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Abstract

The resistivity p(T'), and thermoelectric power (TEP) S(7, H) in the manganite Lag g5Teq 15Mng 9Cug ;O3 have been investigated system-
atically in the absence and presence of magnetic fields. A large negative magnetoresistance (MR) appears up to 5 T. In addition, S(7') of the
sample shows an anomalous peak, which is suggested to be related to the contribution of phonon drag. Particularly, the thermally induced and
the field-induced sign change of S below the Curie temperature 7 is observed, implying the importance of spin polarization. In terms of the
change of electronic structure, the orbital degree of freedom of the eg carriers can be responsible for the effective lifting of the degenerate eg
band. Additionally, based on the fitting results of p(7") and S(T'), the transport mechanism for the sample in the paramagnetic (PM) insulting
region and low-temperature ferromagnetic (FM) insulating region below T¢ is suggested to be dominated by variable-range-hopping (VRH) con-
duction. However, in the intermediate-temperature FM metallic region below T, the transport mechanism is considered to be dominated mainly

electron—magnon scattering.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The transport properties of mixed-valent manganites with
perovskite structure have received much notice in recent years
because of the discovery of colossal magnetoresistance (CMR).
Much attention has been paid to the hole-doped manganites
Laj_,(Ca, Sr,Ba),MnO3 due to their potential applications
such as magnetic reading heads, field sensors and memories [1].
Their behaviors have been interpreted based on the double-
exchange (DE) mechanism [2] and the Jahn—Teller (JT) distor-
tion [3].

Recently, much research has also placed on emphasis on the
electron-doped manganites Laj_,(Ce, Zr, Te),MnO3 because
of the interesting applications in the emerging field of spintron-
ics [4]. It is believed that the study of the doping effects at Mn
site should provide important clues to the mechanism of CMR
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behavior because of the core role of Mn ions. Very recently, the
effect of the Cu-doping at Mn sites on the electron-type man-
ganites LaggsTep.1sMnO3 is investigated through measuring
the electrical transport and magnetic properties in our previous
work [5]. Especially for the Lag gsTeo.15Mng.9Cug ;O3 sample,
it is found that the magnetic property occurs a remarkable varia-
tion. As we know, thermoelectric power (TEP) S is not affected
by the grain boundaries of the polycrystalline sample and is sen-
sitive to the band structure and carrier mobility near the Fermi
level. Consequently, in order to further investigate the peculiar
character of Lag gsTeq.15sMng9Cug O3, in this Letter, we mea-
sure systemically thermoelectric power (TEP) S(7T', H) of the
sample in the absence and presence of the applied fields.

2. Experiment

Details of the sample preparation and its characterization
by X-ray diffraction, magnetization measurements have been
reported in Ref. [5]. The measurements of p and S were per-
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formed by the standard four-probe method from 5 to 320 K
in the absence and presence of magnetic fields using com-
mercial quantum design physical property measurement system
(PPMS) (1.8 < T <400 K, 0 < H <9T). The typical dimen-

sion of the measured sample is 8 x 4 x 1.2 mm?>.

3. Results and discussion

The temperature dependence of resistivity p(7) of Laggs-
Tep.15Mng9Cug 103 sample at 0, 1, 3, and 5 T is shown in
Fig. 1(a), respectively. Fig. 1(a) shows that o (7T") curve has only
one peak which locates at T, = 117 K at zero field. Here T, is
the temperature of metal-insulator transition (MIT), which is
believed to reflect the spin-dependent interfacial tunneling due
to the difference in magnetic order between surface and core
of ferromagnetic (FM) grains. It is worth noting that T, peak
position does not nearly change in the applied magnetic field,
which further verifies the unusual origin of T}, peak. In addition,
p decrease and a large negative MR is observed near T), espe-
cially at 5 T. The MR as a function of temperature is shown in
Fig. 1(b). Here, the MR is defined as Ap/py = (o — po)/PH,
where pq is the resistivity at zero field and py is the resis-
tivity at H =1, 3, and 5 T, respectively. With the increase of
the applied magnetic field, the MR peak close to T, becomes
more obvious. The largest negative MR value can reach —320%
at 5 T. It is worth noting that the rapid increase of absolute MR
in the FM metallic phase is attributed to the suppressed spin
fluctuation in the applied field.

