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Abstract

The effect of Te-doping at La-site on structural, magnetic and transport properties in the manganites Lag;Cag3—,Te,MnO;
(0<x<0.15) has been investigated. All samples show an orthorhombic structure (O'-Pbnm) at room temperature. It shows that the
Mn-O-Mn bond angle decreases and the Mn—O bond length increases with the increase in the Te content. All samples exhibit an
insulator—metal (I-M) transition and the resistivity increases with the increase in the Te-doping level. Additionally, the Curie
temperature 7, decreases and the transition becomes broader with increasing Te-doping level, in contrast, the magnetization of
Te-doping samples at low temperatures decrease with increasing x as x <0.10 and then increase with further increasing x to 0.15. The
results are discussed in terms of Jahn—Teller (JT) vibrational anisotropy Q3/Q, and the opening of the new DE channel between

Mn2"—O-Mn>" due to the introduction of Mn>" ions because of the substitution of Te*™ ions for Ca>™ ions.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The hole-doped magnanites Ln;_,A,MnO3 (Ln=La—
Tb, and A=Ca, Sr, Ba, Pb, etc.) have attracted much
renewed attention because of their peculiar electrical
transport and magnetic properties, especially the property
of colossal magnetoresistance (CMR), which is promising
for their potential applications such as magnetic reading
heads, field sensors and memories [ 1-3]. Extensive research
has been done on metallic, ferromagnetic (FM) manganites
of the type Lag,Cay3MnQO;, through the doping at La®™*
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sites with trivalent rare earths (Y [4-7], Pr [5], Ho [6], Dy
[8-10], Tb [11,12], etc.) or divalent elements (Sr [13], etc.)
with different sizes keeping the fixed Ca concentration (at
0.3) close to an optimum value in relation to the FM
interaction. These substitutions bring about strong lattice
and disorder effects, and ultimately influence the magnetic
and transport properties of these materials. The lattice
distortion introduced by La-site disorder influences the FM
double exchange (DE) couplings by changing the Mn—-O—
Mn bond angle and Mn-O bond length. Phenomenologi-
cally, the changes in the magnetic and transport behaviors
can be understood in terms of the tolerance factor ¢ for the
perovskite structure, i.e. the average ionic size of the La-site,
and the La-site size disorder, i.e. the width o of the
distribution of the ions on the La site [14-16]. Apart from
the above factors, some researches [17-19] suggest that the
Jahn-Teller (JT) distortion strongly affects the magnetic
structure. Rivadulla et al. [20] point out that the cooperative
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rotation of the MnQOg octahedra determines the vibrational
anisotropy between JT modes (Q3/0,), and subsequently
affects the magnetic structure in orthomanganites (O'-
Pbnm). Recently, some researches place emphasis on the
tetravalent ion doping at La-site and find some interesting
phenomena, depending on the nature of the substitution
cation. Strong frustrated magnetism was observed in
Lag 47Ce20Cag33MnO; [21]. Mn ordering and induced Ce
ordering was reported in Lag; (CegsCags)osMnOs [22].
Kondo-like effect was found in the DE ferromagnet Lag s,
Ce,SrysMnO5 [23]. Ce is a rare-earth element and the
compound Lag;Cey3MnOj3 also shows CMR effect [24].
Therefore, it is of great interest to investigate the structural,
transport and magnetic properties in the compound Lag 7.
Cap3MnO; in which a tetravalent element in chalcogen
rather than rare-earth element is partially substituted at La-
sites. In the previous studies, the electron-doped manganites
La; _,Te,MnO; [25], Lag 9 Pr,Teg ;MnO5 [26] and Lag gs.
Teg.1sMn; —,Cu, O3 [27] show some interesting phenomena.
These investigations also suggest that the CMR behavior
probably occurs in the mixed-valent state of Mn>*/Mn>™.
The basic physics in terms of Hund’s rule coupling between
e, electrons and , core electrons and JT effect due to Mn?*
JT ions can operate in the electron-doped manganites as
well. In this paper, we investigate the structural, magnetic
and transport properties in the Te-doped manganites
Lag,Capz_,Te,MnO; (0<x<0.15) and find that the
magnetic properties is closely related to the structural
properties and the results are interpreted in terms of the JT
vibrational anisotropy.

