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Charge dynamics in the colossal magnetoresistance pyrochlore Tl2Mn2O7
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Optical conductivity data@s(v)# of the colossal magnetoresistance~CMR! pyrochlore Tl2Mn2O7 are pre-
sented as functions of temperature~T! and external magnetic field (B). Upon cooling and upon applyingB near
the Curie temperature, where the CMR manifests itself,s(v) shows a clear transition from an insulatorlike to
a metallic electronic structure as evidenced by the emergence of a pronounced Drude-like component below
;0.2 eV. Analyses on thes(v) spectra show that bothT- andB-induced evolutions of the electronic structure
are very similar to each other, and that they are universally related to the development of macroscopic
magnetization (M ). In particular, the effective carrier density obtained froms(v) scales withM2 over wide
ranges ofT andB. The contributions to the CMR from the carrier effective mass and scattering time are also
evaluated from the data.
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Physics of colossal magnetoresistance~CMR! phenomena
has been one of the central issues of condensed matter p
ics in the last decade. In particular, the ferromagnetic per
skite manganites, e.g., La12xSrxMnO3, have attracted much
attention.1 In these compounds, a Mn31/Mn41 double ex-
change interaction reduces the transfer energy of the Mnd
holes through a parallel alignment of neighboring Mn spin2

resulting in a CMR near the Curie temperature (Tc). In ad-
dition, a strong Jahn-Teller effect due to Mn31 leads to the
formation of polarons, which strongly affects the transp
properties.3 More recently, the Tl2Mn2O7 pyrochlore has
been attaining increasing interest, since it exhibits a CM
that is comparable to those observed for the perovskites4–6

Tl2Mn2O7 is also a ferromagnet, and its resistivity (r) drops
rapidly upon cooling belowTc;120 K. Near and aboveTc ,
an external magnetic field of 7 T reducesr by a factor of
;10. Although these features appear very similar to th
for the perovskites, various studies have suggested tha
underlying mechanism should be very different:
Tl2Mn2O7 the electric conduction takes place in a condu
tion band having strong Tl 6s and O 2p characters, as
shown by band calculations.7–9 The spontaneous magnetiz
tion below Tc is produced by the Mn41 sublattice through
superexchange interaction, independently from the cond
tion system. The CMR results from changes in the cond
tion system caused by the magnetization in the Mn41 sub-
lattice. Little evidence has been found for a double excha
or a Jahn-Teller effect in Tl2Mn2O7. Hall effect
experiments4,10 have shown that the conduction electron de
sity is very low, n;0.831019 cm23 or 0.001 per formula
unit ~f.u.! above Tc , and that it increases ton;5
31019 cm23 ~0.006 per f.u.! in the ferromagnetic phase. A
density increase is also found with applied magnetic field10

The carrier density change has been considered a main c
for the CMR in Tl2Mn2O7.10,11

However, many questions remain regarding the CM
mechanism in Tl2Mn2O7. First of all, the microscopic elec
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tronic structure of Tl2Mn2O7 itself has remained unclear ex
perimentally, since no spectroscopic data have been a
able, to our knowledge, over a sufficiently wide ener
range. Among many other issues, for example, the contr
tion to the CMR from a change in the carrier mobility, su
gested by the much larger variation inr than inn,10 has not
been studied in detail.

In this work we use optical spectroscopy to probe t
microscopic electronic structure of Tl2Mn2O7. The optical
conductivitys(v) of Tl2Mn2O7 was obtained from its opti-
cal reflectivityR(v), measured at photon energies 0.007
<\v<30 eV, at temperatures 40 K<T<300 K, in mag-
netic fieldsB<6 T. Upon cooling throughTc and upon ap-
plying B nearTc , s(v) indicates a transition from insula
torlike to metallic electronic structures with a large Drud
like component below 0.2 eV. It is found that theB-induced
evolution of the electronic structures leading to the CMR
very similar to theT-induced one, and that they are unive
sally related to the macroscopic magnetization. This is
first demonstration of such microscopic electronic structu
in Tl2Mn2O7 as a function of energy. Contributions to th
CMR from changes in the carrier mobility are also analyz

The Tl2Mn2O7 sample used was a polycrystalline disk12

synthesized by solid state reaction under a pressure
GPa.4 The measured magnetization of the sample showe
sharp onset atTc;120 K, and near and aboveTc the resis-
tivity decreased by a factor of;10 by applying a field of 6
T. These values agree well with those in the literature.4–6,9,10

