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Infrared reflectivity of Tl 1.94Mn2O6.96
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We report temperature dependent infrared reflectivity of Tl1.94Mn2O6.96 in the 30 to 10 000 cm21 frequency
range. We found that between room temperature and the Curie temperature (TC>TIM) in which the insulator-
ferromagnetic metal phase transition takes place, Tl1.94Mn2O6.96 behaves as an insulator with antiresonances
near the longitudinal optical modes indicating distinctive electron-phonon interactions. BelowTC the band
envelope assigned to breathing oxygen phonons undergoes broadening and frequency hardening and the
sample becomes a poor metal oxide in which small trapped polaron electrons are released with decreasing
temperature. We support this conclusion pointing to the agreement between the experimental and the calcu-
lated; using Reik’s small polaron theory, optical conductivity strongly suggests that conductivity be achieved
by phonon assisted electron hopping.@S0163-1829~99!06833-2#
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INTRODUCTION

Tl2Mn2O7 is unique among manganese pyrochlores in
sense that it simultaneously exhibits ferromagnetic orde
and metallic behavior below a characteristic Curie tempe
ture (TC), and shows colossal magnetoresistance~CMR! at
temperatures close toTC . Here we discuss the results of a
infrared reflectivity study for Tl2Mn2O7 as the amount of
mobile carriers increases belowTC and then compare with
the overall features that have been found in the most wid
studied manganese perovskites exhibiting CMR~e.g.,
La0.7A0.3MnO3; A: alkaline earths!.

In common with manganese perovskites, face cente
cubic pyrochlores also contain a corner-sharing sublattic
manganese octahedra. In fact, the pyrochlore structure
general stoichiometryA2B2O6O8, can be described as tw
interpenetrating networks: the smallerB cations~e.g., Mn in
Tl2Mn2O7) are octahedrally coordinated to O-type oxyge
theBO6 octahedra sharing corners to give aB2O6 sublattice,
which can be considered as the backbone of the struc
The cagelike holes of this network contain a second sub
tice A2O8, not essential for the stability of the structure1

‘‘ A’’ atoms are in a pseudocubic environment. Whereas
manganese perovskites the Mn-O-Mn angle is about 160
theB2O6 sublattice of pyrochlores theB-O-B angle is in the
range 130°–140°.

In mixed-valence manganese perovskites, the role o
strong electron-phonon coupling has been demonstrate
be essential in explaining the magnetotransport propertie
these mixed-valence systems. In systems l
(La0.7

31Sr0.3
21)MnO3 @containing 70%~Mn31!–30%~Mn41!# the

carrier localization is minimized at and belowTC by a
double exchange mechanism2 accounting for both the ferro
magnetic ordering belowTC ~Ref. 3! and the metallic con-
PRB 600163-1829/99/60~10!/7445~7!/$15.00
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ductivity. The ferromagnetic transition temperature in16O
and 18O isotope substituted manganites shifts as a con
quence of the strong coupling of local carriers to Jahn-Te
distortions giving clues on the existence of magne
polarons.4 To explain the colossal magnetoresistance in th
compounds dynamic Jahn Teller effect was then put forw
by Millis et al.5 in addition to Zener’s double exchang
mechanism,2 in which the strong electron-phonon interactio
is taken into account in a mean field approximation.

By contrast, in Tl2Mn2O7 pyrochlore the absence of an
structural anomaly associated with the change in mag
totransport properties atTC had suggested weak spin-lattic
and charge lattice correlations,6 which is further supported
by the apparent absence of Jahn-Teller distortions of
MnO6 octahedra, from diffraction data,7 in the undistorted
cubic pyrochlore structure. However, from our infrared r
flectivity data we give evidence on the existence of distin
tive electron-phonon interactions in Tl2Mn2O7, showing that
conductivity is achieved by phonon assisted electron h
ping.