2. Experiment

Lag,Cag;—,Te,MnO; samples with nano-scale grains
were prepared by a citrate gel technique [28], since this
procedure can enhance the density and phase homogeneity
of the samples at lower temperatures. Stoichiometric
amounts of high-purity La,O3, CaCOj3, and TeO, powders
were dissolved in diluted nitric acid in which an excess of
citric acid was added, followed by the addition of
stoichiometric amounts of Mn(NO3), dissolved in deionized
water with continuous stirring, and then ethylene glycol was
added to make a solution complex. After all the reactants
had been completely dissolved, the solution was heated on a
hot plate resulting in the formation of a gel. The gel was
dried at 250 °C, and then preheated to 600 °C to remove the
remaining organic matter and decompose the nitrates of the
gel. The obtained powders were ground, pelletized, and
sintered at 1100 °C for 24 h, and finally, the furnace was
slowly cooled down to the room temperature.

The crystal structures were examined by X-ray diffract-
ometer using Cu K, radiation at room temperature. The
magnetic measurements were carried out with a quantum
design superconducting quantum interference device
(SQUID) MPMS system (2<T<400K, 0<HZS5T).

Zero-field-cooled (ZFC) data was recorded. The resistance
was measured by the standard four-probe method from 25 to
300 K.

3. Results and discussion

The powder X-ray diffraction at room temperature shows
that all samples are single phase with no detectable
secondary phases and the samples have an orthorhombic
structure with the space group Pbnm. The structural
parameters of the samples are refined by the standard
Rietveld technique [29]. In the process of refinement, the
substitution of Te ions at La sites was considered. As an
example, one of the fitted pattern (x=0.15) is shown in
Fig. 1 and no structure transition has been found, meaning
that the substitution takes place in a disordered way.
Detailed results of the structural refinements are listed in
Table 1. As we can see, the lattice parameters of Lag7Cag3—,
Te,MnO; samples vary monotonously with increasing the
Te-doping level. The Mn—O-Mn bond angle (6yn_o-mn)
decreases with the increase in the Te, whereas, the Mn-O
bond length (dy,_0) displays the inverse correlation to the
variation in the Mn—O-Mn bond angle.

Fig. 2 shows the temperature dependence of resistivity
p(T) for the samples with x=0, 0.05, 0.10, and 0.15 at zero
field in the temperature range of 30-300 K. For the sample
with x=0, it shows that there exists an I-M transition at
T,(=260 K) and the transition near T, is very sharp, which
is the same as the result reported elsewhere [30]. For the
samples with x=0.05, 0.10, and 0.15, the p(T) curve
exhibits single [-M transition at the temperature of 259, 255,
and 224 K, respectively. Fig. 2 also shows that p increases
with the increase in the Te-doping level and the resistivity of
the sample with x=0.15 increases two orders of magnitude
compared with that of the sample with x=0. We suggest
that the remarkable increase in p for the Te-doping samples
mainly originates from the introduction of random Coulomb
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Fig. 1. The experimental and calculated XRD patterns of
Lag,Cag3—,Te.MnO; with x=0.15. Crosses indicate the exper-
imental data and the calculated data is the continuous line
overlapping them. The lowest curve shows the difference between
experimental and calculated patterns. The vertical bars indicate the
expected reflection positions.
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Table 1
Refined structural parameters of Lagy;Cags;—,Te,MnO3
(0<x<0.15) at room temperature

Parameter x=0 x=0.05 x=0.10 x=0.15

a (10%) 5.4689(7)  5.4790(13) 5.4868(8) 5.5043(9)

b (A) 5.452009) 5.4631(7) 5.4761(6) 5.4803(3)

c (A) 7.7189(6)  7.7356(15) 7.7471(7) 7.7566(6)

v (A% 230. 231. 232. 233.
1492(7) 4674(12) 7974(5) 9803(4)

