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Large Increase in Magnetoresistance and Cluster-Glass
Behavior in Defect Tl,-xMn,O7-y Pyrochlores
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Moderate-pressure techniques (P = 20 kbar) have been used to prepare defect Tl,x\Mn,O7—y
pyrochlore-like materials: Neutron powder diffraction (NPD) data show that a unique
stoichiometry Tl; 94Mn,Og g is Stabilized under the present synthesis conditions. The defective
character of these pyrochlores has a strong influence on the transport and magnetic
properties. Both electrical resistance and magnetoresistance are enhanced with respect to
reported data for stoichiometric TI,Mn,Oy7, as a consequence of the spin scattering introduced
by Tl vacancies. The charge carriers are electrons, and the value obtained from the high-
field Hall effect is 9.3 x 10™* e /unit cell at 5 K. At the same time, a spin-glass behavior
develops, subjacent to ferromagnetism, because of the weakening of the ferromagnetic (FM)
interactions between near-neighbor Mn** cations. The observation by NPD of a distinct
maximum at Q ~ 0 suggests the existence of FM clusters near room temperature (RT),
vanishing below T¢ to give a long-range-ordered ferromagnetic matrix.

I. Introduction

The discovery of magnetoresistance (MR) in manga-
nese oxides'™® has aroused much interest, not only
because of its technological implications but also be-
cause of the fascinating features and mechanism of the
phenomenon in these materials. The prototypical colos-
sal magnetoresistance (CMR) material is derived from
the parent perovskite LaMnOgs, when holes are intro-
duced, for instance, by Ca or Sr substitution for La, in
La;-xAxMnO3; (A = alkaliearth). CMR is observed in
these manganites when they become ferromagnetic
(FM) and transform from an insulating state to a
metallic state near the Curie temperature (T¢). The
overall features of MR in manganites can be understood
on the basis of the double-exchange mechanism,* which
accounts for both FM behavior and metallic conductivity
below T¢. In addition, unusual magnetoelastic effects
and charge ordering have focused attention on strong
electron—phonon coupling. This coupling, which is a
type of dynamic extended-system version of the Jahn—
Teller effect, in conjunction with the double-exchange
interaction, is also viewed as essential for a microscopic
description of CMR in the manganite perovskites.>6
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However, the observation of CMR in TI,Mn,07,7® with
the pyrochlore structure, shows a different phenomenol-
ogy: it has not been described a Mn3*—Mn*" mixed
valence, which could account for Jahn—Teller-like dis-
tortions in the MnOg octahedra,®1© and there is no
structural anomaly associated with the change in mag-
netotransport properties at 142 K, suggesting weak
spin—lattice and charge—Ilattice correlations.!! Instead
of double exchange, a superexchange-type interaction
between Mn** magnetic moments has been suggested
to be responsible for the FM ordering of Mn spins,t
whereas the metallic conductivity is thought to come
from the overlap between Mn tyg-, O 2p, and Tl 6s block
bands, resulting in a partial filling of the Tl 6s block
bands.12714 This model for metallic conductivity of Tl,-
Mn,Oy7 is coherent with the fact that A,Mn,O; pyro-
chlores are insulators when A = rare earth, Y, Sc, or
In. All of these compounds show spontaneous magne-
tization at low temperatures, indicating FM transitions.
Detailed ac and dc susceptibility as well as neutron
diffraction studies do not provide any evidence for long-
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Figure 1. XRD pattern for Tl;.94Mn;0¢ 96, indexed in a cubic
unit cell with a = 9.8909(1) A. In the inset, a view of the
pyrochlore structure, showing the vertex-sharing network of
MnOg octahedra and the independent TI-O' sublattice (dark
(TI) and light (O') spheres).

range ordering in A,Mn,07 phases where A is a rare
earth, Y, Sc, or In but suggest a reentrant spin-glass-
like behavior.’> However, neutron powder diffraction
(NPD) investigations substantiate the long-range mag-
netic ordering for TI,Mn,0,.11.16

The pyrochlore structure, of general stoichiometry
A,B,060’', can be described as two interpenetrating
networks.'” The smaller B cations are octahedrally
coordinated to O-type oxygens, with the BOg octahedra
sharing corners to give a B,Og sublattice, which can be
considered as the backbone of the structure (see inset
of Figure 1). The cagelike holes of this network contain
a second sublattice A,O’, not essential for the stability
of the structure: both A and O’ atoms may be partially
or totally absent, as happens in certain families of defect
pyrochlores AB,Og.1” As in most pyrochlores, TI;Mn;07
oxide crystallizes in the cubic space group Fd3m (No.
227). When the origin is set at 3m, the structure can be
described with TI cations distributed at random at 16¢
(0, 0, 0) positions, Mn cations at 16d (Y/,, /5, 1), O at
48f (u, Y, g), and O' at 8a (s, s, /g) positions.

