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The temperature dependences of resistivity and thermal emf on a Kondo lattice are calculated using the spin-
polaron approximation. The peaks and sign reversal points of thermal emf as afunction of temperature and con-
centration below the temperature of the transition to the paramagnetic state are determined. The concentration
region containing the metal—insulator transition below the Curie temperature and the shift of the upper spin-
polaron band are calculated. © 2005 Pleiades Publishing, Inc.
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Intensive studies of manganites are stimulated by
both the existence of the giant magnetoresistance effect
and the possibility of application of these materials in
spintronics. The magnetic ordering changes from the
antiferromagnetic to ferromagnetic (FM) type, and the
semiconductor—metal transition occurs at the critical
concentration of the substitution of bivalent Ca?* and
Sr2* jons for trivalent lanthanum ions [1-3]. Above the
critical concentration (x > x.), the resistivity in the FM
region below the Curie temperature drops abruptly and
is correctly described in the double exchange model [4].
In the vicinity of a concentration of x ~ 0.5, the metal—
insulator transition is observed in La, :Cay5_,BaMnO,
[5] below the Curie temperature Ty, /T, = (x = 0) 0.87,
(x=0.1) 0.78, and (x = 0.2) 0.6. This transition can be
interpreted using the phase-separation model. In other
words, regions with the metal- and semiconductor-type
conductivity exist due to small-radius polarons. How-
ever, the values of the activation energy calculated from
the temperature dependences of the Seebeck coefficient
ST) and resitivity differ from each other by an order
of magnitude.

Available theories cannot explain an increase in the
absolute value of thermal emf in double-layer mangan-
ites RSr,Mn,O; (R = La, Pr) in the helium temperature
range [6]. The minimum observed in the ST) depen-
dence for Lay (Sr;_,Ca)Mn,O; in the temperature
interval 60 K < T <150 K can be interpreted as a com-
plex contribution from phonons and electronsto T) =
A/T + BT. The sign reversal of the thermoelectric coef-
ficient as a function of the temperature and concentra-
tion in manganites is explained by the presence of two
types of carriers (electrons and holes) with different
activation energies.

In this study, the above-mentioned effects are
described in the Kondo-lattice model using spin
polarons as charge carriers. The temperature and con-
centration ranges in which the Seebeck coefficient
changes its sign and the metal-insulator transition
occurs below the temperature of the transition to the
magnetically ordered state are determined as functions
of the spin-polaron band popul ation and the Hund inter-
action parameter. The model proposed herediffersfrom
the double-exchange model, in which the hopping of
Mn ions over g, levels leads to the formation of ferro-
magnetic exchange, while hopping over t,, states leads
to the antiferromagnetic exchange between localized
electrons. We assume that the motion of charged carri-
ers takes place in the oxygen system and that the elec-
tron spin is polarized by the ordered arrangement of
manganese spins due to the hybridization of oxygen
and manganese ions. According to the x-ray diffraction
data [7], the weights of the 3d°L* and 3d°L? states are
approximately equal to 41 and 9%, which corresponds
to one- and two-hole states. These states are located in
the gap, and they can be treated as impurity bands near
the chemical potential and described in the model of
nearly free electrons. As applied to manganites, our
model presumes that the substitution of the bivalent ion
Sr2* or Ca?* for the trivdent La®* ion leads to an
increase in the concentration of holes on oxygen ions.
Oxygen nonstoi chiometry also forms the hole states on
oxygen.

Spin-polaron excitations can be calculated in the
framework of the Kondo-lattice model using the
method proposed by Barabanov et al. [8]. The Hamilto-
nian has the form

H = Ho+Hy+Hy,
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where summation is carried out over the cubic lattice
sites, I, and |, arethe exchange i nteractions between the

nearest and next-to-nearest neighbors, a;,c is the cre-
ation operator for an electron with the spin index o =
+1, H, isthe Hamiltonian of the s—d interaction, and 6"
are the Pauli matriceswitha =x,y, z.