I\@n—O(l) 1.9560(2) 1.9644(2) 1.9791(1) 1.9702(1)

(A)

I\/En—O(Z) 1.9308(1) 1.9479(1) 1.9815(1) 2.0149(1)

(A)

Ngn—O(Z) 1.9755(2) 1.9691(1) 1.9402(1) 1.9353(2)

(A)

(IYIn—O) 1.9541(2) 1.9605(1) 1.9669(1) 1.9735(1)

(A)

Mn-O(1)- 161.19(2) 159.78(1) 158.87(3) 159.64(2)

Mn (°)

Mn-O(2)- 162.56(1) 161.85(1) 160.78(1) 158.94(1)

Mn (%)

(Mn-O— 162.10(1) 161.16(1) 160.14(2) 159.17(1)

Mn) (°)

R, (%) 9.81 8.39 7.60 7.90

O(1), apical oxygen; O(2), basal plane oxygen.

potential caused by the Te-doping at La-site. The
experimental data measured at a magnetic field of 0.5 T
for the samples with x=0, 0.05, 0.10 and 0.15 are also
plotted in Fig. 2 denoted in dashed lines. It shows that the
applied field suppressed the resistivity peak at T, signifi-
cantly and the resistivity peak shifts towards higher
temperatures. The magnetoresistance (MR) as a function
of temperature based on the data shown in Fig. 2 is plotted in
Fig. 3. Here the MR is defined as Ap/py=(po— pu)/po,
where po is the resistivity at zero fields and py is the
resistivity at an applied magnetic field of 0.5 T. For all the
samples, there are corresponding peaks in the vicinity of T,
on the MR curves, and then the MR values increase with

0.18 - Lag ;Cap 3.4Te,MnO3
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Fig. 2. The temperature dependence of the resistivity p(7) for the
samples with x=0, 0.05, 0.10, and 0.15 at zero (solid lines) and
0.5 T fields (dashed lines).
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Fig. 3. The temperature dependence of magnetoresistance (MR)
ratio for the samples with x=0, 0.05, 0.10, and 0.15 at H=0.5T.

decreasing temperatures, which is similar to MR behavior
observed usually in polycrystalline samples of electron-
doped manganites which is considered to be related to grain
boundaries [27].

The temperature dependence of magnetization M of
Lay,Caps—_,Te,MnO; (0<x<0.15) under ZFC mode at
H=0.1T are measured. Our measured samples may be
considered as ellipsoid in which the demagnetized factor
N=0.05 (SI units), and the applied field is parallel to the
longest semi-axis of samples. So a uniform field can exist
throughout the samples and the shape demagnetizing fields
can be reduced as much as possible. The results are shown in
the main panel of Fig. 4 for the samples with x<0.15. The
Curie temperature 7, (defined as the one corresponding to
the peak of dM/dT in the M vs. T curve) are 261, 258, 250,
and 200 K for the samples with x=0, 0.05, 0.10, and 0.15,
respectively, which are listed in Table 2. Obviously, the
Curie temperature 7. decreases monotonously with increas-
ing Te-doping level. We suggest that the 7, reduction should
be attributed to the reduction of Mn—O—Mn bond angle, and
thereby reducing the matrix element b that describes
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Fig. 4. Magnetization as a function of temperature M(T) for the
samples with x=0, 0.05, 0.10, and 0.15 under zero-field-cooled
(ZFC) modes. The inset shows field dependence of the magnetiza-
tion M(H) for the samples with x=0, 0.05, 0.10, and 0.15 at 5 K.
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Table 2
T., T, and the fitting parameter of Lag,;Cag3_,Te,MnO;
(0<x<0.15) samples

