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Structural and magnetotransport properties of the colossal magnetoresistance material Tl2Mn2O7
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The crystal structure and its variation with temperature of the spin-charge coupled material Tl2Mn2O7

pyrochlore is investigated. Structure refinement from the neutron powder-diffraction data reveals that
Tl2Mn2O7 has nearly stoichiometric composition and is crystallized in the cubic-pyrochlore-type structure with
a characteristic Mn-O-Mn bond angle of 133°. There is no structural anomaly associated with the change in
magnetotransport properties at 142 K, suggesting weak spin-lattice and charge-lattice correlations. Despite the
similarity of magnetotransport properties observed in the perovskite and the pyrochlore colossal magnetore-
sistance manganese oxides, the double-exchange mechanism, which is usually applied to the perovskite ma-
terials, does not seem to explain the behavior in the pyrochlore Tl2Mn2O7 compound. A superexchange-type
interaction may stabilize the ferromagnetic ordering of Mn spins and cause the metallic conduction at low
temperatures in Tl2Mn2O7. @S0163-1829~97!00910-7#
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I. INTRODUCTION

Hole-doped perovskite manganese oxides, e
La12xSrxMnO3, have attracted considerable attention b
cause they exhibit intrinsic colossal magnetoresista
~CMR!.1–4 A number of studies on these materials have
vealed that spin, charge, and lattice in this system
strongly correlated. Hole doping into the antiferromagne
insulating compound LaMnO3 with Mn31 produces Mn41

ions, and thus creates itineranteg holes. A double-exchang
interaction between Mn31 and Mn41 mediates ferromagneti
ordering and the compound shows metallic conduction
low the ferromagnetic Curie temperature (TC).

5–7 Electron
transfer depends on local spin alignment. Therefore, ther
a strong correlation between spin and charge, giving ris
the CMR observed at temperatures nearTC . In addition, lat-
tice anomalies associated with changes in spin alignm
and/or electron transfer are often observed, suggesting a
relation between spin and lattice. In at least one system
change in the crystal structure can be induced by applyin
magnetic field.8 Static and/or dynamic Jahn-Teller distortio
of the MnO6 octahedra are also suspected to play an imp
tant role in the behavior.9 Surprisingly large changes i
structural parameters such as lattice constants, bond len
and thermal parameters are observed at the ferromag
and/or metal-insulator transition temperatures.10–12 Such
spin-charge-lattice coupled phenomena shed light on an
of solid-state physics and also suggest potential technol
cal applications.

Another spin-charge coupled material was recently d
covered: The compound is Tl2Mn2O7 with the pyrochlore
structure.13 Tl2Mn2O7 shows ferromagnetic behavior belo
142 K and undergoes a sharp drop in resistivity around
temperature. The resistivity decrease with the developm
of spontaneous magnetization and the colossal magnetor
tive change with an applied magnetic field suggest a str
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correlation between spin and charge in this system. Altho
the observed magnetotransport properties of Tl2Mn2O7 are
quite similar to those observed in perovskite manganese
ides, the pyrochlore Tl2Mn2O7 compound differs both struc
turally and electronically from the perovskites. Both the p
ovskite and pyrochlore manganese oxides consist of M6
octahedra with shared vertexes. The structural netwo
however, are completely different. The pyrochlore struct
has a three-dimensional array with a large bend of the M
O-Mn bond angle~Fig. 1!. In Tl2Mn2O7 the metallic conduc-
tion results from a small electron doping~0.001–0.005 per
formula unit! into Mn41 with a (3d)3 configuration. This is
in sharp contrast to the La12xSrxMnO3 perovskite, where a
fairly large number of holes~about 0.18 per formula unit! are
introduced into Mn31 with a (3d)4 configuration. Because
the magnetotransport properties, including CMR, are qu
similar in the perovskite and pyrochlore manganese oxid
one might expect the same mechanism based on the do
exchange theory for the magnetotransport behaviors in
two compounds. However, considering the significant diff
ences in the crystal structure and the electronic structur
the two compounds, an ambiguity remains as to whether
double-exchange interaction is the only mechanism for
bilizing the ferromagnetic and metallic state at low tempe
tures in Tl2Mn2O7.

