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We report measurements of the thermopower of the single-crystal manganite perovskite
Nd; _(Sr,Ph,MnO;_ 5 from 4.2 to 350 K at zero and finite magnetic field. The sign and magnitude of the
thermopower above the magnetic transition are doping dependent. The magnitude of the thermopower drops
sharply below the transition to the magnetically ordered state. At lower temperatures the thermopower changes
sign from negative to positive with decreasing temperature in the range 100-150 K. Implications for the
temperature-dependent electronic structure and scattering processes in this temperature range are discussed.
The high-temperature behavior is interpreted within a lattice polaron model. Further analysis suggests a form
of variable-range hopping conduction at high temperaty®3163-18206)03121-9

Manganites of the general foriR,_,A,MnO5; (R=rare sions 0.X0.3x1.0 mm. Thermocouple leads and voltage
earth or related specieA=alkaline earth or legdat doping leads were attached on opposite sides of the largest crystal
levels x~0.2—0.6 often exhibit a large magnetoresistancefaces. During temperature sweeps the sample temperature
associated with a metal-insulator transition at temperaturg/as controlled to withint 20 mK of target temperatures and
Tw Which can vary from~30 to above 300 K. While the AT was varied between 0 and roughly 0.5 K at a rate of
resistivity, magnetization, and magnetoresistivity of these€d.001 Hz.
materials have been studied extensivel{fthe temperature- Figures 1, 2, and 3 show the temperature-dependent ther-
dependent thermoelectric power near the magnetic transitiomopower and resistivity for three samples at 0 afdr®) T.
has not yet been reported. We report measurements of thie samples are numbered in order of decreasing resistivity
thermopowerS(T) at zero and applied magnetic field from
4.2 to 350 K in the manganites Nd,(Sr,PH,MnO,_; at T T r T

! I
Nd-Pb-Mn-0

two distinct doping levels. The thermopow®{T) provides 4000 °

a useful probe of the transport processes in these interesting 8 single crystal
and potentially technologically useful materials. In the low- T sample #1
temperature metallic phase the thermopower is related to 75\3000‘57

changes in electronic structure and scattering processes with S £ 6

variations in temperature, doping and magnetization. In the E2000L €

insulating phase the temperature-dependent thermopower ‘g_ Ts

can provide information on the energy dependence of the 4

parameters governing the high-temperature charge transport. 1000
Single-crystal Nd_,(Sr,Ph ,MnO;_ s samples were syn-
thesized following the techniques dRefs. 12 and 1)7
Samples from the synthesis batches used in this study were
characterized by x-ray diffraction, scanning electron micros-
copy, energy dispersive x-ray spectrosc¢pipX), magneti-
zation, and resistivity measuremeftsMlagnetization mea-
surements confirmed the close association between the
transition to the low-temperature ferromagnetic phase and
the abrupt drop on the resistivity. X-ray diffraction along the
(100 axis of one crystal revealed narrow cubic diffraction
peaks with an extremely low background. EDX measure-
ments on several locations of sample 1 yielded a uniform
stochiometry of Ng 5Pbg 3gMnO5_ 5. EDX measurements
on a crystal from the same synthesis batch as samples )
2 and 3 yielded a wuniform stochiometry of 0 100 200 300
Ndy 5(Sto 3Pk 1JMNO;_5* A higher 2+ cation doping T (K)
level of samples 2 and 3 relative to sample 1 is consistent
with the substantially lower resistivities of samples 2 and 3, FIG. 1. Temperature dependence of the resistivity and ther-
as will be discussed later. mopower of sample 1 at zero field and 5 T. The inset shows the
For the present study a heat current was applied througinearity of the logarithm resistivity versus inverse temperature to
the long axis of the parallelopiped crystals of typical dimen-the one-fourth.