Here we study the effect of introducing Tl and O’
vacancies in Tl,-xMn;O07-y with the pyrochlore struc-
ture. We have been able to prepare single-phased
pyrochlores with significant Tl deficiency, observing that
Tl vacancies are accompanied by O' vacancies. We found
that the creation of Tl (and O") vacancies has a dramatic
effect on both electronic transport and magnetotrans-
port: the magnetoresistance MR(H), defined as 100[R(0)
— R(H))/R(H), increases by a factor of 5 at 150 K and is
substantially higher at room temperature (RT), with
respect to stoichiometric TI,Mn,07. At the same time,
ac susceptibility data show features characteristic of
spin-glass systems. Finally, NPD data suggest the
existence of magnetic clusters of spin-polaronic nature
between RT and T¢, which support previous ideas
pointing to the existence of a component of phonon-
assisted conductivity in Tl pyrochlores.
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Il. Experimental Section

Samples of nominal stoichiometry TI,Mn,O; were
prepared under high-pressure conditions. About 1.5 g
of a stoichiometric mixture of TI,O3 and MnO», oxides
were thoroughly ground and put into a gold capsule (8
mm diameter), sealed, and placed in a cylindrical
graphite heater. The reaction was carried out in a
piston—cylinder press (Rockland Research Co.), at a
pressure of 20 kbar at 1000 ° C for 1 h. Then the
material was quenched to RT, and the pressure was
subsequently released. The raw products, obtained as
dense, homogeneous pellets, were partially ground to
perform the structural and magnetic characterization;
some as-grown pellets were kept for the magnetotrans-
port measurements.

The products were initially characterized by X-ray
diffraction (XRD) for phase identification and for as-
sessment of phase purity. For the structural refine-
ments, NPD patterns for three samples, prepared in
three independent runs, were collected at RT in a D2B
high-resolution neutron diffractometer of ILL, Grenoble
(France). The high-flux mode was selected, given the
relatively small amount of sample available (about 800
mg for each sample). A wavelength of 1.594 A was
employed. The thermal evolution of NPD patterns was
studied in a D1B diffractometer, with 1 = 2.52 A,
between 1.5 and 300 K. NPD data were refined by the
Rietveld®® method, using the FULLPROF refinement
program.’® A pseudo-Voigt function was chosen to
generate the line shape of the diffraction peaks. No
regions were excluded in the refinement. In the final
run the following parameters were refined: scale factor,
background coefficients, zero-point error, unit-cell pa-
rameter, pseudo-Voigt corrected for asymmetry param-
eters, positional coordinates (u for O oxygen), isotropic
thermal factors, and occupancy factors for Tl and O’
oxygen.

The dc and ac magnetizations were measured with a
commercial SQUID magnetometer on powdered samples;
transport and magnetotransport measurements were
performed by the conventional four-probe technique on
as-grown sintered pellets, under magnetic fields up to
9 T. Specific heat measurements have been carried out
in the temperature range 2—300 K by the heat pulse
relaxation method, under applied external magnetic
fields up to 9 T, in a Physical Properties Measurement
System (PPMS, from Quantum Design, San Diego, CA).

I11. Results and Discussion

The materials were characterized by XRD as a single-
phased pyrochlore, as illustrated in Figure 1. All of the
reflections could be indexed in a cubic unit cell, with a
lattice parameter a = 9.8909(1) A. Because the XRD
scattering factors of Tl and Mn are considerably higher
than that of oxygen, neutron diffraction techniques were
necessary to complement the XRD data in order to
extract accurate structural information concerning metal-
to-oxygen distances, Mn—O—Mn, angles and other
structural features. The results of refinement of the
NPD data of three independently prepared samples
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Figure 2. Observed (crosses), calculated (solid line), and

difference (below) NPD profiles after the Rietveld refinement

of Tl1.04Mn,06 96 Structure at RT.