Parameter x=0 x=0.05 x=0.1 x=0.15
T. (K) 261 258 250 200
T, (K) 260 259 255 224

electron hopping between Mn sites. Thus the DE interaction
becomes weakening because of the narrowing of the
bandwidth and the decrease in the mobility of e, electrons
due to the increase in Mn—O bond length and the decrease in
Mn—O-Mn bond angle caused by the substitution of smaller
Te** ions for larger Ca>" ions. Then a salient question to
ask is: what is the variation for the valence-state of Mn ions
after substituting Ca®>" by Te*"? We consider that the
Te* " -doping would introduce the Mn>" ions on the basis of
the following factors. On the one hand, the oxygen content
of the samples was determined by a redox (oxidation
reduction) titration. The detailed method to determine the
oxygen content of samples is reported in elsewhere [32].
The oxygen content of all samples almost stabilizes around
3.01. On the other hand, if we suppose the Mn>* ions would
not be introduced, the composition of Lag;Cags_,Te,.
MnO, (0<£x<0.15) can be written as
Lag;Cags_,Te,Mnjt , Mn¢h , O;. We can see that with
the increase in x, the ratio of Mn**/Mn>* would decrease.
As a result, the Curie temperature 7, of the samples would
decrease and accordingly the resistivity would increase,
which seems to be consistent with the obtained results. As
the Te-doping level reaches 0.15, the Mn*" ion should
disappear, how can the FM ordering accompanied by I-M
transition occur in the compound Lag 7Cag5—,Te,Mn>T05?
The FM Mn*"—O-Mn>" interactions can occur in the
perovskites with O-orthorhombic or rhombohedral sym-
metry by the vibronic-induced Jahn-Teller (JT) effect
proposed by Goodenough et al. [33]. Nevertheless the
studied samples have the structure with O’-orthorhombic
symmetry. Moreover, the 90° superexchange ferromagnet-
ism (SFM) [34] that occurs in some compounds with no Mn
mixed valence, i.e. T1,Mn,05 [35] and CaCu3;Mn,0, [36]
compounds, cannot be used to account for the present
sample because the Mn—O-Mn bond angle for the sample
with x=0.15 is about 159°, which deviates obviously from
90°. Based on the above consideration, we suggest that the
mixed-valence state of Mn2+, Mn? +, and Mn*" would
concur in the studied samples. Thus, the composition of
Lag,Cag 3z, Te MnO5 can be written as
Lag,Cags_, Te,Mn2"MndMnd%_ O, which is satisfactory
for explaining the structural, magnetic and transport
properties. As we know, the radius of the Mn2+, Mn3+,
and Mn** is 0.83, 0.645, and 0.53 A in nine coordination
conditions [37], respectively, that 1is to say,
Ry < Ryp+ < Rypz+- As a result, when the amount of
the Te*™ increases, the amount of the Mn** will decrease.
At the same time the amount of the Mn?>" will increase

giving rise to the increase in the Mn—O bond length and the
decrease in the Mn—O-Mn bond angle. Thus the DE
interaction weakens because of the narrowing of the
bandwidth and T, would decrease with the increase in the
Te-doping level. Additionally, because the Lag;Cagz—,
Te,MnO; is a system with severe disorder due to the
concurrence of different valence state and distinct ions
(La3+, Ca2+, Te4+, Mn2+, Mn3+, and Mn4+) in the lattice
and the disorder may lead to the carrier localization leading
to the increase in the resistivity when the Te*™ ions are
doped at La-site. In addition, from Fig. 4, a sharp FM to
paramagnetic (PM) transition is observed in the samples
with x<0.1. However, as x=0.15, the temperature range of
FM-PM phase transition become broader implying a wider
distribution of the magnetic exchange interactions in the
Mn-O-Mn network, i.e. the increase in magnetic inhom-
ogeneity. Although the decrease in 7. and broadening of
PM-FM transition with increasing Te-doping level, the
magnetization of the samples with x=0.15 increases at low
temperatures compared with that of the samples with x<0.1.
The magnetization as a function of the applied magnetic
field at 5 K is shown in the inset of Fig. 4. The magnetization
reaches saturation at about 1T and keeps constant up to
4.5 T for all the samples, which is considered as a result of
the rotation of the magnetic domain under external magnetic
field. Additionally, similar to the results shown in the main
panel of Fig. 4, the magnetization of Te-doping samples
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Fig. 5. (a) the lattice parameters, (b) the ration of ¢/v/2)la, and (c) the
JT vibrational anisotropy @ and the magnetic moment at 5 K as a
function of x for Lag;Cag3—,Te,MnO; (0<x<0.15) samples.
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decreases at low temperatures as H>1T for x<0.1
compared with that of no Te-doped sample. It is noteworthy
that the magnetization of the sample with x=0.15 increases
at low temperatures compared with that of the samples with
0.05<x<0.1. It may be related to Jahn-Teller vibrational
anisotropy. The opening of the new DE channel between
Mn>*-0-Mn>" is also possible because the substitution of
Te** for Ca®* introduces Mn*" ion.

