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Abstract

Systematical studies of resistivity p(7"), thermopower S(T'), and thermal conduction « (7') have been performed on the electron-doped mangan-
ites Lag 9 AxTep. 1 MnO3 (A =Y or Ho, 0.05 < x < 0.15). The Y005, Y010, HoO05 and Ho010 samples exhibit double insulator—metal (I-M)
transitions in the p(7T') curves, one is very close to its Curie temperature T, the other is well below 7c. However, the Y015 and HoO15 samples
present insulating behaviors in the whole measured temperature. S shows positive sign for all samples with a peak near 7¢ and a bump/peak in the
ferromagnetic (FM) region. The p(7) and S(T') data above T¢ can be fitted well by the variable-range hopping (VRH) model. The small thermal
conduction data suggests that there exists a large JT distortion in the studied samples. Moreover, comparing with the Y-doped compounds, the
Ho-doped ones have smaller the thermal conduction value. This result is discussed as the existence of antiferromagnetic (AFM) coupling between
Ho and Mn ions in the Ho-doping samples. On the one hand, the magnetic disorder enhancement due to the competition of ferromagnetic (FM)

and AFM lower the thermal conductivity, on the other hand, the AFM coupling will reduce the phonon—phonon scattering.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The discovery of colossal magentoresistance (CMR) in the
hole-doped manganites has been the subject of intense work
for their possible applications such as magnetic reading heads,
field sensors and memories [1-3]. Traditionally, the CMR phe-
nomenon is explained by the double-exchange (DE) interaction
between Mn*>* and Mn*" ions [4]. In addition, the local Jahn—
Teller (JT) distortion is also suggested to play a key role in these
manganties [5]. Recently, electron-doped compounds in which
Ln were substituted by tetravalent ion such as Ce*t, Te*t and
Zr**, etc., have been studied by some research groups [6-8].
These studies indicated that CMR behavior could occur in the
system of a mixed-valence state of Mn>* and Mn3+.
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The electrical transports p(7T'), thermopower S(7) and ther-
mal conductivity x(7") have been studied extensively for the
hole-doped manganites [9—12], however, less attention has been
focused on the electron-doped manganites [6]. In this work, we
have investigated the electrical transports p(7), thermopower
S(T), and thermal conductivity «(7T") for the electron-doped
manganites Lagg_,A,Tep.1MnO3 (A =Y or Ho, 0.05 < x <
0.15). And the results show that the electronic conduction
at high temperatures for all samples is followed by variable-
range hopping (VRH) mechanism based on the fitting of the
resistivity and thermopower data. The small thermal conduc-
tion suggests there exists large JT distortion in the studied
samples. Moreover, comparing with the Y-doped manganites,
the Ho-doped manganites have smaller the thermal conduc-
tion value. This result is discussed as the existence of anti-
ferromagnetic (AFM) coupling between Ho and Mn ions in
the Ho-doping samples. On the one hand, the magnetic dis-
order enhancement due to the competition of ferromagnetic
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(FM) and AFM lower the thermal conductivity, on the other
hand, the AFM coupling will reduce the phonon—phonon scat-
tering.

2. Experimental

Polycrystalline samples with nominal compositions Lag g -
A, Tep 1 MnO3 where A =Y and Ho (x = 0.05, 0.10 and 0.15,
which are referred to as Y005, Y010, Y015, Ho005, HoO10 and
HoO15 below) were prepared by solid-state reaction method.
Stoichiometric high-purity LayO3, Y>,03(H0203), TeO, and
MnO, powders were mixed and ground, and then heated in
air at 750 °C for 24 h. The powder obtained was ground, pel-
letized, and sintered at 1100 °C for 24 h with three intermediate
grinding, and finally, the furnace was cooled down to the room
temperature. The structure and lattice constant were determined
by powder X-ray diffraction using Cu K, radiation at the room
temperature. The resistance was measured by the standard four-
probe method from 5 to 350 K. The thermopower and thermal
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conductivity were measured in a commercial physical property
measurement system (PPMS, 1.8 < T <400K,0< H<9T)
from 5 to 350 K.