The sample surface was mechanically polished for opt
studies. Near-normal incidence reflectivity measureme
were made using a Fourier interferometer and conventio
sources for\v<2.5 eV, and using synchrotron radiatio
source for\v<30 eV. A gold or a silver film evaporated
directly onto the sample surface was used as a referenc
the reflectivity below 2.5 eV. The experiments under ma
netic fields were done using a superconducting mag
s(v) spectra were obtained from the measuredR(v) using
©2001 The American Physical Society09-1
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the Kramers-Kronig relations.13 To completeR(v), a Hagen-
Rubens or a constant extrapolation was used for the low
energy end, and av24 extrapolation for the higher-energ
end.13

Figure 1~a! showsR(v) ands(v) spectra of Tl2Mn2O7
at 295 K up to 30 eV. The spectra are typical of an insulat
~semiconducting! oxide, with very smalls(v) below 1 eV
and sharp peaks below 0.1 eV due to optical phonons,16 and
indicate a small density of states~DOS! around the Fermi
level (EF). Froms(v), the direct band gap of Tl2Mn2O7 at
295 K is estimated to be;1.6 eV. The peaks in the spect
above 2 eV can be attributed to charge transfer excitat
from O 2p to Mn 3d bands~the strong peak near 2.5 eV!
and excitations to other higher-lying states.7–9 Figure 1~b!
showsR(v) ands(v) below 0.5 eV at severalT’s.14 Upon
cooling belowTc5120 K, both R(v) and s(v) increase
rapidly, withR(v) approaching 1 ands(v) showing a sharp
rise toward the lower energy end. The emergence of
pronounced Drude-like component clearly demonstrates
the electronic structure nearEF becomes metallic belowTc ,
with a substantial number of free carriers. The spec
weight of a Drude component ins(v) can be related to the
effective density of free carriers,Ne f f , through the optical
sum rule13 as

Ne f f5
n

m*
5

2m0

pe2E0

vp
sD~v!dv. ~1!

FIG. 1. ~a! Optical reflectivity ~R! and conductivity (s) of
Tl2Mn2O7 at 295 K.~b! R ands measured at different temperatur
at zero field. The inset compares the effective carrier density (Ne f f)
and the magnetization~M! at an external magnetic field of 0.2 T, a
a function of temperature (T).
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Here, n is the carrier density,m* is the effective mass in
units of the rest electron massm0 , vp is the plasma cut-off
energy, andsD(v) is the Drude contribution ins(v). In the
inset of Fig. 1~b! we plot Ne f f , calculated using~1! as a
function of T.15 Contributions from the phonon peaks
s(v) have been subtracted by fitting them with the Loren
function.13 The measured magnetization~M! of the same
sample is also plotted. The increase inNe f f is apparently
synchronous with that inM below Tc , showing a strong
connection between the dynamic charge response andM.

According to the band calculations for ferromagne
~FM! Tl2Mn2O7,7–9 there is a conduction band with its bo
tom located;0.5 eV belowEF .9 This conduction band re
sults from a strong hybridization of Tl 6s, O 2p, and
Mn 3d states, and the resulting effective mass is sm
m* .m0. The DOS aroundEF is very small, and the calcu
lated electron density is 431019 cm23 ~0.005 per f.u.!. The
minimum k-conserving gap in the DOS, which leads to
optical gap in the dipole approximation,13 is 1.5–2 eV in
both the majority- and minority-spin band structures. T
observeds(v) belowTc is consistent with these prediction
In the observedR(v) ands(v) the metallic components ar
indeed limited to below 0.5 eV. The onset ofs(v) was ob-
served at;1.6 eV also belowTc ~not shown!, similarly to
that aboveTc shown in Fig. 1.~The spectra above 0.5 eV
showed only minorT dependences.! From the measuredNe f f
of 0.01 per f.u. belowTc @see Fig. 1~b!# and the measured
density of n50.006 per f.u.,4,10 we obtain m* ;0.6m0,
which is indeed small and close to the calculatedm* . Hence,
the band calculations7–9 are successful in predicting the bas
electronic structures of FM Tl2Mn2O7 nearEF .