The lattice parameters of the samples Lag;Cags_,
Te,MnO; (0<x<0.15) obtained from the fitted XRD
data is shown in Fig. 5(a). We can see that the structure is
O’-orthorhombic symmetry (c/a < +/2). Additionally, the
variation of the lattice parameters a, b and c is abnormal as
x=0.1. To further characterize the variation of the lattice
parameters, we show, in Fig. 5(b), the ratio of (c/\2)la (or
almost equivalently the ratio of the apical to equatorial Mn—
O bond length) [38] as a function of doping level x for
Lag;Caps—,Te.MnOs. As seen in Fig. 5(b), the (c/NR)la
ratios increase smoothly with increasing x from 0 to 0.1, and
then decrease abruptly with further increasing x to 0.15. It is
well known that the degeneracy of the doublet e, levels is
lifted by tetragonal distortions of the MnOg octahedra with
either Q, or Q3 mode JT distortion. Q, is an orthorhombic
distortion with the in-plane bonds differentiating in a long
and a short one. Q3 is the tetragonal distortion with the in-
plane bond lengths shortening and the out-of-plane bonds
extending. This ¢ axis compressed or elongated lattices are
obviously a manifestation of different types of JT
distortions. In order to confirm this point, we show the JT
vibration anisotropy @ as a function of doping level x.
Kanamori [39] shows that the ratio Q3/Q, present in a
given static distortion is tan @ = (2/\/6)(2m— [—s)H
(2/3/2)(I— s), where s and [ are the short and long Mn—-O
bond lengths that alternate along [100] and [010] axes, m is
the bond length along [001], s<m </, and @ is the angle
between the state vectors and the Q, axis. In the high-
anisotropy limit, m=s, only the Q3 mode is present
(@=30°), whereas for the low-anisotropy case there is
only ;. In fact, in real JT distorted materials, both the Q,
and Q3 modes contribute to the lattice distortion. Never-
theless, the ratio Q3/Q, depends on the value of /, m and s.
Using the Mn-O bond length at 300 K obtained from
Rietveld analysis of our XRD data, we calculated the value
of @. The x-dependence of the @ is plotted in Fig. 5(c). It can
be seen that, for x=0, ®=4.27° indicating a modest
anisotropy, which is similar to the results reported elsewhere
[20]. Interestingly, when x increases from O to 0.1, the @
increases almost linearly and evolves toward the high
anisotropy (®=27.03° for x=0.1). The increase in @
suggests a growth of Q3 mode and a decrease in Q, mode.
With further increasing x from 0.1, the @ decreases abruptly
(@=4.07° for x=0.15), indicating a modest anisotropy and
the O, being predominant mode for x=0.15. The interplay
between JT distortion and magnetic structures has been
studied by many groups [17-19], and their investigations
suggest that JT vibrational anisotropy determines the