As to S(T), a new peak at ng (=192 K) emerges at zero
field as plotted in Fig. 2. Additionally, there is a minimum at
T¢" (=139 K). In comparison, the Curie temperature Tc is

= T T
400 + Ii P Lag Te, M, Cu, O,
[\
300} 1 ;5 H=0T i
= ¥ H=AT
§ 200( !p\i |
H=3T
g
< 100F H=5T 1
ol |
(a)
ol i
=)
& -1t _
=
) i
=% i
Al -2 ¢ H=5T i
T {
= L
z 13
gV -
©) . . . .
0 100 200 300 400

T(K)

Fig. 1. (a) The temperature dependence of resistivity p(7') at 0, 1, 3 and 5 T.
(b) MR for Lag g5Teq 15Mng 9Cug 1 O3 sample at 1, 3 and 5 T, respectively.

169 K [5]. An interesting phenomenon is that S rises gradually
with decreasing temperatures and another weaker broad peak
located at TSd (=57 K) appears, implying that the origin of Tg
peak is different from that of T_é” peak. As the temperature is
decreased further, the value of S drops sharply (i.e., S — O as
T — 0), which is suggested to originate from the weak carrier
localization effect. The weak localization effect can be also re-
flected by p(7T") measurement due to the little upturn of p at low
temperatures as shown in Fig. 1(a).

In the vicinity of T_g peak, i.e., in the intermediate-tempera-
ture FM metallic region, it is found that the S(7") data for the
sample can be described by power law 73/? [6], which suggests
the importance of electron—magnon scattering in FM metallic
phase. Interestingly, the gradual increase of S(7') value in the
vicinity of Tf is observed at 4 T, which is suggested to the en-
hancement of electron—-magnon scattering in the applied field.

For the new peak located at ng in S(T) curve, it is obvious
that S(T) exhibits an abnormal metallic-like behavior between
Tg" and ng. In general, the character of S(7') can be quali-
tatively understood in terms of Mott’s formula for the charge
contribution to the Seebeck coefficient in metals [7]:

2k3T o/ (E
SZ_T[_B_G( F), (1)
3 e o(Ef)

where kp is Boltzmann’s constant, e is the electron’s charge,
o (EF) is the conductivity at Fermi level, and o’ stands for
d[o (E)]/dE. The observed decrease of absolute S below T;’
can be explained as the increase of conductivity provided that
o’ ~ const. However, if one assumes o’ is constant and almost
isotropic electrical transport properties, i.e., 0 ' = p, then ac-
cording to Eq. (1), AS/So o< Ap/po is expected. The plot of
|AS/So| vs. |Ap/po| for data of LaggsTep.1sMngoCug 103 is
shown in Fig. 3(a), which shows that the data at 7y = 150, 160,
170 and 180 K all evidently deviate from the theoretical predic-
tion of Eq. (1) (linearity). Therefore, the assumption o’ ~ const
is not reasonable as argued by Uhlenbruck et al. [8]. In other
words, the assumption that o’ is constant given by Asamitsu et
al. [9] is not valid for the present studied system. An important

Lao.asTeo. 15Mn0.9CUO.103
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Fig. 2. The temperature dependence of S(7') at 0 and 4 T.
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Fig. 3. (a) Relative changes of S(7') vs. relative changes of p(T') for the sample
(Ty = 150, 160, 170 and 180 K). The dotted line expresses the prediction of
Mott’s formula with Eq. (1) (see text) and (b) the fitting of S(7") data between
Tg” and ng with Eq. (2) (see text) for x = 0.10. The parameter )(2 (reduced
chi-square value of fit) represents the quality of the fit.

contribution to the Tég peak may be the phonon drag effect as
discussed below.

