEDGMENTS
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