magnetic structure in orthorhombic manganites. Rivadulla
et al. [20] indeed found that the larger the @ was, the lower
the FM saturation moment was at 5 K. In order to show the
interplay between the magnetic properties and JT
vibrational anisotropy clearly, we also plotted the FM
saturation moment at 5 K for the samples Lagy-;Cags_,
Te,MnO; (0<x<0.15) in the Fig. 5(c). We can see that the
FM saturation moment displays the inverse correlation to
the variation in the @. That is to say, for the samples
Lag,Cagz—,Te,MnO; (0<x<0.15), the JT vibrational
anisotropy determines the variation of FM saturation
moment. For the sample with x=0, the JT distortion is
modest corresponding to the large FM saturation moment.
When x increase from O to 0.1, the anisotropy of JT
distortion increases leading to the decrease in the FM
saturation moment. With further increasing x to 0.15, the JT
distortion is renewedly modest resulting in the increase in
FM saturation moment.

Fig. 6 shows the temperature dependence of the inverse
magnetic susceptibility x,, for all samples. For ferromagnet,
it is well known that in the PM region, the relation between
Xm and the temperature T should follow the Curie—Weiss
law, i.e. x;w=C/(T— ©®), where C is the Curie constant, and
® is the Weiss temperature. The lines in Fig. 6 are the
calculated curves deduced from the Curie — Weiss equation.
The Weiss temperature @ is obtained to be 261, 253, 241,
and 220 K for the samples with x=0, 0.05, 0.10, and 0.15,
respectively. For the sample with x=0, ® values is the same
as its corresponding 7, value. For the samples with x=0.05
and 0.10, © values are lower than their corresponding 7
values, whereas for the sample with x=0.15, © value is
higher than its 7. value, which may be related to the
magnetic inhomgeneity. The Curie constant C deduced from
the fitting data is 5.38, 4.46,4.44 and 5.77 K cm>/mol for the
samples with x=0, 0.05, 0.10 and 0.15, respectively. And
thus the effective magnetic moment u.g can be obtained as
3.28, 2.98, 2.97, and 3.39 pg for the samples with x=0,

30
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Fig. 6. The temperature dependence of the inverse of the magnetic
susceptibility x,, for the samples with x=0, 0.05, 0.10, and 0.15.
The lines are the calculated curves according to the Curie-Weiss law
(see text).
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0.05, 0.10, and 0.15, respectively. As can be seen that, the
effective magnetic moment u.¢ decreases with increasing x
from x=0 to 0.1, then increasing with further increase in x.
This variation is similar to the case of the saturated magnetic
moment at 5 K, indicating in both cases, JT vibrational
anisotropy both play an important role in determining the
magnetic properties for the samples Lag 7Cag3—,Te,MnOs.
According to a mean field approximation [40], the expected
effective magnetic moment u.g can also be calculated as
4.59, 4.69, 4.79, and 4.89 g for the sample with x=0, 0.05,
0.10, and 0.15, respectively. These values are obviously
larger than the fitted values from 1/x,,—T curves. It implies
that there may exist a strong spin-orbit coupling in
Lay,Cap;—,Te,MnO; (0<x<0.15) leading to the gyro-
magnetic factor less than 2.

4. Conclusion

We have studied the structural, magnetic and transport
properties for Lag;Cag;—,Te,MnO; (0<x<0.15). All
samples exhibit an orthorhombic O’ phase at room
temperature. All samples show I-M transition at 7}, and
the resistivity increases with the increase in the Te-doping
level, which is mainly related to the introduction of random
Coulomb potential caused by the Te doping at La-site.
Moreover, the Curie temperature 7. decreases with
increasing the Te-doping level. Whereas, the magnetization
of Te-doping samples at low temperatures decrease with
increasing the Te-doping level as x <0.10 and then increase
with further increasing x to 0.15, which is presumably
related to the variation of vibrational anisotropy Q3/Q,. The
opening of the new DE channel between Mn”>"—O-Mn> " is
also possible because the substitution of Te** ions for Ca®*
ions introduces Mn?" ions.
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