SAMPLE PREPARATION AND CHARACTERIZATION

A sample of nominal composition Tl2Mn2O7 was pre-
pared under high-pressure conditions. About 1.5 g of a
ichiometric mixture of Tl2O3 and MnO2 oxides were thor-
oughly ground and put into a gold capsule~8 mm diam!,
sealed and placed in a cylindrical graphite heater. The re
tion was carried out in a piston-cylinder press~Rockland
Research Co.!, at a pressure of 20 kbar at 1000 °C for 2
min. Then the materials were quenched to room tempera
and the pressure was subsequently released. The rea
products were characterized by x-ray diffraction~XRD!: all
the patterns corresponded to single phased pyrochlores.8 All
7445 ©1999 The American Physical Society
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7446 PRB 60NÉSTOR E. MASSAet al.
reflections could be indexed in a cubic unit cell, witha
59.8909(1) Å. Because the XRD scattering factors of
and Mn are considerably higher than that of oxygen we h
also used neutron diffraction patterns~NPD! collected at
room temperature on the high resolution D2B diffractome
at the Institut Laue-Langevin, Grenoble, with a wavelen
l51.594 Å. The crystal structure was refined in the cu
space group Fd-3m~No. 227! with eight formula units per
unit cell.9,10,11 This yielded accurate structural informatio
concerning metal-to-oxygen distances and Mn-O-Mn ang
The Mn-O distance observed for Tl2Mn2O7, is 1.9000~4! Å.
Mn-O-Mn angles are 134.09~3!° consistent with the reporte
values by Shimakawaet al.7 The refinement of the occu
pancy factor of Tl and O8 lead to a slightly defective crys
tallographic stoichiometry of Tl1.944~6!Mn2O6O0.96~1!8 . Tl va-
cancies~in a concentration of 2.8%! are accompanied by O8
vacancies in such a way that a formal valence of14.05~4! is
obtained for Mn~assuming trivalent Tl cations and divale
O anions!, close to the expected value of14 ~Ref. 11!.

Pellets of Tl1.94Mn2O6.96 suitable for reflectivity measure
ments were mechanically polished to obtain a shiny surfa
As-grown material, diluted in CsI or polyethylene, was a
used in transmission measurements to verify the main
tures temperature dependence in the spectral range of
study. Infrared spectra, with 2 and 4 cm21 resolution, were
taken between 30 and 10000 cm21 in a Bruker 113 v FTIR
spectrometer with samples mounted in the cold finger o
DN 1754 Oxford cryostat. Magnetization was measured w
a Quantum Design SQUID magnetometer under 500 G w
samples of 4.25 mg. Four point resistivity measurements
same batch samples were performed between 4 and 30
Shown in Fig. 1, they agree with those reported by Che
et al.,12 the drop in resistivity associated with the ferroma
netic transition. We do not observe the anomalous resisti
upturn reported by Shimakawaet al.7 between 225 and 300
K. The dots in Fig. 1 signal the temperatures at which
reflectivity was measured.

SPECTRAL ANALYSIS

We estimated phonon frequencies using a standard m
tioscillator dielectric simulation fit of our reflectivity

FIG. 1. Temperature dependent resistivity and susceptib
~measured at 500 G! of Tl1.94Mn2O6.96. Dots signal the temperature
at which the reflectivity was measured.
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spectra.13 Thus,«~v!, the dielectric function, is given by

«~v!5«1~v!1 i«2~v!5«`)
j

~V j LO
2 2v21 ig j LOv!

~V j TO
2 2v21 ig j TOv!

.

~1!

We then optimized the normal reflectivity against the e
perimental points and calculated the high frequency die
tric function, e` , the transverse and longitudinalj th optical
frequencies,V j TO andV j LO , and their transverse and long
tudinal damping constants,g j TO andg j LO , respectively. We
also calculated theSj strength of thej th oscillator as

Sj5V j TO
22

S)
k

VkLO
2 2V j TO

2 D
S )

kÞ j
VkTO

2 2V j TO
2 D . ~2!

In addition, when the measured spectra required it, we ad
the plasma contribution~Drude term! as

2
@Vpl

2 1 i ~gpl2g0!v#

@v~v2 ig0!#
~3!

to the dielectric simulation function, whereVpl is the plasma
frequency,gpl its damping, andg0 is understood as a phe
nomenological damping introduced by the lattice drag. Wh
these two damping are set equal, one retrieves the clas
Drude formula.14

With

Vpl
2 54pe2N/m* , ~4!

we estimate an effective carrier concentrationN*
5Nm0 /m* (m0 andm* are the free and effective electro
mass;N andN* are the number and the effective number
carriers, respectively!.