3. Results and discussion
3.1. X-ray diffraction

Fig. 1(a) shows the XRD pattern of Lapg_, Y(Ho),Tep -
MnOs3 (x =0.05, 0.10 and 0.15) samples. It can be found
that all samples are single phase with no detectable secondary
phases. XRD patterns for all samples can be indexed by rhom-
bohedral lattice with the space group®3¢, and we present ex-
perimental and calculated XRD patterns for the HoO15 sample
in Fig. 1(b). It can be seen that the fitting between the exper-
imental spectra and calculated values is relatively good. The
structural parameters are refined by the standard Rietveld tech-
nique and the fitting between the experimental spectra and the

calculated values are shown in Table 1.
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Fig. 1. (a) XRD patterns of the compound Lag g_, Y(Ho)yTeg.{MnO3 (x = 0.05, 0.10, 0.15). (b) The experimental and calculated XRD patterns of the com-
pound HoO15. Crosses indicate the experimental data and the calculated data is continuous line overlapping them. The lowest curve shows the difference between
experimental and calculated patterns. The vertical bars indicated the expected reflection positions.
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Table 1
Structure parameters of Lag 9, Y(Ho)x Teg.; MnO3 (x = 0.05, 0.10, and 0.15) samples

Parameter Y005 YO1 Y015

aA) 5.4855(20) 5.4866(18) 5.4881(21)
cA) 13.2658(32) 13.2664(13) 13.2680(27)
V(&) 345.70 345.85 346.08
Mn-O (A) 1.8502 1.8795 1.8825 1.8364 1.8924 1.9738
Mn-O-Mn (A) 166.71 164.58 161.39 162.99 162.41 161.72
Rp (%) 9.55 10.99 10.23 11.90 9.89 10.03

Ho005 HoO1

5.4798(20) 5.4901(18)
13.2752(31) 13.2799(25)

344.70 346.64

HO0015

5.4908(21)
13.2728(25)

347.33

From Table 1, it can be seen that the Mn—-O-Mn bond
angle decreases with increasing the doping level x for the
same doping element, whereas the Mn—O bond length increases
which displays the inverse correlation to the variation in the
Mn—O-Mn bond angle. It is well known that there are two pos-
sible origins of the lattice distortion of the perovskite structures:
one is the deformation of the MnOg octahedra originating from
the JT effect which is decided by the concentration of Mn3*
ions, and the other is the average ionic radius of the A-site el-
ement (ra). In the present samples, the concentration of Mn3+
is fixed for both Y-doping and Ho-doping samples and the lat-
tice distortion is ascribed to the variation of the average A-site
radius (ra), induced by the substitution of smaller Y(Ho)>* for
larger La3t ions. Moreover, it can be seen that for the same
doping level, there is nearly same lattice constant.

3.2. Resistivity

Fig. 2 shows the temperature dependence of resistivity p(7')
of both Y and Ho compounds in the temperature region of
5-350 K. For x = 0.05 composition, an insulator-metal (I-M)
transition at 7p; = 212 and 206 K is observed for Y005 and
Ho005 samples, respectively, which is very close their Curie
temperature. In addition, there exist bump shoulders at 172
and 168 K (denoted by Tp») in the FM phase region for Y005
and HoOO5 samples, respectively, which is similar to the dou-
ble peaks behavior observed in the alkaline-earth-metal-doped
and alkali-metal-doped samples of LaMnO3 [13-16]. As dis-
cussed in Ref. [18], Tp; is very close their Curie temperature 7¢
and it is related to ferromagnetic phase transition. In Ref. [18],
Tp; is the second metal insulator transition temperature, which
results from the competition of FM insulting (FMI) and FM
metal (FMM). According to the DE model, in the homoge-
neous FM state, the electrons are mobile and the FM state
and metallic state should accompany and facilitate each other.
In contrast, the transport property of the now studied samples
does not fully show metallic state below Tc. This FMI is also
found in recent intensive studies [7-9]. The FM order at low
temperatures for the studied samples can be regarded as FM
clusters. On the one hand, based on the coexistence of FM clus-
ters and AFM insulating phase in the low temperature region,
we may suggest that the spatially inhomogeneous metallic and
insulating areas coexist in the studied samples. When the sys-
tem is transferred from paramagnetic (PM) to FM phase with
the decrease of temperatures, the transport properties of these
samples do not fully show the metallic state because the FMM
phases are disconnected for the existence of the FMI phases
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Fig. 2. The temperature dependence of the resistivity p(T) of Lagg_y-
Y(Ho)x Teg ; MnO3 with (a) x =0.05, (b) x =0.10, and (c) x = 0.15.