This paper describes the crystal structure of Tl2Mn2O7
and the structural changes over the temperature range
300 to 20 K determined from x-ray and neutron-diffractio
data. Magnetotransport properties of the compound are
reported. We see similarities and differences between
perovskite and pyrochlore materials, and discuss the me
nism for stabilizing the ferromagnetic and metallic state
the Tl2Mn2O7 compounds. Data for the pyrochlor
In2Mn2O7, which is isostructural to Tl2Mn2O7, are also re-
ported. Magnetic and transport properties of this material
compared with those of Tl2Mn2O7.
6399 © 1997 The American Physical Society
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FIG. 1. Networks of the MnO6 octahedra in
the perovskite and pyrochlore structures. The p
ovskite structure shown has rhombohedral sy
metry as is seen in La0.825Sr0.175MnO3. Rhombo-
hedral axes for the perovskite structure and cu
axes for the pyrochlore structure are shown w
arrows. Mn ions are located in the center of th
octahedra. La and Sr atoms in th
La0.825Sr0.175MnO3 perovskite and Tl and O~2!
atoms in the Tl2Mn2O7 pyrochlore are not dis-
played.
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II. EXPERIMENTS

Powder samples of Tl2Mn2O7 and In2Mn2O7 were synthe-
sized by solid-state reaction under high pressure conditi
A mixture of Tl2O3 or In2O3 and MnO2 was sealed in a gold
capsule and allowed to react in a high pressure apparat
2.5 GPa at 1000–1150 °C for 30 min. After grinding, t
sample was sintered again under the same condition
achieve high quality and high density. The sample was r
idly cooled to room temperature before releasing the p
sure. The applied pressure of 2.5 GPa is lower than the
GPa synthesis pressures reported in the literature,14,15 but it
seems to be enough for the formation of the pyrochl
Tl2Mn2O7. 200–500 mg samples were obtained by t
procedure.

X-ray powder-diffraction data were taken by a conve
tional u–2u scanning method. Time-of-flight neutro
powder-diffraction data were collected with a closed-cy
helium refrigerator on the Special Environment Powder D
fractometer at Argonne’s Intense Pulsed Neutron Sou
The crystal structures were refined by the Rietveld techni
using the programsRIETAN ~Ref. 16! andGSAS ~Ref. 17!.

Magnetic and transport properties were investigated in
temperature range from 5 to 350 K by measuring dc mag
tization using a superconducting quantum interference
vice magnetometer and four-probe resistivity, respective

III. RESULTS AND DISCUSSION

The Tl2Mn2O7 sample was confirmed to be almost sing
phase by both x-ray and neutron powder-diffraction da
Figure 2 shows examples of x-ray and neutron-diffract
patterns and their Rietveld refinement profiles. Sharp Br
peaks observed in the diffraction patterns show that
Tl2Mn2O7 sample is well crystallized in the face-centere
cubic pyrochlore-type structure with a space group ofFd3̄m.

Table I lists the results of structural refinement f
Tl2Mn2O7 from the neutron-diffraction data obtained at roo
temperature. The refined occupancies indicate a nearly
ichiometric composition of Tl2Mn2O7. If we assume ionic
valences of13 for Tl and22 for O ions, the stoichiometric
composition of Tl2Mn2O7 gives a valence state of14 for Mn
ion from a simple ionic consideration. This is consistent w
other observations such as the value of the saturated m
netic moment at low temperature and the small numbe
conduction electrons observed by Hall coefficie
measurements.13,15 In the ionic model, the Mn41 state in
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Tl2Mn2O7 indicates no apparent chemical doping in the sy
tem.