To study the real part of the optical conductivity,s1
5(v/4p)«2 («2 is the imaginary part of the dielectric func
tion!, we used theoretical expressions for small polarons
to non-diagonal phonon transitions calculated by Reik a
Heese.15,16 The frequency dependent conductivity is calc
lated using Kubo’s17 formula starting with a Holstein’s
Hamiltonian.18 In this model optical properties are due
carriers in one small band and interband transition are
cluded. The real part of the conductivitys1(v,b) for finite
temperature is given by

s1~v,b!5sdc

sinhS 1

2
\vb Dexp@2v2t2r ~v!#

1

2
\vb@11~vtD!2#1/4

, ~5!

where

r ~v!5S 2

vtD D ln$vtD1@11~vtD!2#1/2%

2F 2

~vtD!2G$@11~vtD!2#1/221%, ~6!

with

D52v̄t ~7!

y
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and

t25FsinhS 1

2
\v̄b D G Y 2v̄2h. ~8!

sdc5s(v50,b) is the electrical conductivity~taken from
our resistivity measurements, Fig. 1! andb51/kT. The fre-
quencyv̄ corresponds to the average between the transv
and the longitudinal optical mode of a reststrahlen band
h, characterizing the strength of the electron-phonon inte
tion, is the average number of phonons that contribute to
polarization around a localized polaron.19 Thus, since pho-
non frequencies are fixed by reflectivity measurements,
only remaining parameter free to fit in each phonon con
bution ish.

REFLECTIVITIES AND DISCUSSION

Figure 2 shows the reflectivity spectra of Tl1.94Mn2O6.96 at
300, 200, 170, 140, 110, and 77 K. The room tempera
spectrum closely corresponds to one for a dielectric mate
in which every phonon band has an antiresonance ne
longitudinal optical mode thus denoting distinctive electro
phonon interactions. We understand the bands as envel
of the different vibrational modes of Tl2Mn2O7 that in the
dielectric simulation count to a minimum of eleven oscill
tors ~Table I!. In addition we add an extra one to take in
account the feature centered between;700 and 1200 cm21

assigned to polaron formation. At temperatures aboveTC we
found no need to introduce a Drude term.

As it was pointed out in the Introduction, octahedra a

FIG. 2. Temperature dependent reflectivity of Tl1.94Mn2O6.96.
Dots: experimental; full lines: fitted. The inset shows the behav
of the band assigned to octahedra oxygen breathing modes a
insulator-metal transition.
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pseudocubic cages build a pyrochlore lattice. The mangan
ions are in six oxygen-coordinated octahedra similar to th
in perovskite manganites. Thus, although the Mn-O-M
angles are different, we expect that the internal vibratio
modes, symmetric~breathing! and antisymmetric stretching
be close to the frequencies found in those systems an
agreement with the general assignment for the cubic pe
skite structure. In addition, the ion mass~Tl ions are heavier
than Mn ions!, determines that the band at highest frequen
;600 cm21, be identified in the pyrochlore structure as f
breathing Mn octahedra. Then, octahedral~Mn! and pseudo-
cubic ~Tl! symmetric stretching breathing modes are
signed in the spectral region between 660 and 542 cm21.
Similar analysis leads us to identify bending deformati
antisymmetric modes between 500 and 161 cm21 and lattice
modes at 130 and 93 cm21. This is also supported by observ
ing that in the mixed pyrochlore Tl1.5Bi0.5Mn2O7, Bi replac-
ing Tl ions, bands below;500 cm21 change in shape an
relative strength but the assignment to the octahedral bre
ing modes is not modified.20