Table 1. Structural Parameters for Tl;94Mn,0¢96 after the
Rietveld Refinement of NPD Data at RT (Space group
Fd3m, Z = 8, a = 9.89094(6) (A). Reliability Factors y2 =

1.74, Rp = 3.97, Rup = 5.14, Rexp = 3.90, R, =1.79)

atom  site X y z foce Beq (A?)
TI  16c 0 0 0 0.972(3) 0.65(2)
Mn 16d 0.5 0.5 0.5 1.0 0.40(3)
Ol  48f 04245(8) 0.125 0125 1.0 0.63(2)
02  8a 0125 0125 0125 0.964(6) 0.44(4)

crystal Iographic formula T|1.g44(6)Mn205495(1)

anisotropic thermal factors (x10%)

T| ﬁll = ﬁzz = ﬂ33 = 16.7(5)
P12 = P13 = P2z = —3.1(6)
Mn B11 = P2z = B33 = 10.1(8)
P12 = P13 = P23 = —1.1(13)
o1 ﬁll = ,322 = 18(1), ﬁ33 = 12(1)
P12 = 5(2),13 = B2z = —5(1)
02 P11 = P22 = Pz = 11(1)

P12=P13=p2s=0

were in complete agreement. The final atomic coordi-
nates, unit-cell parameters, and discrepancy factors are
given in Table 1. Figure 2 illustrates the goodness of
fit.

The refinement of the occupancy factors for Tl and
O' led to a stoichiometry significantly deficient in both
atomic positions: Tly.9446MN2060"0.96(1). The nominal
valence for Mn is +4.04(3) (assuming a trivalent state
for Tl cations and a divalent state for oxygen anions),
close to the expected value of +4, because Tl deficiency
is coupled with O’ deficiency. Our results suggest the
absence of a nominal mixed valence on the Mn sub-
lattice, as previously reported.8~1° However, at variance
with previous reports,®!! we describe some significant
deficiency at both Tl and O' positions. This result can
have strong implications concerning the mechanism for
electronic conduction in this pyrochlore, as discussed
later.

In the final refinement, we considered full anisotropic
thermal parameters for all of the atoms in the unit cell.
Other previous refinements considering isotropic ther-
mal motion or stoichiometric occupancy for Tl and O2
positions always led to significantly worse discrepancy
R factors, as shown in Table 2. To be noted is the good
agreement obtained for Tl and O2 occupancy factors in
both isotropic and anisotropic refinements.

Table 3 lists the main interatomic bond lengths and
angles. The Mn—0O distance observed for Tligas)-
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Table 2. Comparison between Final Discrepancy Factors
for Various Refinement Models?

model2 R, Rup Ve R foce(T1) focc(02)
a 413 531 185 2.69 1.0 1.0
b 405 525 181 215 0.972(3) 0.960(6)
c 4.03 5.22 1.79 2.21 1.0 1.0
d 397 514 174 179 0.972(3) 0.964(6)

2 Models: (a) isotropic; occupancy factors fixed to unit; (b)
isotropic; occupancy factors refined; (c) anisotropic; occupancy
factors fixed to unity; (d) anisotropic; occupancy factors refined.

Table 3. Main Interatomic Bond Distances (A) and Angles
(deg) for T|1,94Mn206,95 at RT

1.9013(4)  TI-O (x6)
133.74(1) TI-0' (x2)

Mn—01 (x6)
Mn—01—Mn

2.4568(4)
2.14146(1)

Mn,060'0.96(1), Of 1.9013(4) A, is also in agreement with
previously reported values, of 1.9034(6) A in ref 11, also
refined from NPD data. Mn—O-—Mn angles, of
133.74(1)°, are also comparable with those reported for
stoichiometric TI,Mn,07, of 133.44(8)°.