S (UV/K)
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250 . : . : . : . magnitude of the peak thermopower.
() Finally, the temperature dependence of the thermopower
th(P?vSV)'Mtnl'o | above the transition is sample dependent even for small dif-
200 S?grﬁpféy;; ferences in doping. Samples 2 and 3, with very similar forms
—_ for S(T) below Ty, , have different temperature dependent
§ 150f high temperatures. Sample 2 has a sharp peal imear
%} Twmi » Whereas the thermopower for sample 3 is roughly tem-
= 100F perature independent above the magnetic transition.
We first analyze the nearly sample-independent low-
50 temperature thermopower. The uniform behavior at low tem-
peratures is interesting in light of the pronounced differences
0 - - ] A . . , between samples in the thermopower near and abgye If
- . | . | . , . the transport is dominated by carriers in the vicinity of the
° (b) Fermi energy and we neglect spin-dependent contributions,
0 = L!. then the thermopower can be written in terms of the energy
* o vy derivative of the conductivity,
—~ 2 °
< . R 72 KT [ alna(E)
E 3 . =3 5| @& M
=2 e 1=
%) [ m] [ ] F
6 - 808 o 7 i '
o H=0 = with k Boltzmann’s constant anglthe charge of an electron
8l 0 H=6T .:: . (e<0). For cubic metallic systems(E) is determined by
A the integral over isoenergetic surfaces of the product of the
-10 . L - I : L : scattering time and the Fermi velocity.
0 100 200 300 In the low-temperature spin-ordered state a local-spin-
T(K) density approximation calculation yields a nearly half-

metallic band structure, with a high density of states in the
FIG. 2. Temperature depe_ndence of the resistivity and therpartially filled Mn-derived lower energy majority-spin bands
mopower of sample 2 at zero field and 6 T. and a low density of states in the narrower minority-spin
bandst® The relatively large bandwidth of the dominant
at 300 K, a temperature comfortably above the resistive transpin-majority bands suggests a weak energy dependence to
sition. Since resistivity decreases with increasing @ation  the conductivity, a result consistent with the small absolute
concentration, this sequence is also the order of increasingagnitude of thermopower at low temperatures. Below 100—
hole doping'® The lower resistive transition temperature 150 K the thermopower for both samples is positive, imply-
Tw of sample 1 is consistent with a substantially lower dop-ing that the product of Fermi velocity and scattering time
ing level!*® We note that the difference in resistivity be- tends to decrease with increasing energy. We tentatively con-
tween samples 2 and 3 is slight, so that the relative dopinglude that conduction fa8>0 at low temperatures is prima-
levels of these two samples is less certain. rily holelike. The sign change near 100-150 K motivates a
Figure 4 shows the field-dependent thermopower fomore detailed discussion of the band structure. Treating the
sample 3 at three different temperatures around the transitoping as an ordered supercell of 2and 3+ ions, the po-
tion. Below (above the transition, the thermopower in- sitions of the different Mn-derived conduction bands de-
creaseqdecreaseswith increasing field, consistent with a pends on the local concentration of-2and 3+ ions, with
shift of the thermopower peak to higher temperatures. Thé&ands primarily deriving from Mn atoms nea#-3ons hav-
field dependence of the resistivity shown in the upper portioring lower energy than bands deriving from Mn atoms near
of Fig. 4 is similar to that seen previously in many polycrys-2+ atoms. Qualitatively, for a cation superlattice, one ob-
talline samples. tains a “ladder” of energy bands offset in energy relative to
Certain reproducible features can be discerned in the dakach other, each filled with carriers to differing degr&es.
for the temperature-dependent thermopower. The lowThe positions of the band minima in this ladder apportion
temperature thermoelectric power is positive for all materi-between thd” point and the edge of the zone depending on
als, changing sign around 100-150 K. Near the resistivéhe periodicity of the supercell. Cation disorder can then be
transition temperatur@), the thermopower collapses from thought of as introducing an impurity scattering potential
large values {10—100 nV/K) at higher temperatures to which randomly displaces the dopants from their supercell
lower values (-1 wV/K) more characteristic of metallic positions and broadens the bands. The energy dependence of
conduction. Application of a magnetic-field shifts, depressednterband scattering for such a ladder of offset bands yields a
and broadens the thermopower of all samples in a manneronmonotonic energy dependence for the conductivity, mak-
reminiscent of the changes in resistivity under the same fieldng it plausible for temperature-dependent anisotropy in the
Other features appear to be doping dependent. Fascattering time and thermal broadening of the Fermi surface
samples 2 and 3 the peak thermopower is negative with magde induce sign changes in the thermopower. The similarity in
nitude ~9 wV/K. For the lower-doped sample 1 the peak the temperature of the sign change for samples at different
thermopower is positive with magnitude70 xV/K. These  doping levels is surprising. The sensitivity of the low-
results suggest that the doping level determines the sign artdmperature thermopower to the band structure and interband
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FIG. 3. Temperature dependence of the resistivity and ther- FIG. 4. Magnetic-field dependence of the resistivity and ther-
mopower of sample 3 at zero field and 5 T. mopower for sample 3.