From ambient temperature to 140 K the spectra do
change significantly other than in damping of the transve
and longitudinal optical modes. As shown in Fig. 3 the ban
peak positions are not affected as the temperature is va
The exception to this behavior is octahedral modes. The o
gens breathing band, at 634–660 cm21, softens between 300
and 110 K and hardens and broadens~inset, Fig. 2 and Fig.
3! below this temperature implying a significant role of the
phonons in the insulator-metal phase transition. A sim
behavior, but much weaker, is observed for the band c
tered at about 580 cm21. Interestingly, since hardening i
associated with a shorter bond and softening with a lon
one, this is the spectroscopic expected counterpart of a b
change at the insulator-metal transition suggesting a poss
crossover from small to large polarons.21

An incipient Drude term is found at 110 K and, at 77 K
the number of carriers shows that Tl1.94Mn2O6.96 is to be
considered a poor metal oxide. As Table I shows the plas
frequency is at about 1680 cm21. Then, from Eq.~4!, we
calculate an effective carrier numberN* of only ;1:1018

~we have used an effective electron mass of;8m0). It is to
note that we choose for the plasma frequency a fit upper l
because it is known that the granular composition of cera
ics, relative to single crystals, lowers the intrinsic specu
reflection of a compound. In our spectra this results in a l
prominent reflectivity spectra that, in turn, when fitted, tran
lates into a lower value for the plasma frequency.

The imaginary part of the reciprocal dielectric functio
peaking at longitudinal modes,2Im~1/«!, and the real part of
the optical conductivity,s15(v/4p)«2 («2 is the imaginary
part of the dielectric function!, Fig. 4, show that the overal
effect of the temperature is only significant belowTC . It is
also important to note the progressive screening by carr
of longitudinal optical modes when cooling below the pha
transition and, in particular, in the region assigned to bend
modes. This last point may indicate to the undergoing ph
transition directly involving bonds in the octahedral plan
since those deformation modes are particularly affected
ion motions in the planes that, in turn, might be indicative
a dynamical anisotropy.

At higher frequencies, the persistence of the band pro

r
the
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TABLE I. Fitting parameters for Tl1.94Mn2O6.96.

T ~K! «` VTO ~cm21! VLO ~cm21! gTO ~cm21! gLO ~cm21! Sj (cm22)
Vpl (cm21) g0 (cm21) gpl (cm21)

93.2 102.2 7.6 7.2 9.934
119.4 130.7 7.5 11.6 5.776
161.8 184.1 70.4 193.2 9.148
185.4 209.2 812.5 231.1 0.298
275.4 279.7 23.3 12.2 3.338
285.1 405.5 174.4 131.3 4.119

300 1.78 414.1 422.1 61.1 728.8 0.208
424.5 484.9 374.6 27.1 0.114
498.4 519.3 16.5 26.2 0.130
542.3 613.8 34.5 180.0 0.356
634.5 660.2 537.7 31.3 0.148
673.1 943.7 124.6 1752.9 0.144

94.1 102.2 3.8 7.1 8.467
119.4 130.9 5.7 9.7 5.828
161.5 184.1 72.2 214.3 8.708
185.4 209.2 670.3 208.2 0.279
274.8 279.1 17.5 10.1 3.202
284.3 405.5 179.1 128.0 3.811

140 1.65 414.1 422.1 60.0 698.7 0.196
424.5 487.0 376.9 23.5 0.108
502.4 525.9 16.6 20.1 0.152
545.1 615.2 27.0 141.0 0.280
634.5 661.5 488.7 25.4 0.126
675.0 943.7 103.3 1780.7 0.130

94.1 102.2 4.7 13.7 10.281
119.4 130.7 7.2 24.2 6.925
161.8 184.1 84.6 273.3 10.67
185.4 209.2 928.6 172.2 0.345
273.9 278.9 14.1 9.7 3.145
287.8 395.1 182.5 89.1 5.453

110 1.55 410.6 411.5 50.7 367.2 0.439
411.9 488.0 174.8 21.3 0.214
504.5 526.8 15.1 15.92 0.206
545.6 607.1 22.0 163.9 0.337
656.2 660.5 109.6 10.4 0.191
672.4 1157.5 677.3 2063.8 0.614

523.8 1261.8 771.6

96.1 108.2 6.2 18.4 11.220
120.4 123.7 6.1 34.9 1.675
155.8 184.1 108.2 615.7 10.989
184.4 209.2 618.5 204.3 0.338