among them. Fig. 2(b) shows p(T) behavior for x = 0.10 com-
position. Compared with the Y005 sample, double peaks for
the YO10 sample shift to lower temperatures, i.e., Tp; = 206
and Tpy = 168 K. For the Ho010 sample, the I-M transition
at Tp; (= 183 K) is almost invisible and the I-M transition
at Tpp (= 100 K) becomes more obvious. In other words, Y
and Ho doping at A-site can substantially enhance the I-M
transition at 7p, and suppress the I-M transition at 7p;. More-
over, for the Ho010 sample, an upturn of p(7) behavior can
be observed in the low temperature region, which is a smooth
transition into a state with localized charge carriers on decreas-
ing temperatures, as observed in many disordered materials.
The p(T) behavior is somewhat similar to what have been
reported for the hole-doped (Lag786 Y0.214)0.7Ca0.3MnO3 and
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Table 2
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Electrical and thermal parameters of Lag 9, Y(Ho)xTeg.1MnO3 (x = 0.05, 0.10, and 0.15) samples

Parameter Y005 Y010

Y015

Ho005 Ho010 Ho015

212 208
206

168

Tc (K)
Tp; (K) 212
Tps (K) 172
T* (K) -

To(x107) (K) 5.67
T (K) 235
Tss (K) 122
Tk (K) 212

6.66
224
115
209

168
165

78
45
10

90

.55
176

210
208
153

185
183
100

158
156
65
38
7.74 12.14
235 214 174
122 115 100
212 - -

8.67

(Lag.757Dy0.243)0.7Cag 3MnO3 manganites [17]. When the dop-
ing level x is increased to 0.15, the peak at 7p; and the bump
at Tpy are all suppressed for the Y015 and HoO15 samples and
the curves p(7T) seem as semiconducting behaviors. 7Tp; and
Tp; are listed in Table 2. In addition, we can see that the re-
sistivity p increases with increasing doping level for both Y
and Ho compounds. The phenomenon is usually explained ac-
cording to decreased average ionic radius of the A-site el-
ement (rp) with increasing doping level x, which weakens
the FM coupling due to the reduced band width of eg elec-
tron. Moreover, the resistivity p of the Ho-doped compounds
is larger than that of the Y-doped ones for the same doping
level, which is attributed to the existence of AFM coupling
between the magnetic moment of Ho and that of Mn ions for
the Ho-doped samples as discussed in Ref. [18]. The sim-
ilar phenomenon has been reported in Laj_,Gd,MnO3 and
Gag 7Cap33MnO3 [19,20].

In order to investigate the electronic transport proper-
ties further, we use the small polaron (SP) hopping p =
BT exp(E,/kgT) and VRH p ~ exp(To/T)"/* [21] to fit the
resistivity data. The fitting results as plotted in Fig. 3(a) and (b)
indicate that the p (T") data above Tp; for all samples can be well
described by the VRH model with the fitting parameter 7y. The
fitting parameter 7y, as summarized in Table 2, is related to the
localization length & by the expression kg Ty ~ 21/ [§3N (Ep)],
where kg is Boltzman constant, N (EF) is the electronic den-
sity of states in the vicinity of the Fermi energy level. Since
Y or Ho-doping does not change the Mn>*/Mn>" ratio, it is
reasonable to assume the N (EF) is nearly independent on the
doping level and element. Therefore, the variation of 7y with
the doping level reflects the change of localization length. From
Table 2, it can be seen that the T value increases obviously
with an increase of the doping level x for the same doping el-
ement, implying the decrease of the localization length and the
reduction of the carrier mobility. For the same composition, the
larger value of Ty of the Ho-doped compounds compared with
that of Y-doped ones implies the smaller localization length
and the weaker carrier mobility, which is intimately related
to the localization of carriers and the variation of DE inter-
action. It suggested further that there exists AFM coupling in
the Ho-doping samples.

Based on the above discussion, the conduction above Tp;
may be governed by the VRH mechanism in the studied sam-
ples. And the fitting results obtained indicate that smaller local-
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Fig. 3. The fitting plot of p(T') curves of Lag 9, Y(Ho)x Teg.1 MnO3 (x = 0.05,
x =0.10, and x = 0.15) according to the variable-range hopping model for the
Y-doped (a) and Ho-doped (b).

ization length and the weaker carrier mobility in the Ho-doping
samples due to the existence of AFM coupling in between Ho
and Mn ions. The following analysis of the thermopower S(T)
fitting will give better illumination.

3.3. Thermopower

Among various transport properties, thermopower is a sim-
ple and sensitive one for detecting scattering mechanism that
dominates the electronic conduction because it is a zero current
transport coefficient.