Let uswrite the equations of motion for the Green's
functions describing the motion of the electron over
oxygen ions. The electron spin interacts with the mag-
netically ordered spins of manganese ions. Using the
random phase approximation, we close the system of

equations for the Green's functions [, ,|a; , Mand
b, ola; , [ where b, = §66 0,8, ad a =X, y.
These equations have the form

J
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Here, by 4, 8 4 and G, arethe Fourier transforms of
the corresponding single-node operators and Green's

functions, respectively, ¢, , = [er§+g1 . ¥ S?Sﬂgl s
the spin—spin correlation function for transverse spin
components, and z; and z, are the numbers of the near-
est and next-to-nearest neighbors. All energies are mea-
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sured from the chemica potential 1. The excitation
spectrum has the form

0y, 2(K)
3
= %[sk-"eki/\/(sk_ek)z"'xlzgl-;m—n } )

The chemical potential is calculated self-consis-
tently for a given electron concentration n,

- %zIdoof(w)%lmGl, 4)
k

wheref(w) = (exp(w/T) + 1)~. Summationiscarried out
over 8 x 106 pointsin thefirst Brillouin zone. Here, we
analyze the effect of magnetic ordering on the transport
properties. For this reason, we consider the magnetic
system in the adiabatic approximation to simplify the
problem. The free energy expansion gives a power

dependence for magnetization m = m,/J1-T/T_,
wherem, variesfromm, = 3.8z inLaMnO;[9] tom, =
2.8y in CaMnO; [10]. The spin—spin correlation for
the transverse spin components in the phase-transition
region is about ¢, ~ 0.1m, for r = 1 in accordance with
Monte Carlo calculations in the classical Heisenberg

model [11]. Forr = /2, wehavec,, ~ C4/ /2. Thetem-
perature dependence of ¢, and ¢, was described by the
power function ¢, , = Gy H(T/T)?for T<T.and ¢, , =
Ca 22 — TIT)? for T > T.. The typical values of
exchangeintegrals, |, ~1meV and |, ~ 0.2 meV [12],
are three orders of magnitude smaller than the hopping
integral and practically do not affect conductivity. The
temperature of the transition from the magnetically
ordered state to the paramagnetic phase in manganites
variesin theinterval 150 K < T, < 300 K, and we used
the normalized quantity T4/t = 0.15 in our calculations.
The dynamic conductivity o and the thermoelectric
coefficient S were calculated using the Kubo—Green-
wood formula [13]

2
e 1n
o= =L",

=
iL”
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where Aj(k, w)
Green's function.

According to the calcul ations of the electron density
functional LDTA + U, the gap width for the Mn-O

)

= (UmMImG,4(k, w) is the spectral
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Fig. 1. (a c) Resistivity p(T)/p(Ty) and (b, d) thermal emf ST)/YT,) vs. the normalized temperature for J/t = (a, b) 8 and (c, d) 3

and x = (1) 0.1, (2) 0.3, (3) 0.5, and (4) 0.65.

chargetransfer in LaMnO;is(g,—¢&4) ~3.2€V [14] and
the upper edge of the electron excitation band for oxy-
gen lies below the chemical potential level by ~ 1 eV.
The Mn—Mn electron orbitals do not overlap directly;
the overlap integral of the wave functions between the
Mn and O ions is t(pdo) = -1.99 eV and t(pdm) =
1.1 eV, and t(ppo) = 0.7 eV and t(ppr) = —0.16 eV for
the O-O overlapping [15]. Electron excitations are
localized on the manganeseions due to the large charge
gap and Coulomb interaction, and nonstoichiometry
facilitates the formation of holes with a higher mobility
in the oxygen subsystem. The exchange interaction of
hole spins on the oxygen ions with the spins on the
manganese ions leads to the splitting of the hole band.