77 1.21 272.2 277.9 11.4 16.8 4.785
280.9 385.1 978.9 333.2 2.401
414.5 449.5 58.0 22.9 0.979
451.0 494.8 24.8 19.4 0.052
505.1 534.8 12.5 17.5 0.125
549.4 555.0 15.8 155.8 0.067
599.2 679.8 230.33 11.3 0.853
715.9 1284.9 454.4 2298.8 0.465

1680.6 5577.6 4495.6
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PRB 60 7449INFRARED REFLECTIVITY OF Tl1.94Mn2O6.96
between 715 and 1284 cm21, belowTC , Table I, shows that
the would-be mobile carriers remain partially localized an
by the same token, suggests that they would be easily
moved from the breathing mode trapped configuration by
external magnetic field.

OPTICAL CONDUCTIVITY

As pointed out above in order to understand the cond
ing mechanism of Tl1.94Mn2O6.96 we also calculated the tem
perature dependent optical conductivity using Reik’s sm
polaron theory16 and then compare these results with tho
deduced from the dielectric simulation. Between 700 a
1200 cm21 we expect a mixture of contributions due to p

FIG. 3. Temperature dependence of the reflectivity main b
peak positions of Tl1.94Mn2O6.96.

FIG. 4. Temperature dependence ofs1 , the real part of the
optical conductivity, and Im~1/«!, the imaginary part of the dielec
tric function inverse of Tl1.94Mn2O6.96.
,
e-
n

t-

ll
e
d

larons and to the two-phonon density of states.
In our analysis we allow,v̄, the average frequency, an

h, characterizing the strength of the electron-phonon inter
tion, to vary freely in the fit. We compare these results w
frequency-dependent experimental data. We found tha
cover the complete spectral range up to 10 000 cm21 one
simply needs to consider three independent contributions~no
correlation between the terms! of the type described in Eq
~5!. For our results~Fig. 5!, as suggested in Ref. 19, it is onl
necessary to take into account the highest vibrational ba
v̄;650 cm21, assigned to breathing phonons. The resul
in very good agreement with the experimental average fr
transverse and longitudinal optical frequencies taken fr
Table I and given in Table II between brackets. In this ca
the calculated fitted frequencies at;1040.0 cm21 and
;1729.8 cm21 are assigned to overtone and third-order-s
processes, respectively. The number of phonons that f
the polaron cloud,h j ( j 51,2,3) is interpreted as for a
rather weak electron-phonon interaction. In oxides typi
values are in the range 5,h,10 ~Ref. 22!. The small po-
laron binding energy is given byEb<v̄h/2 ~Refs. 15 and
16!, i.e.,; 192 meV at 140 K;;144 meV at 110 K, and
;169 meV at 77 K showing the persistence belowTC of
some trapped polarons coexisting with more delocalized
riers. Those values are in agreement with the prelimin
assignment given above for the dipole between 715 and 1
cm21 in the dielectric simulation. At the same time it su
gests that the better conductivity at lower temperatures
achieved by delocalization allowing electron hopping mo
efficiently due to the ferromagnetic spin alignment.

Then, although with less mobile carriers, the pictu
emerging from these optical measurements is related to th
reported for manganites. As suggested by the reflecti
spectra the changes at aboutTC are according to what it is
expected from susceptibility and resistivity measureme
~Fig. 1! and that the issuing mechanism is singular to
phase transition. The well-defined phonon bands at low te
perature reflectivity also suggest that the process is tak

d
FIG. 5. Optical conductivity of Tl1.94Mn2O6.96. Full lines upper

traces are optical conductivities drawn from reflectivity spectra. T
superposing diamonds are estimates using Reik’s small pol
theory ~Refs. 15 and 16!. Individual Gaussians correspond to th
different phonon contributions~see text!. The shown behavior con
tinues asymptotically up to 10 000 cm21; ~a! 140 K, ~b! 110 K, and
~c! 77 K.
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TABLE II. Parameters of the small polaron theory for Tl1.94Mn2O6.96. The values between brackets are phonon frequency averages
a multioscillator fit to experimental reflectivities at their respective temperatures~Table I!.