The bond distance and angle between Mn and O in
MnO6 octahedra for Tl2Mn2O7 are listed in Table II. The
Mn41 ion has a (t2g)

3 electron configuration, and thus th
Mn41O22

6 octahedron shows no Jahn-Teller distortion. T
six Mn-O bonds in the octahedron are identical. The o

FIG. 2. ~a! Room-temperature x-ray and~b! 20-K neutron-
diffraction patterns for Tl2Mn2O7 and the Rietveld refinement pro
files. The raw diffraction data are shown as plus marks; the ca
lated profile is shown as a solid line. Tick marks below the profi
mark the positions of allowed reflections. The differences betwe
the observed and the calculated intensities are shown at the bot
Analysis of the 20-K neutron-diffraction data includes magne
scattering~see text!.
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TABLE I. Refined structural parameters for Tl2Mn2O7. Biso is the isotropic thermal parameter andn is
the occupancy. Numbers in parentheses are standard deviations of the last significant digit.R(wp)
510.81%,R(p)56.68%,R(F2)59.26%.

Space group,Fd3̄m a59.89093~7! Å
Atom Position x y z Biso ~Å2! n

Tl 16d 0.5 0.5 0.5 0.58~4! 0.97~2!

Mn 16c 0.0 0.0 0.0 0.38~6! 1.0
O~1! 48f 0.3261~1! 0.125 0.125 0.67~4! 1.00~2!

O~2! 8b 0.375 0.375 0.375 0.78~6! 1.07~2!
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served bond distance of 1.90 Å is typical for a Mn41 ion
coordinated to six oxygen atoms, but is significantly sma
than those observed in the perovskite manganese oxide
La0.7Sr0.3MnO3 with an average ionic state of Mn of13.3, a
Mn-O bond length of about 1.96 Å is observed.18 Another
distinguishing feature of the crystal structure is the M
O-Mn bond angle of about 133°. This bond angle is qu
small compared with those in the perovskite CMR co
pounds, where bond angles of 155–170° are typically
served~see Fig. 1!.18 Although both pyrochlore and perov
skite manganese oxides are conducting ferromagnets,
significant differences in the bond distances and ang
should cause some differences in electron transfer and m
netic interaction in these materials. This point is discus
later.

Within the precision of the measurement, there is
structural anomaly associated with the change in mag
totransport properties for Tl2Mn2O7 in the temperature rang
from 300 to 20 K. As shown in Fig. 3, no anomalies in t
temperature dependence of lattice parameter, Mn-O b
length, and Mn-O-Mn bond angle are observed. The lat
parameter decreases smoothly with decreasing tempera
The Mn-O bond length is nearly constant, while the M
O-Mn bond angle changes about 0.25% over the meas
temperature range. Thus, in the Tl2Mn2O7 pyrochlore the
MnO6 octahedron is essentially rigid, but the tilting angle
the octahedron~connecting angle to neighboring octahed!
changes with decreasing temperature. Such behavior
sharp contrast to experimental results for the perovskite c
pounds, which show a strong correlation between spin
lattice. Abrupt changes in lattice parameters, correspond
to a volume change ofDV/V50.13%, are observed at th
ferromagnetic and metal-insulator transition temperature
the La0.8Ca0.2MnO3 compound.

11 Substantial changes in tw
equatorial Mn-O bond lengths~2.7%! atTC are also reported
in the insulating La0.875Sr0.125MnO3 material, indicating a
change in the magnitude of the Jahn-Teller distortion of
MnO6 octahedron.

12

Ferromagnetic ordering of the Mn spins at low tempe
tures is observed by both dc magnetization and additio
scattering in the neutron-diffraction data. Figure 4 shows

TABLE II. The Mn-O bond distance and the Mn-O-Mn bon
angle for Tl2Mn2O7. Numbers in parentheses are standard de
tions of the last significant digit.

Mn-O~1! ~Å! 1.9034~6!