Fig. 4 shows the temperature dependence of thermopower
S(T) of both Y and Ho compounds in the temperature re-
gion of 5-350 K. Positive S in the whole measured region for
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Fig. 4. The temperature dependence of thermopower S of Lagg_y-
Y(Ho)x Teg 1 MnO3 with (a) x = 0.05, (b) x =0.10, and (c) x = 0.15.

all samples is observed. Generally, S can indicate the kind of
carrier in the compound. Therefore, it is very surprising to ob-
serve the positive S for Lago_,A,Teg.;MnO3 (A =Y or Ho,
0.05 < x < 0.15) samples that are regarded as electron-doped
manganites. Recent many studies show S will become negative
with increasing charge carrier density or temperature for the
hole-doped manganites though it is expected that S is always
positive for the hole-doped manganties [10,22]. That is to say,
both electronlike and holelike bands can be present in these ma-
terials with the presence of Mn3* and Mn**. Asmitsu et al. [23]
have interpreted the change in sign observed in S, as a function
of x and as a function of 7', in terms of the change of elec-
tronic structure relating to the orbital degrees of freedom of the
ey carriers. The ey band is built up with degenerate 3d orbitals
(d3;2_2 and d,2_»), and is split into the upper and the lower
band by an order of Jy. If the orbital degeneracy is not lifted
in crystals for our studied samples, the average filling (n) of the
lower eg band in Lag g, Y(Ho),Teg.1MnO3 is n = 0.9 against
the average full filling of n = 1.5. In this case, it is rather na-
ture to suppose that the character of charge carriers is seen to
be of hole type. By contrast, if the lower (up spin) band built

up with the two orbitals is split further into two bands for some
reason in our studied samples, then the lowest band is fulfilled
when n = 1. In this case the actual average filling (n) is also
smaller than the average full filling. Therefore, the carrier is al-
ways holelike in the studied samples. It is the reason why we
can observe positive S for all our studied samples.

As the temperature decreases from 350 K, the S value for
all samples increases and reaches a maximum at the tempera-
ture Ts;. The Ts; values are shown in Table 2. It can be seen
that the Ts; is near 7p; but a little higher than its correspond-
ing Tp; for all samples. The increase of § reflects the change of
spin entropy due to the enhancement of spin polarization with
decreasing the temperature. With decreasing the temperature
further, a bump appears at Tsp = 122 and 115 K for the sam-
ples with x =0.05 and x = 0.10, respectively, for both Y- and
Ho-doped compounds. When x is increased to 0.15, the S ex-
hibit a sharp peak at Tsp = 90 and 100 K for Y- and Ho-doped,
respectively. It is worth pointing out that the 7p, value is not
equal to its corresponding Tg; that suggests that the two tem-
peratures have different origins. The bump or peak at Ts; is
usually attributed to phonon drag effect, magon drag effect, and
electron—magon scattering [11]. In addition, no any abnormal-
ity is observed at 7* for the Ho010 sample.

In order to gain further insight into the high-temperature
conduction mechanism, we try to fit the thermopower S for all
samples using the SP and VRH models.

At first, if the conduction in the high temperature proceeds
via hopping of small polarons, then the thermopower is given

N

by § = %B (kEB—OT + B), the experimental curves deviates from the
fitting lines seriously for all samples (not shown here) which
suggests that the conduction in the high temperature may be
not dominated by the SP model.

Then we use the VRH model to fit the S data with the equa-
tion § = K (T)"/? and K = ke £27,/2[ 41 NE) | [24) where ¢ is
the energy measured from the Fermi level, ¢ is a factor that
determined the thickness of the energy layer within which the
states are effective in conduction. Ty is the factor appearing in
the VRH formula p ~ exp(7p/ T)1/4. The results show that the
VRH model is fully consistent with the S data for all samples
as shown in Fig. 5(a) and (b).

Based on the discussion about fittings of the resistivity p
and thermopower S, it is reasonable conclude that the electron
conduction is governed by the VRH for all samples in the high
temperature region. And with increasing the doping level, lat-
tice distortion increases which results in the decrease of the
localization length for electron. In addition, the magnetic dis-
order due to the competition of FM an AFM in the Ho-doping
samples will result in the smaller of the localization length of
Ho-doped comparing with that of Y-doped for the same com-
position.

3.4. Thermal conductivity

Measurements of the thermal conductivity give an attempt to
study heat transport in the CMR compounds. The temperature
dependence of thermal conductivity x(7") of Lago_xAxTeq 1-
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Fig. 5. The fitting plot of S(T') curves of Lag 9, Y(Ho)xTeg.; MnO3 (x = 0.05,
x =0.10, and x = 0.1) according to the variable-range hopping model for the
Y-doped (a) and Ho-doped (b).