T
~K!

h1 Ãph1

~cm21!
h2 Ãph2

~cm21!
h3 Ãph3

~cm21!
ra

~V cm!

140 4.8 640.1 6.92 1135.0 4.3 1816.4 0.0446
^648&

110 3.5 660.0 6.13 1020.1 5.79 1726.1 0.0120
^658&

77 4.2 616.0 7.38 967.0 7.88 1647.0 0.0059
^639&

aResistivity from measurements shown in Fig. 1.
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place at a minority of lattice centers. In contrast with pero
skite manganites, where the phonon band structure in
metallic phase is only weakly delineated,23 the profiles in the
spectrum of Tl1.94Mn2O6.96 at 77 K shows that the bulk re
mains an insulator. Then, the appearance of mobile car
nearTC reveals the onset of a partial insulator-metal tran
tion in which oxygen defects and lattice distortion due to
vacancies may play a role leading one to think that the
derstanding of the semiconducting behavior
Tl1.94Mn2O6.96 aboveTC is related to defects. This may b
related to the presence of a significant number of Tl vac
cies @0.06~1! atoms per formula unit: it should be recalle
that the large electronic conductivity of Tl2Mn2O7 is thought
to be achieved through the mixing of the voluminous Tls
orbitals with Mn 3d orbitals, in contrast with other insulatin
A2Mn2O7 (A5rare-earths, Sc, In! pyrochlores#. The reduc-
tion in the concentration of Tl atoms introduces a stron
scattering 6s vacancy into the Tl-O network. BelowTC , the
long range ferromagnetic ordering of Mn41 spins leads to a
reduction of the spin-scattering fluctuations, giving rise
the observed metallic behavior~with ‘‘poor-metal’’ charac-
teristics, as commented before!.

We note that although the Mn41 superexchange interac
tion was found11 to stabilize the ferromagnetic phase it ca
not account for lattice distortions24 as it is inferred in the
broadening belowTC of the band assigned to octahedra sy
metric stretching mode~breathing oxygen displacement!
~inset, Fig. 2!. Our approach is in agreement with In2Mn2O7
that with the ferromagnetic ordering atTC;120 K remains
an insulator at both ends of this phase transition.12 It also
reflects the overall conclusion pointing the source of
CMR to high incoherent scattering.11 Here, the infrared spec
tra working resolution~;0.25–0.50 meV! brings up local
structure arguments that otherwise may go overlooked.

On the other hand, the introduction of ion doping in sm
quantities is expected to increase the electron scattering
ters increasing spin misalignment, and thus, the resistiv
The spin order would be regained when an external magn
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tic

field is applied resulting in a net enhancement of the colos
magnetoresistance.

CONCLUSIONS

Concluding, we have measured the reflectivity and tra
mission of well characterized samples of Tl1.94Mn2O6.96 be-
tween 30 and 10000 cm21. We found that between room
temperature andTC is an insulator with antiresonances ne
the longitudinal optical modes indicating distinctiv
electron-phonon interactions. Below the insulator-metal tra
sition it becomes a poor metal oxide from which we infer th
understanding of the colossal mangnetoresistance in py
chlores is related to the explanations given for manganit
As pointed out by Goodenough25 for Ln0.7A0.3MnO3 manga-
nites, the overall picture is that of small mobile polaron hol
~electrons in pyrochlores! trapped with decreasing tempera
ture ~this is reflected in the need of an infrared dipole
673–943 cm21 in the dielectric simulation, Table I, and the
sharpening of the band profile centered 1000 cm21 in going
from 300 to 140 K! and then released with decreasing tem
peratures belowTC ~that in our infrared spectra shows a
antiresonance smoothing, in particular, the feature at 6
cm21 and phonon screenings like those at about 180 cm21!
all in an apparent single crystallographic phase.

We also found an excellent agreement between the
perimental and the calculated, using Reik’s small polar
theory, optical conductivity strongly suggesting that condu
tivity in Tl 1.94Mn2O6.96 be achieved by phonon assisted ele
tron hopping.
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