Mn-O~1!-Mn ~°! 133.44~8!
r
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temperature dependence of the magnetization for Tl2Mn2O7
measured at an applied magnetic field of 0.5 T. In the in
of the Fig. 4, the magnetic-field dependence of the magn
zation at 5 K is also shown. Ferromagnetic behavior is o
served below 142 K. The saturated magnetization at
temperature is 3.0mB , which is the expected value for ferro
magnetic ordering of Mn41 ions with a (3d)3 configuration
~S53/2!, though a saturated moment of only 2.59mB was

- FIG. 3. Temperature dependence of~a! lattice parameter,~b!
Mn-O bond length, and~c! Mn-O-Mn bond angle for Tl2Mn2O7.
Data plotted as closed symbols are obtained by Rietveld anal
from neutron-diffraction data. Open symbols are from x-ray diffra
tion data. Dotted lines for the changes in the Mn-O bond length
the Mn-O-Mn bond angle are a guide to the eye.
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6402 55Y. SHIMAKAWA et al.
observed for the previous sample in Ref. 13 due to the p
ence of impurity phases. The neutron-diffraction pattern
20 K shows additional intensity which originates from ma
netic scattering. In the Rietveld analysis, models includ
the magnetic scattering significantly improve the refin
ments. Results of the refinements based on four models
listed in Table III. Model 1 considers only nuclear scatteri
from constituent atoms. In models 2, 3, and 4, both nuc
scattering and magnetic scattering from ferromagnetic
ordered spins at Mn site along@1 0 0#, @1 1 1#, and@22 1 1#
directions, respectively, are considered. The refineme
based on models 2, 3, and 4 give lower values for the go
ness of fit~GOF! than model 1, suggesting the ferromagne
long-range ordering of Mn spins. Refined magnetic mome
of 2.4–2.5mB are in reasonable agreement with the obser
saturated dc moments. Although the neutron-diffraction d
at low temperatures support the ferromagnetic componen
the long-range ordering of Mn spins, our analysis does
give a unique solution for the magnetic structure
Tl2Mn2O7. Considering that the pyrochlore structure rep
sents a geometrically highly frustrated system in the pr
ence of antiferromagnetic interaction,19,20 the actual mag-

TABLE III. Agreement indices of Rietveld analysis of neutro
diffraction data for Tl2Mn2O7 obtained at 20 K based on the fo
lowing four models. Goodness of fit~GOF! is defined as sum of the
squares of the deviationsx2. M is the refined magnetic momen
Model 1, Scattering from only nuclears (N) is considered. Model
2, Scattering from nuclears and ferromagnetically ordered s
(M ) along the@1 0 0# direction are considered. Model 3, Same
for model 2, but with spins along the@1 1 1# direction. Model 4,
Same as for model 2, but with spins along the@22 1 1# direction.

Models R(wp) R(p) GOF ~x2! M ~mB!

1:N 11.34 7.14 2.24
2:N1M @1 0 0# 11.22 7.05 2.17 2.5~1!

3:N1M @1 1 1# 11.23 7.06 2.18 2.4~1!

4:N1M @22 1 1# 11.22 7.05 2.18 2.4~1!

FIG. 4. Temperature dependence of the magnetization
Tl2Mn2O7 measured at an applied magnetic field of 0.5 T~closed
symbols!. The inset shows the magnetic-field dependence of
magnetization at 5 K. Refined magnetic moments from the Rietv
analyses of the neutron-diffraction data are also shown in the fig
with open symbols.
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netic structure may be rather complicated~e.g., slightly
canted, spiral, etc.!. The smaller values of the refined ma
netic moment from the neutron-diffraction data~2.4–2.5mB!
than the observed dc moment~3.0mB! may indicate such a
complicated magnetic structure. The additional intens
from the magnetic scattering decreases with increasing t
perature, and vanishes above 140 K. The neutron-diffrac
pattern at 20 K with the refined profile based on model 2
shown in Fig. 2~b!. The temperature dependence of the
fined magnetic moment from the neutron-diffraction da
~also shown in Fig. 4! agrees with that of the dc momen
measurements.

Transport properties in Tl2Mn2O7 are strongly correlated
to the magnetic properties. Figure 5 shows the tempera
dependence of the resistivity and the magnetization m
sured at applied magnetic fields of 0.5, 2, 5, and 7 T. T
resistivity decreases are pronounced at magnetic orde
temperatures for all fields. Near the ferromagnetic transit
temperature, a large change in resistivity, so-called nega
colossal magnetoresistance, is observed with increasing
applied magnetic field. Using the data in Fig. 5, the chan
in resistivity are plotted against the changes in magnetiza
in Fig. 6. The resistivity changes measured under differ
magnetic fields show an identical behavior to the magnet
tion. Therefore, the electron transfer in Tl2Mn2O7 is closely
related to the local spin alignment. Both the sharp drop
resistivity atTC and the magnetoresistive change nearTC
should be governed mainly by magnetic scattering.