scattering may provide a stringent test for detailed
electronic-structure calculations.

As the temperature approach&g, from below the Mn-
derived spin-majority and spin-minority bands fuse into a
single disorder-broadened partially filled manifold of elec-

electrons and produces small polardh$*?>Equation 1 for
the thermopower is valid whether the transport is via metallic
conduction or hoppin® If the conduction in the high-
temperature phase proceeds via hopping of polarons with

—_ 29 .
tronic states. The pronounced temperature dependence of tRe” ooe ='T,* we obtain for the thermopower
electronic structure is consistent with the strong temperature 22 k d(inoo) dE
dependence 08 just below Ty, . Further discussion of the S= — | KkT—2% _a} )
high-temperature thermopower is predicated upon knowl- 3 e dE dE E-Ep

edge of the high-temperature conduction process.

Insight into the high-temperature conduction can perhapwith E, the hopping barrier. Spin disorder and cation disor-
be gained by noting that the related lightly doped manganiteler induce a random distribution of hopping barriers about
Lag g:Sr, 1MNO4 undergoes a magnetically driven transition the characteristic value, an effect which we neglect for the
between orthorhombic and rhombohedral structéte@ince  moment. The Einstein relation implies that the prefaetgr
the double-exchange mod&!?*implies that magnetic tran- is proportional to the density of states at the Fermi 1éVel.
sitions in this material are closely associated with changes ifwo terms then contribute to the thermopower: the energy
electronic structure, this exceptional magnetostructural coudependence of the density of states and the energy depen-
pling suggests a strong coupling between electronic and latlence of the hopping barrié?.
tice degrees of freedom. At higher doping levels, when To proceed further we require knowledge of the energy
screening is more important, the coupling matrix elementslependence of the electronic structure. Qualitatively, doping
may not be sufficient to induce a structural phase transitionvith 2+ cations gradually empties the Mn-derived bands at
but may be large enough to induce local lattice distortionghe Fermi level. From a supercell-plus-disorder point of
and consequent polaron formation in the spin-disorderedtiew, at a given doping level above half emptying less
high-temperature phase. Alternatively, cation disorder mayghan roughly 0.5 many different bands in the “ladder”
be sufficient to induce Anderson localization in the spin-are each partially filled, yielding a multisheeted Fermi
disordered phase, an idea proposed by Pickett and $hghsurface with an average Fermi velocity which increases
For concreteness, we concentrate upon the polaron modwlith increasing 2 cation concentration. Although the
and later discuss the relationship to other mechanisms fdransition temperature as a function of doping for
charge localization. Nd;_,(Sr,PH,MnO;_s has not yet been mapped out, it is