MnOs3 (A =Y or Ho, 0.05 < x <0.15) samples at zero field is
shown in Fig. 6. It can be seen that the magnitude of « lies in
the range of 0—-5 mW /(cm K), which is quite low for crystalline
solids. Usually, the k can be expressed by the sum of compo-
nent (kpp) and mobile electron component (ke) as k = Kph + Ke.
The k. value can be estimated from Wiedemann—Franz (W-F)
law, which relates k. to p according to x. = LT /p, where
L is Lorenz constant 2.45 x 10~8 W Q /K2, denotes the Lorenz
number. Following this, our measured electrical resistivity data
imply ke1/k ~ 107%% for the samples with x = 0.05, ke/k ~
107>% for the samples with x = 0.10, and k1 /k ~ 1073% for
the samples with x = 0.15. It can be seen that the electronic
contribution may be neglected for all samples and which in-
dicates that the heat transport in our studied manganites is pre-
dominantly by the lattice vibration. In general, low value of « is
usually believed to be an indication of a high degree of disor-
der [25]. The local Mn3+Og JT lattice distortion due to Mn3*
JT ions can scatter the phonon and gives rise to the decrease
in «. In our samples, the number of Mn3* ions is fixed, there-
fore, the local Mn3+06 JT lattice distortion is also fixed and
it is constant for all samples. However, on the other hand, the
lattice distortion due to the Y- or Ho-doping in La site, which
hinders a strong increase in the mean free path of the phonon,
which results in the decrease of « for the same doping element
with increasing the doping level. In addition, comparing with
the same doping level for the Y- and Ho-doping level, it can
be seen that « for the Y-doping sample is larger than that for

5
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3
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Fig. 6. The temperature dependence of thermal conductivity « of Lagg_ -
Y(Ho), Tep.1MnO3 with (a) x = 0.05, (b) x =0.10, and (c) x =0.15.

the Ho-doping one. In Ref. [26], the authors found that in the
Laj_,SryMnO3 the thermal conductivity significantly decrease
at T < Ty upon transition from the FM conducting composition
with y = 0.48 (Trm = 290 K) to the AFM insulating composi-
tion with y =0.50 (Tapm = 290 K). And the author claimed
that the AFM coupling would enhance phonon—phonon scatter-
ing and result in the decrease of thermal conductivity. Based
on the above discussion, we may suggest that in our studied
samples, the existence of AFM coupling between Ho and Mn
ions, on the one hand, increases magnetic disorder and hence
decreases the thermal conductivity, on the other hand, this cou-
pling enhances the phonon—phonon scattering and results in the
smaller thermal conductivity. Therefore, it is reasonable that
the smaller of « for the Ho-doping samples comparing with
Y-doping results from the existence of AFM between Ho and
Mn ions.

For the Y005, Ho005, and Y010 samples, ¥ can be divided
into two regimes, that is, positive d«/dT in high and low tem-
perature regions, and negative dk /dT well below T, (which is
close Tp1). However, for the Y015, Ho010, and HoO15 sam-
ples, in the whole measured temperature only positive dk /dT
can be observed. Similar phenomenon is also observed in the
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hole-doped manganites [9] and the positive dk /dT is suggested
be related to local anharmonic lattice distortions [9]. As to the
origin of the negative dx/dT for the Y005, Ho005, and Y010
samples well below Tg, it is attributed the fact that JT distor-
tions become delocalized along with the charge carriers and
thereby reduces the phonon—phonon scattering. Therefore, it is
reasonable to conclude that no same phenomenon will occur
in the Y015, Ho010, and HoO15 samples as shown in Fig. 6.
These results indicate that the enhancement of thermal conduc-
tivity below Tp; cannot be linked to the FM transition alone
and is rather due to a transition from metal to insulator that sup-
presses significantly the amplitude of JT distortions reduces the
phonon—phonon scattering and make the decrease of thermal
conductivity.

4. Conclusion

In summary, we have investigated the electric resistiv-
ity, thermopower, and thermal conduction properties of the
electron-doped manganites Lago—_yAxTep 1 MnO3 (A =Y or
Ho, 0.05 < x < 0.15). The electrical conduction at high tem-
peratures has VRH behavior for all samples. The small thermal
conduction data suggests that there exists a large JT distor-
tion in the studied samples. Moreover, comparing with the
Y-doped compounds, the Ho-doped ones have smaller the ther-
mal conduction value. This result is discussed as the existence
of antiferromagnetic (AFM) coupling between Ho and Mn ions
in the Ho-doping samples. On the one hand, the magnetic disor-
der enhancement due to the competition of FM and AFM lower
the thermal conductivity, on the other hand, the AFM coupling
will reduce the phonon—phonon scattering.
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