The magnetization vs temperature data (Figure 3)
show a low-temperature saturation for Tly.94Mn20g 96
characteristic of the spontaneous FM ordering described
earlier.”8 The magnetization vs magnetic field data at
5 K shown in the inset of Figure 3 are characteristic of
a ferromagnet with a saturation magnetic moment of
2.65 ug per Mn ion (close to that expected for Mn** of
3.0 ug). However, the presence of irreversibilities (dif-
ferences between field-cooled (FC) and zero-field-cooled
(ZFC) curves) already suggests that the magnetic prop-
erties of Tl;.94Mn,0¢ 96 are more complex than those of
a simple ferromagnet and display the existence of
antiferromagnetic (AFM) interactions competing with
the net ferromagnetism, as already proposed in this
family of compounds.?2°~22 The ac magnetic measure-
ments give evidence for a cluster-glass-like behavior
subjacent to ferromagnetism. Figure 4 shows the varia-
tion of real and imaginary parts of the susceptibility
with temperature. The existence of a plateau in y' at
relatively high temperatures (115—130 K), strongly
frequency dependent, suggests the presence of antago-
nistic interactions before the establishment of a net FM
ordering below 115 K; in the same temperature range
the maximum in y" corresponding to the FM ordering
is surprisingly broad, and the presence of a second weak
maximum at 40 K seems to correspond to the crystal-
lization of a cluster-glass state, which should be better
named as a reentrant cluster-glass system.?® As is
characteristic for spinglasses, the cusp temperature has
been found to depend on the ac frequency. A cluster-
glass behavior has been recently described for the
Tl,—«BixMn,07 pyrochlore series.?

In our defective samples, the cluster-glass effect can
be associated with the presence of vacancies in both Tl
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505. See also: Sushko, Y. V.; et al. Physica B 1999, 259—261, 831.
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Lett. 1999, 83, 2022.
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1999, 60, 15024.
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Figure 4. Real and imaginary part of the ac susceptibility
as a function of temperature for Tl;.94Mn;0¢.6, at v = 0.01 and
10 kHz.

and O’ sublattices. It should be recalled that A;Mn,07
pyrochlores (A = Sc, Y, Ho, Yb, and Lu) exhibit!® clear
FC-ZFC irreversibilities, and ac susceptibility results
indicate the presence of both near-neighbor AFM and
FM (second- and third-neighbor) short-range correla-
tions, in common with spin glasses. In A,Mn,0O7 pyro-
chlores the Mn atoms occupy the corners of a tetrahe-
dra: spins at two points of the tetrahedron may couple
in an antiparallel fashion, but it is impossible for the
remaining two atoms to align their spins antiparallel
to the first two. This high degree of geometrical frustra-
tion seems to be responsible for the complex magnetic
behavior of these systems, in which ferromagnetism
may dominate the magnetic interactions (as happens
in stoichiometric TI,Mn,07) or, through subtle struc-
tural changes, frustrated antiferromagnetism can pro-
gressively become apparent. On the other hand, Sushko
et al.?° have recently shown that the application of an
external pressure suppresses ferromagnetism in Tl»-
Mn,07, which gives evidence against a simple FM
superexchange picture, implying, instead, a more exotic
scenario where the nearest-neighbor superexchange
coupling is AFM, while ferromagnetism originates from
the longer range interactions, which are generally
weaker but could be dominant in pyrochlores because
of geometrical frustration of AFM interactions. From the
observation that TI,Mn;07 and 1n;Mn,0O; show signifi-
cantly higher Curie temperatures than the remaining

A;Mn,07 (A = rare earths and Sc) pyrochlores, these
authors?® suggest that the strong covalent bonding of
Mn—O-TI(In)—O—Mn may enhance the FM coupling,
because both Tl and In have active 6s or 5s orbitals able
to hybridize with O 2p orbitals. According to this
picture, the partial absence of some Tl atoms from the
structure, as observed in defect Tl;.94Mn20¢.96, Would
result in a weakening of the FM interactions (mediated
through Tl orbitals), thus enhancing the competition of
AFM interactions finally leading to the observed cluster-
glass behavior.

The inverse susceptibility 1/y follows a Curie—Weiss
behavior only for temperatures well above T¢. Suscep-
tibility data taken above RT (inset of Figure 3) are
indicative of the existence of magnetic interactions
below 350 K; the intermediate regime T¢c < T < 350 K
could be described as a spin—polaron state, in the
framework of a recent model for a low-density electron
gas coupled to FM spin fluctuations.?> A paramagnetic
moment (p) of 3.77 ug per manganese cation (expected
for Mn#*, 3.80 ug) is observed from the Curie—Weiss
fit.