Within a double-exchange lattice polaron picture, theexpected to be similar to that of La,Ca,MnO;_4 but
presence of spin disorder aboV¥g, reduces the Fermi ve- shifted to higher values of 2 doping since Nd is smaller
locity sufficiently that the lattice distorts around conductionthan Cat’ The concentration of maximdly, corresponds to
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the concentration at which the posited polaronic phase iergy. Detailed analysis of the temperature dependence of the
least stable relative to the low-temperature metallic phasghermopower above the transition provides information
Since the lower temperature magnetic phase is stabilized bgbout the conduction process and allows us to test this as-
electronic hopping? whereas a polaronior other localizei  sumption. In a semiconductor where conduction occurs at
phase is favored for lower Fermi velocity, we identify the energies far from the Fermi level the conductivity varies as
concentration of maximall,, with the concentration of ~e Es/KT and the thermopower varies roughly as
maximal bare Fermi velocit§* Although a rigid band model ~E./kT, where E. is the energy to excite carriers into
is not strictly accurate, the doping dependence of the densityartially occupied band states. If an attempt to fit to these
of states and bare Fermi velocity should provide a rougtunctional forms for semiconductors yields substantially dif-
guide to the energy dependence of these band parametdesent values oEg. from the thermopower and the resistivity
aboveT), . For doping levels above optimal, the Fermi ve-in a given material, then the conduction in this family is
locity and density of states increase with increasing energylikely not semiconductorlike and charge transport is more
For 2+ concentrations below that of the highégy, , the likely dominated by hopping of carriers near the Fermi en-
Fermi velocity and density of states decrease with increasingrgy. Sample 1 provides a wide enough temperature range to
energy. For doping levelg~x. with maximal Ty, , N(E) allow determination oEg. from both the thermopower and
and the bare are weak functions oE. the conductivity. We obtain Eemopower~ 100 K and

We now use this information to deduce the energy depenk .nqycivie,~ 1000 K, a clear counterexample to semiconduc-
dences ofry andE, and thereby account for the qualitative tive behavior and an indication that conduction at high tem-
features of the high-temperature thermopower. The term iperatures in these manganite materials procedes via hopping,
the thermopower proportional o, /dE is proportional to  not semiconduction.
dN(O)/dE. This contribution toS tends to be positive for Further analysis sheds more light on the character of the
x<X. and negative fox>x. and is weakly temperature de- hopping process. The inset of Fig. 1 shows the logarithm of
pendent. The activation enerds, is most strongly energy the resistivity for sample 3 plotted agair&st ¥4 The plot is
dependent in the temperature range in which the polarons af@ear from the highest temperature measured, 350 K, down
on the edge of unbinding. At higher temperatures the activato the resistive transition at-200 K, over nearly two de-
tion energy is more weakly energy dependent. Well belowcades in resistance. A similar plot for the dataHat5 T is
the transition the magnetization is nearly constant and thénear in a more restricted range above the resistive transition
activation energy is smalEH,<<kT,,). In the intermediate temperature, with fluctuations setting in nélay; . Interest-
region the activation energy is a sensitive function of theingly, a similar analysis for samples 2 and(i3ot shown
Fermi velocity, with higher Fermi velocity implying smaller does not yield any simple énversusT" dependence. Al-
activation energy. Therefore, forx<x, we obtain though the standard variable-range-hopping model implies
dE,/dE>0 and this contribution to the thermopower is S—0 asT—0, the previously discussed temperature evolu-
positive. Forx>x. the hopping barrier decreases with in- tion of the energy dependence of the electronic structure in
creasing energy, so the contribution to the thermopower fronthe manganites reconciles the observed temperature depen-
the energy dependence of the hopping barrier is negative. dence ofS in the high-temperature hopping phase with the