As we know, according to the theoretical model, the phonon
drag TEP S, can meet following relationship [10]:

Se o 1/T. @

The curve of S vs. 1000/ T for the sample is plotted in Fig. 3(b).
The scatter symbols correspond to the experimental data and
the solid lines denote the fitted results according to Eq. (2). The
parameter x?2 (reduced chi-square value of fit) related to the
quality of the fit is also shown in Fig. 3(b). The fitting volt-
age value is —9.6 uV. It is found that the S,(T") data between
T¢' and Tf can be well described by Eq. (2). Hence, the devia-
tionin |[AS/So| vs. |Ap/po| plot (Fig. 3(a)) from the theoretical
prediction is due to the presence of considerable phonon drag
effect.

In the external magnetic field, the phonon drag effect is ex-
pected to become weaker [11], so that the S(T") value reduces.
In addition, Fig. 2 exhibits that the applied field makes Tgi T
and TS‘D peak positions all shift to higher temperatures. More-
over, the interesting sign change of S is also observed.

In the following, we will focus on analyzing the sign change
of S. Fig. 2 displays that S is positive above T¢ but changes
its sign to negative below T¢. Nevertheless, as T <« T¢, S be-
comes positive again. The temperature range of S < 0 is from
106 to 152 K. If the sign of S reflects a type of charge carri-
ers, the sign change of S suggests that the electronic state of
the sample has been altered between electron-like and hole-like
charge carriers by lowering the temperatures.
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Fig. 4. Magnetic field dependence of S(H) at various temperatures for
Lag g5Teg.15Mng 9Cuq 1 O3 sample. The arrows denote the sign variation of S.

The thermally induced sign change of S observed for the
sample implies that an evolution of spin polarization influences
the electronic character of charge carriers. Provided that this is
the case, it is expected that the sign change of S can also be in-
duced by the applied magnetic field. Fig. 4 shows the magnetic
field dependence of S at different temperatures. As T > T,
the S varies from a positive value to a negative value with in-
creasing applied magnetic fields. As T < T¢, the S varies from
a negative value to a positive value with increasing applied
magnetic fields. Moreover, both issues of T > T¢ and T < T¢
shows that the magnetic field of the sign change of S increases
with increasing temperatures as denoted by arrows. However, as
T « Tc, S has not a sign variation and keeps a positive value.

In order to clarify the above interesting phenomena, it is pro-
posed that the orbital degree of freedom of e, band may play
an important role [12]. As is well known, the e, band can be
built up with degenerate 3d orbitals (i.e., d32_,> and d,>_2)
and can be split into the upper and the lower band in a certain
situation. If the orbital degeneracy is not lifted in crystals, in
this instance, it is natural to suppose that the nature of charge
carriers is electron type. If the lower (spin-up) band built up
with the two orbitals is split further into two bands in the FM
state, then the lowest band is fulfilled, the dopants may intro-
duce holes into the system. Thus, we draw a conclusion for the
Lag g5Tep.15Mng 9Cug.1O3 sample, when the temperature is de-
creased below T¢, the density of states for the lower (upper)
spin-up band increases (decreases). As a result, the spin polar-
ization enhances and the degeneracy of the e, band is gradually
lifted. Accordingly, S changes its sign from negative to posi-
tive below T¢. But S is only positive at low temperatures, the
ey band in the fully spin-polarized FM state is not degenerate
and a further splitting takes place.

However, it is very important and pivotal to confirm what
is the driving force for the effective splitting of the fully spin-
polarized e, band. One of the possible origins may be the struc-
tural distortion of MnOg octahedra or the JT effect. The factor
of JT distortion has been recently considered in the theoreti-
cal [13] and experimental [14] works to explain the transport
properties in the manganese oxides. It can be expected that the
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Fig. 5. (a) The plot of Inp against T=1/4 and (b) S vs. T~/ in the high-temperature PM insulating region. (c) The plot of p vs. T and (d) S vs. T in the
intermediate-temperature FM metallic region. (e) The plot of In p against 714 and () S vs. T2 in the low-temperature FM insulating region, respectively. The

solid lines are the fitting data. The parameter X2 stands for the quality of the fitting.

local distortion of MnOg octahedra has such an ability lifting
the degenerate e, band. Whereas, the thermally induced and
the field-induced sign change of S below T¢ would be difficult
to be interpreted because the JT effect can be less prominent or
vanished in the FM state [13].