The observed magnetotransport properties, includ
CMR, in the Tl2Mn2O7 pyrochlore are quite similar to thos

s

r

e
ld
re

FIG. 5. Temperature dependence of~a! the resistivity and~b! the
magnetization for Tl2Mn2O7 measured at applied magnetic fields
0.5, 2, 5, and 7 T.
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55 6403STRUCTURAL AND MAGNETOTRANSPORT PROPERTIES . . .
observed in the perovskite manganese oxides. In the pe
skite manganese oxides the magnetotransport properties
been explained within the framework of a double-exchan
mechanism.5–7 In this mechanism, kinetic energy gain by
sufficient number of holes stabilizes the ferromagnetic ali
ment of the Hund’s-rule-coupled Mn spins at low tempe
tures. A recent theoretical approach on the perovskite C
materials also points out the importance of lattice effe
~electron-phonon interaction! to achieve the observed larg
change in resistivity.9 In the context of these scenarios f
the CMR mechanism, we see some differences betw
Tl2Mn2O7 and the perovskite compounds. The most disti
difference in the pyrochlore Tl2Mn2O7 is the small number
of conduction carriers. The observed carrier concentratio
0.001–0.005 electrons per formula unit seems to be too s
for stabilizing the ferromagnetic alignment of local spin
Additionally, there is no structural anomaly associated w
the change in magnetotransport properties indicating tha
spin-lattice and the charge-lattice correlations are weak in
Tl2Mn2O7 pyrochlore. The weak charge-lattice couplin
might be explained by the small number of carriers. A
though our structural analysis does not provide direct inf
mation on dynamical and short-range correlations, the
served small thermal parameters for all sites strongly sug
that such effects play a minor role in this system.

A recent study of the effect of pressure on this pyrochl
material also reveals behavior that is not consistent with
double-exchange theory.21 A reduced Mn-O bond length is
expected to increase electron transfer from Mn to Mnvia
oxygen atoms, thus the ferromagnetic transition tempera
should increase under pressure. In the perovskite dou
exchange ferromagnet, such a positive pressure effec
observed.22 In contrast, a negative pressure effect on the f
romagnetic Curie temperature has been observed in the
rochlore Tl2Mn2O7 material.

In addition, In2Mn2O7, which is isostructural to
Tl2Mn2O7, shows an interesting contrast with the Tl2Mn2O7
compound. As shown in Fig. 7, In2Mn2O7 also shows ferro-
magnetism below about 150 K. Although the saturated m
netic moment at 5 K is 2.17mB ~72% of the expected value!
due to the presence of impurity phases, the essential m
netic behavior is quite similar to that observed in Tl2Mn2O7.
This material, however, is an insulator both above and be
the ferromagnetic transition temperature. In In2Mn2O7,

FIG. 6. The change in resistivity plotted against the change
magnetization for Tl2Mn2O7 using the data in Fig. 5.
v-
ave
e

-
-
R
s

en
t

of
all
.
h
he
e

-
r-
b-
st

e
e

re
le-
is
r-
y-

g-

g-

w

therefore, electrical conduction seems to have no relatio
the magnetism. The ferromagnetic state at low temperat
is stabilized without being mediated by a kinetic energy g
by conduction carriers.