For doping levels significantly below, the hopping bar- ~contrary expectations of the standard variable range hopping
rier term contributes a large positive peakS(T) near and model asT—0.
aboveT ,, , while the density of states term yields a signifi- An alternative plo{not shown of Inp versusT ~ 2 which
cant, more nearly temperature-independent positive contribiests the Efros form for hopping with an exciton-induced
tion aboveT,, . This situation is instantiated by sample 1, pseudogap at the Fermi le¥®lyields a sublinear relation
with a moderate temperature dependence afigyedue to  between Ip and T~ %2 as would be expected for substantial
the energy dependence of ba¥{0) andE,, and a swift thermal excitation across a hypothetical Coulomb
decrease of the thermopower beldvy, due to the abrupt Pseudogap. Estimating the crossover temperafigr&elow
decreasdand strong energy dependende E,. The large Which Efros hopping occurg,e~e*aN(0)/e with a density

absolute value of the thermopower is consistent with subopof states oN(0)~2x 108 cm™2, " a hopping distance of

timal doping. a~100 A (Ref. 27 and a dielectric constant af~10, we

For doping levels yielding maximunfy, the density of obtain Te~5 K<T,;~200 K. In the high-temperature
states and Fermi velocity are weak functions of energy. Wéhase the sample is well above any crossover to low-
expect that the hopping barrier term dominates the thertemperature Efros hopping behavior.
mopower. For 2 cation concentrations slightly greater than ~ Variable-range hopping arises from the competition be-
X the thermopower should have a sharp negative peak nefieen the need for hopping sites to be close both in real
Ty, Similar to what is observed for sample 2. The smallspace and in on-site electronic energy. In three dimensions
absolute value of the thermopower relative to sample 1 i¢he optimal hopping distance varies with temperature in such
consistent with the higher value df, in sample 2, since a manner tha)b~eaT71/4.28 Variable-range hopping applies
higher Ty, implies closer to optimal dopintf. The more to disordered systems in which conduction proceeds by hop-
gradual temperature dependence of the high temperatupng between randomly located sites with a distribution of
thermopower for sample 3 may arise from slightly off- allowed electronic energy levels. Both cation disotdend
optimal doping. local spin disorder in the high-temperature nonmagnetic

The preceding discussion began with the assumption thathase provide a near-random distribution in electronic on-
the conduction is dominated by carriers near the Fermi ensite energies. The double-exchange lattice polaron model dif-
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fers from standard variable-range hopping in that the position. For disorder-induced localization it is plausible that the
tion occupied by a conduction electron is special, lowered byhanges in band structure at the transition shift the Fermi
E, from the random distribution of on-site energies onlevel from localized to extended states. The bulk of the pre-
nearby sites. Taking into account the energetic offset of theeding discussion on the doping and temperature dependence
localized charge carrier modifies the conduction process anof the thermopower abovéy, may still apply if the charge
yields a conductivity’ localization in the high-temperature phase arose from Ander-
3\ 14 son !ocglization instead of polarpn (_jistortions, since the same
a~exr{ _ Ea;_I_A/Z_(IiY_’B) -4 qualitative dependences of activation energy upon effective

Fermi velocity and density of states could be expected. How-

. . L . ever, the evolution in the strength of the disorder with in-
The er.1ergyA IS _the W'dth of the dlstrlbut_lon |n_on.-_SIte en- creasing cation concentration complicates the doping depen-
ergies, a I the Inverse _Imear polaron dlmens[oﬁ,!s the dence ofE, in such a model. Experimental probes of the
depsn%( of states tto \;‘V'th'fn a f?r::tor of ordgr :"}['E;a 'fhthe tIocaI structural order in the high-temperature phase and
activation energy to hop from the occupied state 1o In€ Centef. s the magnetic transition may help distinguish between
of the distribution in on-site energies. H,<A/2 the con-

ducti s to standard iabl hooDi F these mechanisms.
uction reverts 1o standard variable-range hopping. For réa- o resisitivity as a function of temperature in the doped