Another possible origin can be related to the antiferromag-
netic (AFM) orbital ordering in the FM ground state. For the
Lag g5Tep.15Mng 9Cug 103 sample, the distinct discrepancy of
zero-field cooling (ZFC) magnetization and field cooling (FC)
magnetization below a freezing point temperature is observed,
indicating that the spin-glass-like behavior probably occurs due
to the competition between AFM and FM interaction [5]. That
is to say, there exists AFM background at low temperatures.
Due to the full spin polarization of the e, band, the spin de-
gree of freedom is lost and only the orbital degree of freedom
survives in the FM ground state. Therefore, the behavior of full
spin polarization in terms of a change of electronic structure
can be relate to the orbital degree of freedom of the e, carriers
in the AFM ordering.

Additionally, in the high-temperature PM insulating region
above T¢, p(T) and S(T) data at zero field and external field
can be fitted well by three-dimensional Mott’s variable-range-
hopping (VRH) model, p(T) = poexp[(To/T)'/*] [7], with
Ty ~ 21/[k3N(EF)$3], where & is the localization length,
N(EF) is the density of localized states at the Fermi energy,
and S(T) (%)1/ 4115), Tys is the characteristic temperature
similar to the temperature Ty of the VRH formula of po(T"). The
plot of Inp(T) vs. T~/* and S against T~!/* at zero field are
shown in Fig. 5(a), (b), respectively. The scatter symbols cor-
respond to the experimental data and the solid lines denote the
fitted results according to Mott’s VRH model. The fitting pa-
rameter values of TO'Z and Tof; (denoting the values of Ty and
Tos in the high-temperature region obtained by fitting o (7") and

Table 1

The fitting parameters of Lag g5Teg 15Mng 9Cuq 1 O3 sample. The definition of
TOIZ, Tog, 00> P25, S0, 53 /25 S4, TOLp’ and A is denoted in text, respectively.
“£” expresses the error produced by fitting po(7) and S(7) data

Parameter 0T 4T

(TgH!V* ®/%) 11837 +0.41 106.69 4 0.48

T+ K% 368.84+0.58 324.66 £ 0.45

00 (2 cm) 102.0516 + 0.0325 943156 £ 0.0142

025 (Qem/K25)  (2.2732+£0.0213) x 1073 (8.7654 £ 0.0035) x 10~4
So (UV/K) 1.99 +0.07 0.54 +0.10

S3/2 (MV/K2)  (3.04£0.05) x 1073 (3.76 £0.05) x 1073

Sy (UV/K3) (—4.81 4+ 0.05) x 107 (—5.36 £0.06) x 1079
(TOLp)l/4 K% 052+0.02 0.44 £ 0.02

A (uV/K3/%) 0.38 +£0.01 0.32+£0.03

S(T) data) are listed in Table 1. The large values of charac-
teristic temperature TOH and TOFSI at zero field imply the strong
localization length & provided the density of state N(Ef) at
the Fermi level does not change. Additionally, it is clearly seen

that the applied field reduces the values of Tof; and TOFSI , which

is suggested to be related to the delocalization ei, electron of
Mn3* ions.