All these features observed in the pyrochlore mater
raise doubts that the behavior can be explained by the s
CMR mechanism applied to the perovskite materials, des
the similar magnetotransport properties. Of particular c
cern is a mechanism for stabilizing the ferromagnetic a
metallic state at low temperatures in Tl2Mn2O7. As has been
discussed by Goodenough, the superexchange interactio
Mn41-O22-Mn41 strongly depends on the Mn-O-Mn bon
angle.23 Antiferromagnetic superexchange interaction is e
pected for 180° cation-anion-cation interaction withd3 outer
electron configurations. Ferromagnetic interaction, in c
trast, is often observed for a 90° arrangement. Crosso
from the antiferromagnetic to ferromagnetic interaction
the d32d3 cation-anion-cation coupling could occur in th
range 125°,a,150°. The observed Mn-O-Mn bond ang
of 133° in Tl2Mn2O7 is in the crossover range. If the ferro
magnetic superexchange interaction is dominant in
Tl2Mn2O7 pyrochlore, the ferromagnetic alignment of M
spins at low temperatures can be stabilized without me
tion by the double-exchange-type electron transfer. This t
of superexchange interaction is believed to be responsible
the ferromagnetism in the insulating~semiconducting! pyro-
chloresR2Mn2O7 ~R, rare-earth cations!, though theTC val-
ues of these compounds are relatively low~20–40 K!.24 In
this case, the resistivity change in Tl2Mn2O7 results from the
effect of the local spin alignment. However, considering th
the spin-dependent electron scattering in ordinary metals
alloys gives only a few percent change in resistivity, it r
mains puzzling why the resistivity in Tl2Mn2O7 changes by
such a large amount with local spin alignment.

The ferromagnetic and metallic state at low temperatu
and the magnetoresistance have some similarities to thes- f
interaction seen in europium chalcogenides, EuX ~X5O, S,
Se, or Te!.25 EuO, for example, shows a ferromagnetic a
metallic state below about 70 K. Near the ferromagnetic tr
sition temperature, a similar large magnetoresistance
observed.26 It is believed that Eu(5d) and (5s) bands mainly
contribute to the conduction and a localized Eu(4f ) band is
associated with the magnetism. With a strong exchange

n
FIG. 7. Temperature dependence of the magnetization

In2Mn2O7 measured at an applied magnetic field of 0.5 T.
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6404 55Y. SHIMAKAWA et al.
teraction between the conduction electrons and the local
Eu(4f ) electrons~of the order of 0.1 eV!, mobility of the
carriers should be affected by the magnetic ordering of
Eu(4f ) spins. Two possible electronic structures f
Tl2Mn2O7, where a small number of conduction electro
are doped into theeg or down-spin band of thet2g state
depending on the energy difference betweenDex ~exchange
interaction of Mn ions! and 10Dq ~orbital splitting by the
crystal field! were discussed in a previous paper.13 Recent
local-density approximation~LDA ! band calculations also
suggest that contributions from the Tl(6s) band may play a
crucial role in conduction even in the stoichiometr
composition.27 Since the energy level of the Tl(6s) band is
close to the levels of the Mn(3d) and O(2p) bands, the
Tl(6s) band can be hybridized with the Mn(3d) and O(2p)
bands and cross the Fermi level of Tl2Mn2O7. In this case,
some portion of the electrical conduction originates from
Tl(6s) band, and the Tl(6s) electrons are also scattered b
the localized Mn(3d) spins. Thus, the spin-charge couplin
in Tl2Mn2O7 may be explained by the strong exchange int
action between the Tl(6s) and Mn(3d) electrons, which is
similar to the s- f interaction seen in europium chalco
genides.

In conclusion, the structural study on a discovered sp
charge coupled Tl2Mn2O7 pyrochlore suggests that the spi
lattice and charge-lattice correlations are weak in this m
pl.
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rial, which is in sharp contrast to the case of perovskite CM
materials. In Tl2Mn2O7, superexchange-type interaction, n
the double-exchange mechanism, may stabilize the fe
magnetic ordering of Mn spins and cause the metallic c
duction at low temperatures in Tl2Mn2O7. The discovery of
this class of CMR material provides significant insight in
the spin-charge coupled physics and could also lead to
discovery of new magnetic and magnetoresistive mater
that could be useful for technological applications.

Note added in proof.A recent paper by Subramania
et al.28 described the results of structural refinement
Tl2Mn2O7 at room temperature from powder neutron a
single-crystal x-ray-diffraction data. They also confirmed t
stoichiometric composition of this material and reached
similar conclusion to ours on the CMR mechanism of t
Tl2Mn2O7 pyrochlore compound.
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