Numerical calculations of the transport coefficients
by formulas (5) give two main temperature depen-
dences of resistivity: a sharp decrease in the resistivity
at atemperature of T < T, X < X4 and at the metal—
insulator transition at Ty, < T, X > X;. The correspond-
ing p(T) dependences are shown in Fig. 1. This behav-
ior becomes clear from analysis of the spectrum of
spin-polaron excitations and the density of states g(w).

In the vicinity of the Curie temperature, the two sub-
bands overlap and form a peak of g(w) in the overlap
region. For low concentrations X < X, the chemical
potential lies at the bottom of the band. Upon cooling,
the bands split and the chemical potential level getsinto
the van Hove region in the lower band. Since the con-
ductivity is proportional to the density of states N(O) at
the chemical potential level, this behavior givesriseto
asingularity in the p(T) dependence. In the concentra-
tion range x4 < X, the density N(0O) of spin-polaron exci-
tations decreases sharply during the formation of long-
range magnetic order, which corresponds to semicon-
ductor-type conductivity. The transition temperature
Ty depends on the s—d interaction parameter and the
band population and is determined by the shift of the
chemical potential level from the upper subband to the
lower one upon an increase in magnetization. The elec-
tron group velocity decreases sharply in this case, v, =
[ (K), and the conductivity is of the semiconductor

type, because o ~ v N(0)2, with a peak of ppa(Tw) at

the temperature at which the chemical potential level
exactly coincideswith the bottom of the upper subband.
No. 2
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Figure 2a shows the dispersion curves in the [111]
direction for two temperatures. T<T,, and T > T,,. The
density of states remains virtually unchanged at these
temperatures (Fig. 2b). Band splitting increases with
the s—d interaction parameter, and higher electron con-
centrations are required for the chemical potential tolie
in the upper band. This leads to an increase in the
metal-insulator transition temperature Ty, which is
observed in Fig. 1.

The calculated temperature dependences of thermal
emf are in qualitative agreement with the conductivity
type. Namely, the Seebeck coefficient for p(T) of the
metal and semiconductor types increases and
decreases, respectively, with increasing temperature
(see Fig. 1). In the quasi-two-dimensional case, this
correlation isviolated. Figure 3 showsthe p(T) and (T)
curves for the anisotropic hopping parameters t,/t,, =
0.1, which ae typical of double manganites
LaSr,Mn,0;[16]. Thethermal emf attainsits minimum
in the region of the transition to the paramagnetic state
and changes its sign from positive to negative both in
temperature and in concentration for x. < x. The sign
reversal of T) is due to the specific behavior of the
density of states in the vicinity of the chemical poten-
tial, which is shown in Fig. 2. For example, the densi-
ties of states for w > 0 and w < 0 in the energy range
close to the Curie temperature differ from each other
by several times, while the density of states g(w) in
the low-temperature range for constant parameters x
and J is practically symmetric with respect to the
chemical potential in the interval Aw = 2T.. Doped
manganites are semimetals in accordance with the
spin-resolution photoemission data [17]. The calcu-
lated p(T) and S(T) dependences qualitatively explain
two peaks in the temperature dependence of the ther-
mal emf with a minimum in the vicinity of the Curie
temperature in La; ,Sr; gMn,O; [18] and the sign
reversal of the thermal emf asafunction of thetemper-
atureinLa _,CaMnO; for x=0.32[19]. Theregionin
which the thermal emf changesits sign in the magneti-
cally ordered state at T < T, strongly depends on the
dimensionality of the space and is shown on the x-J
phase diagram in Fig. 4a.

The conductivity calculated using the dynamical
mean field method disregarding the dependence of the
electron self-energy on the quasimomentum [4]
decreases rapidly with increasing magnetization
p(m)/p(m = 0) = 1 — Cnr?. In this approximation, it is
impossible to obtain a metal-insulator transition in
temperature for Ty, < T,.