In the intermediate-temperature FM metallic region below
Tc, the present p(T) data for the sample can well meet the
equation p = pg + P25 T25 [16], where the temperature in-
dependent term pq is the resistivity caused by domain, grain
boundary and other temperature independent scattering mech-
anisms, the p;35 T2 term which represents a combination of
electron—electron, electron—phonon and electron—-magnon scat-
tering [17]. Fig. 5(c) shows the curves of p vs. T at zero field
for the sample. The fitting parameters values of pg and p3 5
are listed in Table 1. The reduction of both pg and p;5 in
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the applied field is attributed to the decreased magnetic do-
main boundaries and the suppressed spin fluctuation in the FM
metallic phase, respectively. In general, the transport mecha-
nism should be determined by p(7) and S(T') data together.
Similar to p(T) data, several factors such as impurity, compli-
cated band structure, electron—electron, electron—-magnon scat-
tering, etc., affect S(7") data in the FM metallic region. It
is reasonable to assume that the p(7) and S(T) data are
closely related to the similar transport mechanism. So far, the
temperature dependence of S(7") data in this intermediate-
temperature FM region has been analyzed by the equation
S =258 + S3/2T3/2 + S4T* [6], where S (defined from the
value of S at T = 0 K) is inserted to account for the problem
truncating the low-temperature data, and the 73/? dependence
is attributed to electron—magnon scattering process. The origin
of the S47* term may be due to the spin-wave fluctuation in the
FM phase as argued in Ref. [18]. The fitting parameters corre-
sponding to H =0 and 4 T are listed in Table 1, respectively.
Firstly, we can clearly see that S35 is nearly six orders of mag-
nitude larger than that of S4, implying the second term S3,, T3/2
dominates the transport mechanism in the FM metallic region
below T¢. Secondly, based on Fig. 5(c), (d), it exhibits that the
fitting temperature range by S(7') measurement is close to that
of p(T) measurement, indicating that the transport mechanism
can be suggested to originate from electron—-magnon scattering.
When a magnetic field is applied, the effect of field inducement
on the magnon scattering enhances. Actually, similar transport
mechanism of electron—-magnon scattering is also observed in
LaMnOs3 [6] and Lag sPbg 5sMn;_,Cr, O3 [18] system.

In the low-temperature FM insulating region, it is found
that Mott’s 3D VRH model matches the p(7T) and S(T) data
well, S(T) in the limit of T — 0 meets the relationship |S| =
A(T)'/? + B [19], where A is a factor determined by the density
of state in the vicinity of Fermi surface N(EF), B is a con-
stant. The curves of In p(T') against T4 and S vs. T2 for
the sample are plotted in Fig. 5(e) and (f), respectively. The
fitting parameters TOI;) (denoting the values of Tp in the low-
temperature region obtained by fitting p(7) data) and A are
listed Table 1. The small values of TOLp and A is suggested to
stem from the weak carrier localization as mentioned above. As
to the reduction of TOI;) and A in the applied field, it is attributed
to the delocalization of the carrier caused by the applied field.

In a word, from the above results, it is found that the
Lag gsTep.15Mng 9Cug.1O3 sample plays a crucial role to de-
termine the transport properties. The observed changes are
strongly related to the spin polarization because of the in-
teresting variation of sign on S. Furthermore, the transport
mechanism has been determined in the different temper-
ature region. Such results also reflect the special role of
Lag gsTep.15Mng 9Cug.1 O3 sample. At the same time, it can also
help us to improve our understanding to other complex systems.

4. Conclusions
In summary, both p(T) and S(T, H) of the LaggsTeq 15-

Mng 9Cug.1 O3 sample have been measured in the absence and
presence of magnetic fields. A large negative MR is observed

at 5 T. The S(T) shows an anomalous peak, which can be re-
lated to phonon drag effect. The sign variation of S induced
by the temperature and the applied magnetic field is observed.
We suggest that the sign variation of S may be related to the
spin polarization. According to the change of electronic struc-
ture, the orbital degree of freedom of the e, carriers can be
responsible for these behaviors. Based on the results of p(7T')
and S(T), the transport mechanism in the high-temperature PM
region and low-temperature FM insulating region below T¢ for
the sample can be described by VRH conduction. However,
in the intermediate-temperature FM metallic region below T,
o(T) and S(T) of the sample are well fitted by the formula:
P =p0+ 025 T25 and S = Sp+ 8372 T3/2 48,14, respectively,
implying the importance of electron—magnon scattering.
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