The transport and magnetotransport properties of
Tl1.04Mn20g g6 are shown in Figure 5. To be noted is that
a semiconducting behavior is observed above 200 K,
instead of the metallic behavior described in this tem-
perature regime for stoichiometric TI,Mn,O7. The re-
sistivity p (300 K, H = 0) is also higher than that
reported earlier® of about 1071 Q cm. This may be
related to the presence of a significant number of TI
vacancies (0.06(1) atoms per formula unit), as discussed
before. It should be recalled that the large electronic
conductivity of TI,Mn,O; is thought to be achieved
through the mixing of the voluminous Tl 6s orbitals with
O 2p and Mn 3d orbitals, in contrast with other
insulating A,Mn,07 pyrochlores. The reduction in the
concentration of Tl atoms introduces a strong-scattering
6s vacancy into the TI-0 network. Measurements of the
high-field (H > 3T) Hall effect in these samples give a
charge carrier density of 0.000 927 e~/unit cell at 5 K,

(25) Majumdar, P.; Litlewood, P. Phys. Rev. Lett. 1998, 81, 1314.
See also: Majumdar, P.; Litlewood, P. Nature 1998, 395, 479.
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with some temperature dependence around T¢. This
value should be compared with the data for the sto-
ichiometric compound of 0.001—0.005 e /unit cell,”
which indicate a clear decrease in the charge carrier in
the defective samples.

However, the defective character of our Tl 94Mn>0¢ 96
sample is advantageous concerning the MR properties:
as shown in the inset of Figure 5 a maximum MR(9 T)
[defined as MR(9 T) = 100[R(0) — R(9 T))/R(9 T)] of 7.6
x 10%% is observed at 150 K, whereas the reported value
for the stoichiometric pyrochlore (for 6 T) is at least 5
times lower.”826 With respect to this, the still more
remarkable increase in MR observed by partial replace-
ment of Tl by Sc?7 or Bi,?* by a factor of 103, should be
mentioned. A remarkable feature of defect Tl1.94Mn20¢ g6
lies in the RT behavior. As shown in the inset of Figure
5, the MR(9 T) value at 300 K is about 20%. This is
comparable to the best results obtained for perovskite
manganites, with large cations at the A positions,
showing MR in the 10%% range.?® MR in pyrochlores was
only described to occur below 200 K: the possibility of
achievement of large MR at RT was only recently
demonstrated in the Tl;—«BixMn,O- series;?* the present
results show that defect compositions such as that found
for Tl1.94Mn,0g 96 may also enhance RT MR up to levels
which make it possible to propose these materials as
candidates for technical applications. After the Majum-
dar and Litlewood (ML) model,? the MR in the Tl family
of compounds is related to the spin fluctuations and the
low-density carrier in the system. From the ML model
there is a direct relation between the magnetic fluctua-
tions above T¢ and the MR, (Ap/p) = C(M/Mg)?, with the
slope being C = n=23, From the present data the
calculated charge carrier value inside the ML model is
n = 0.0018 e /unit cell, in fair agreement with the
experimental value (1 x 1073 e /unit cell). From the
present data we can conclude that the qualitaive
conclusions of the ML model are fulfilled in our case;
the lower charge carrier density is related to the higher
MR factors.

(26) Hwang, H. Y.; Cheong, S.-W. Nature 1997, 289, 942.

(27) Ramirez, A. P.; Subramanian, M. A. Science 1997, 277, 546.

(28) Khazeni, K.; Jia, Y. X.; Lu, L.; Crespi, V. H.; Cohen, M. L;
Zettl, A. Phys. Rev. Lett. 1996, 76, 295.

Figure 6 shows the thermal evolution of specific heat
collected at different external fields, H =0, 1, 3, and 9
T. A broad maximum centered at 112 K corresponds to
the establishment of the long-range FM ordering, as is
also observed by NPD. This peak shifts and spreads out
under a magnetic field because of the reduction of
entropy associated with the strong magnetization im-
posed by the external field. The inset shows the excess
specific heat associated with the long-range FM order-
ing. These data were obtained after the subtraction of
a phononic contribution, calculated by means of three
Einstein oscillators at 120, 350, and 850 K. The entropy
associated with this magnetic transition could be ob-
tained as [(C/T) dT and gives 2.23 J mol~* K71 for H =
0.