sonable choices of parameters, the two co_ntrlbutlons ,}10 thﬁ1anganites exhibits three regimes: high-temperature acti-
exponent are roughly comparable, suggesting that-T7 . vated conduction, an abrupt drop in resistivity associated
behavior may be seen, butin a matenal—depenc_ient fagh'o.n'with magnetic ordering, and low-temperature metalliclike
The qualitative energy d(_ependence asa function of dop'ngonduction with an unexpectedly large absolute value of the
for the conductivity in this skewed Va”able'range_'h()pp'ngresistivity. The thermopower also has three regimes. Acti-
model is broadly similar to that of Eq2). Returning to . vated conduction yields a high-temperature thermopower of
samples 2 and 3, shortrange spin order reduces the aCtIV&E)ping—dependent sign and magnitude. Band splitting and
tion energy E(T) as.the. transition is apprpached from f5rmation of a more dispersive partially occupied spin-
ak_)cEN(%./Ihus the cor!tr|but|on to the conductivity of the form majority band near the magnetic transition imply an abrupt
e ~at’7" does not induce as much upward curvature ingrqs in the thermopower to values more characteristic of
p(T) as would be expected for a temperature-independenyqtals. The more metallic nature of the electronic structure
Ea. This result is in accord with the experimental resitivity 5¢ |o\yer temperatures yields a more weakly doping-
curves for samples 2 and 3, which are not well-fit by B).  gependent thermopower. Band offsets arising from the
unlessk, is allowed to decrease with decreasing temperay /34 cation distribution can account for a sign change in
ture. » _ the thermopower around 100—150 K. In general, the con-
~ One remaining puzzle is the rather large value of the reyyction process in the localized high-temperature phase is
sistivity in the ostensibly metallic region beloVy, . Atthe  yqre sensitive to variation in the effective bare Fermi veloc-
metal-insulator transition, the carrier hpppmg barrier dropsﬁy than is the low-temperature metallic phase, yielding a
to values comparable to or belolTy, itself, so that the sironger doping dependence to the thermopower in the high-
carriers are thermally unbound. At lower temperatures, hOWtemperature regime. The high-temperature charge transport

ever, a negative temperature coefficient of the resistivity cafy analyzed within a modified variable-range-hopping model,

reappear as the magnetization saturates and the temperatwﬁich suggests tha.tr~eaT_ll4 may be observed in a re-

drops below the now temperature-independent carrier activa, .
! = . stricted range of parameter space.
tion energy. Such behavior is seen in some underdoped man-
ganite sample® An incipient localization may be consistent

with the large absolute value of the resistivity in the metallic  This work was supported by National Science Foundation
low-temperature phase. The supposition of incipient local-Grants No. DMR91-20269 and DMR94-04755 and by the
ized behavior at low temperatures provides a possible explddirector, Office of Energy Research, Office of Basic Energy
nation for the large pressure derivative of the resistivity atSciences, Materials Sciences Division of the U.S. Depart-
low temperatures® ment of Energy under Contract No. DE-AC03-76SF00098.

We note that it can be difficult to distinguish betweenY.X.J. and A.Z. acknowledge the support of the Miller Insti-

polaronic and Anderson localized phases on the basis dfite for Basic Research at the University of California at

transport data alone, since both yield an activated conduderkeley.
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yond one half. The term “bare” refers to the Fermi velocity
before renormalization and consequent localization by the
electron-phonon interaction. If one is uncomfortable with the
use of Fermi velocity for a double-exchange spin-disordered
system, one can alternatively phrase the discussion in terms of
average electronic residency time on a given site.

32The explanation of the negative peak in the thermopower at high

doping is independent of the detailed mechanism for the in-
creased stability of the high-temperature phase at doping levels
above that of maximal', . So long as a decrease in doping
corresponds to an increase in polaron activation energy, the sign
of the thermopower follows from treating doping dependence as
a crude surrogate for energy dependence.
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incipient localization at low temperatures, perhaps sufficient to
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