In our model, we assume that conduction is realized
over oxygen ions and that the upper edge of the band
shifts towards high frequenciesat T < T, wheret, = t,,,
and the shift increases with concentration (see Fig. 4).
Theintrinsic absorption edge corresponding to agap of
approximately 1 €V is determined from the diffuse
reflection spectra for Lay Srg;MnO; [20]. In the tem-
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Fig. 2. () Spectrum of spin-polaron excitations w;111)(k) at
temperatures T/T. = (solid curves) 1/3 and (dashed curves)
0.47 for Jt =3 and x = 0.5. (b, c) Density of states of spin-
polaron excitations for J/t = 3 and (b) x = (1) 0.5 and
(2)0.25, T/T; = (1) 0.4 and (2) 0.8, and t,ft,, = (1) 1 and
(2 0.1; and (¢) x = 0.5, tt,, = 0.1, and T/T; = (1) 0.55 and
(2) 0.88.

perature range from T, = 155 K to 140 K, the intrinsic
absorption edge shifts by a giant value of about 0.4 eV
[20]. Figure 4 shows the theoretical and experimental
results, which are in satisfactory agreement. According
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Fig. 3. (a c) Resistivity and (b, d) thermal emf in a quasi-two-dimensional system vs. the normalized temperature for t,/t,, = 0.1,
Jit=(a b)3and(c, d) 6, and x=(1) 0.1, (2) 0.3, (3) 0.5, and (4) 0.65.

to Demin et al. [20], the red shift of the gap is associ-
ated with the shift of the top of the valence band and
rules out the el ectron-phonon interaction mechanismin
view of its smallness, because the isotopic effect is
small in this band [21].

The application of our spin-polaron model for
describing the transport properties of manganites is
restricted to metallic compounds with a long-range or
short-range ferromagnetic order in the vicinity of the
Curie temperature. In the framework of thismodel, itis
impossible to obtain the temperature dependence of
resitivity for nonferromagnetic doped manganites.
The temperature and magnetic-field dependences of
resigtivity in these compounds are described in the
inhomogeneous-state model [22], in which aferromag-
netic polaron is pinned at an impurity center or moves

very slowly in the insulator matrix. The main contribu-
tion to transport in this case comes from electron hop-
ping from one stationary ferron to a neighboring one.
The resistivity in the phase-separated region is gov-
erned by the Mott law p(T) ~ Texp(A/2kgT), where the
energy barrier height A ~ e’/ R depends on the ferron
radius R;. Our model can be used in the concentration
range0.18 <x<0.5for Lg; _,A,MnO;, A =Ca, Sr [23]
andintherange0.2 <x<1forLa,_,Sr , »,Mn,0O;[16]
and other ferromagnetic compounds exhibiting the
metal—nsulator transition in temperature.

Thus, the interaction of free charge carriers with
localized spinsin therange of high concentrations|eads
to aresistivity peak below the Curie temperature. The
peak observed in the p(T) dependence for manganites
with the FM ordering is also successfully explained in
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Fig. 4. (8 Lines on the x-J phase diagram separate the
upper region with the sign reversal of thermal emf at T< T,
from the lower region with S(T) > O for t,/t,,, = (1) 0.1 and

(2) 1. (b) Normalized shift of the upper edge of the spin-
polaron excitation band Wi(T)/W,(T,) — 1 as a function of

the normalized temperature T/T for J/t = 8, x = (1) 0.15,
(2) 0.25, (3) 0.35, and (4) Lag gSrg ;MnO5 [20].

the spin polaron model asin the case of lower concen-
trations. The sign reversal in the temperature depen-
dence of the Seebeck coefficient, as well asin its con-
centration dependence, also fits the spin-polaron exci-
tation model without including the phonon mechanism
or phase separation. The splitting and shift of the spin-
polaron band satisfactorily correlate with the shift of
the top of the valence band determined from the diffuse
scattering data for manganites.
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