Finally, we present data on the low-temperature
evolution of the NPD patterns of Tl; g4Mn,0¢ g6 IS Shown
in Figure 7. A magnetic contribution on the low-angle
reflections is observed below T¢ < 115 K, corresponding
to the establishment of long-range FM ordering, as
expected and described earlier.'® However, the most
striking feature of the patterns is the presence of a
broad maximum at Q ~ 0. This maximum is already
present at RT and strongly decreases in intensity below
Tc; therefore, we think it is associated with the existence
of FM clusters which collapse at T¢ to give a long-range-
ordered FM matrix. This is true small-angle scattering,
not the expected paramagnetic scattering that should
be extended to higher angles, following the Mn**
magnetic form factor. The half-width of this scattering
extended only to low scattering angles is related to the
size of the ferromagnetic clusters. The presence of
magnetic interactions above T¢ was already shown from
susceptibility measurements (Figure 3). Given the AFM
character proposed for the near-neighbor MNn—O—Mn
interactions,?° the geometrical frustration inherent to
the Mn arrangement in the pyrochlore structure hinders
the establishment of a long-range FM ordering at high
temperatures, leading to the formation of FM clusters.
These clusters are not able to collapse and condense in
a FM matrix but at temperatures below T¢, at which
the longer range FM interactions become dominant.
Note that, nevertheless, the preponderance of FM
interactions is not complete even at temperatures well
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Figure 6. Specific heat data at different magnetic fields (H = 0, 1, 3, and 9 T) in a temperature range around T¢ for Tly gs-
Mn;Os96. The inset shows the magnetic specific heat (AC/T) associated with the FM ordering.
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Figure 7. Temperature evolution of NPD patterns of Tl;sMn,0s06, With A = 2.52 A. The magnetic correlations are observed

centered at Q ~

below T¢, because a cluster-glass behavior is underlying
ferromagnetism. This scenario is significantly different
from that proposed for CMR perovskites, in which the
presence of FM clusters associated with charge carriers
and involving a deformation of the lattice (known as
magnetic polarons) has been observed?® in the para-
magnetic region. In contrast, the existence of magnetic
polarons seems not to be possible in the current scenario
for TI,Mn,O7 pyrochlore, which considers a total absence
of mixed valence for Mn cations and the undistorted
character of MnOg octahedra. At present, we do not have
any evidence for the coupling of the observed clusters
with the charge carriers and/or any associated distor-
tions of the crystal lattice in regions close to the clusters.

(29) de Teresa, J. M.; et al. Nature 1997, 386, 256 and references
therein.

0 in the low-angle region in a temperature region from 1.5 to 300 K.

We think that the existence of FM clusters (spin
polarons), which had not been described before for the
stoichiometric TI2Mn,07 pyrochlore, is closely related
to the defective character of Tli94Mn>Og 96 OXide, in
which the defective character of the Tl sublattice ac-
counts for the weakening of the FM interactions and,
thus, favors the competitive AFM interactions between
Mn**t moments.

1V. Conclusions

We have shown that moderate pressure synthesis
techniques can be used to prepare TI,Mn,O; materials
with vacancies in both Tl and O’ sublattices. The
crystallographic stoichiometry obtained from NPD data,
Tl1.04Mn,06.06, suggests that Tl and O’ vacancies are
coupled in such a way that the formal valence of Mn
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remains close to +4. The defective character of these
pyrochlores accounts for the observed increase in resis-
tance, because the reduction in the concentration of Tl
atoms introduces a strong-scattering 6s vacancy into the
TI-0 network, and magnetoresistance enhanced up to
7.6 x 10%% at 150 K and 20% at RT. Moreover, the
partial absence of some Tl atoms from the structure
results in a weakening of the FM interactions (mediated
through Tl orbitals), thus enhancing the competition of
AFM interactions and finally leading to the observation
of a cluster-glass behavior. Low-temperature neutron
diffraction shows evidence for the presence of FM
clusters (spin polarons) even at temperatures close to
RT, which vanish by cooling below T¢ to give rise to a
long-range ferromagnetically ordered matrix. The present
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results complement the current ideas on the exclusive
role played by tallium atoms in the mechanism of
metallic conductivity, highlighting the important role
of subtle structural modifications, through the incorpo-
ration of moderate amounts of O' and Tl vacancies, in
the transport and magnetic properties of these defect
pyrochlores.
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