Figures 2 and 3 showR(v) and s(v), respectively, in
external magnetic fieldsB<6 T, applied normal to the
sample surface.17 The spectral changes at 125 K, nearTc ,
are quite spectacular: bothR(v) and s(v) show large in-

FIG. 2. Optical reflectivity~R! of Tl2Mn2O7 in magnetic fields
at several temperatures.
9-2
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creases withB, ands(v) shows a clear transition from a
insulating character at 0 T to a metallic one at 6 T. In co
trast, at 160 K and 40 K, away fromTc , they show only
small changes. TheB-induced spectral changes at 125 K a
remarkably similar to those observed with decreasingT at
B50 shown in Fig. 1~b!. This similarity, emphasized in th
bottom graph of Fig. 3, clearly demonstrates that the e
tronic structures near and aboveTc under strongB fields are
very similar to those belowTc at B50. Figure 4~a! shows
the variation ofNe f f , calculated with~1!, as a function ofB
relative to that atB50. The relative increase inNe f f is larg-
est in the range 120 K<T<140 K, which is exactly where
the measured CMR of the sample was most pronounced

In Fig. 4~b! we plot Ne f f as a function ofM for different
values ofT andB. Apparently,Ne f f has a universal relation
with M in quite wide ranges ofT andB. The solid curve in
Fig. 4~b! is a quadratic fit to the data, which demonstra
thatNe f f nearly scales with M2. Note that this single univer
sal relation holds in two seemingly distinct regimes, i.e., o
below Tc wherer depends more strongly onT than onB,
and the other near and aboveTc where r depends more
strongly onB than onT. This common universal relation, a
well as the similarity betweenT-induced andB-induced
spectral changes, indicate that the electronic structures
the dynamic charge response in the presence of a ma
scopicM are basically common in the two regimes. Name
near and aboveTc ~120–140 K!, an applied external field

FIG. 3. Top four graphs: optical conductivity (s) of Tl2Mn2O7

in magnetic fields at several temperatures. Bottom graph:s at dif-
ferent temperatures and magnetic fields plotted together, dem
strating their similarity~see the text!.
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producesM by aligning the Mn41 spins, which results in
polarized band structures and the appearance of a small
duction band, similarly to those belowTc predicted by the
band calculations.7–9 Here, as our results indicate,M is the
essential parameter for the microscopic electronic structu
aroundEF , while T andB are not. The CMR in Tl2Mn2O7
nearTc should be primarily due to thisappearance of con-
duction band in the presence of M induced by external.
The significance of the observedNe f f}M2 scaling relation
will be discussed later.

Regarding the CMR of Tl2Mn2O7, as stated before, con
tributions from changes inm* and the average scatterin
time (t) of the carriers have been unclear. Below we w
roughly estimate these contributions using our data. T
measured n increases upon cooling throughTc ,
n(100 K)/n(140 K);5.10,18 For Ne f f5n/m* , the corre-
sponding ratio is;8 @see Fig. 1~b!#. These values sugges
that m* becomes 8/5;1.5 times smaller belowTc . The in-
crease in the dc conductivity (sdc) of our sample was
sdc(100 K)/sdc(140 K);20. In the Drude theory,sdc
}nt/m* . Comparison withNe f f5n/m* shows thatt be-
comes 20/8;2.5 times longer belowTc . At 140 K on going
from B50 to 6 T,n increases by a factor of 2,10 while Ne f f
andsdc increase by factors of 5 and 10, respectively. A co
parison of these factors show thatt becomes 2 times longe
andm* becomes 2.5 times smaller at 6 T. Hence,t becomes
greater and m* becomes smaller both by a factor of;2,
both in theT-induced and externalB-induced FM phases
Namely, all of n, t, and m* contribute to the CMR in
Tl2Mn2O7. Note that the above simple analyses19 are pos-
sible since the Drude-like component ins(v) is completely
separated from those due to interband transitions.

Sincen is very small aboveTc , ;0.831019 cm23,10 a
metallic conduction with a well-defined band effective ma
is unlikely. Indeed, experimental evidence for a hopping c
duction has been reported,11 and a possibility of magnetic

n-

FIG. 4. ~a! Effective carrier density (Ne f f) as a function of
magnetic field (B), normalized by those atB50. ~b! Ne f f at differ-
ent temperatures and magnetic fields as a function of magnetiza
(M ). The solid curve is a quadratic fit to the data. The vertical b
indicate Ne f f arising from the range below 0.007 eV, where t
reflectivity spectra were extrapolated.
9-3
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polarons has been discussed.20 Hence the observed decrea
of ‘‘optical’’ m* might be related to a crossover from
hopping-dominated charge dynamics to a Drude-like o
The increase int is likely to result mainly from the magnetic
critical scattering of carriers by localized spins,21 where the
strong spin fluctuations present forT>Tc are suppressed fo
T,Tc , leading to largert andsdc . Effects of a local cou-
pling between conduction electrons and Mn spins aboveTc
have also been discussed.10

As stated earlier, ours(v) data of Tl2Mn2O7 have exhib-
ited anNe f f}M2 scaling relation for the Drude-like compo
nent in the FM phase. A microscopic origin of thisM2 scal-
ing is unclear currently. Note that a relative shift of rigi
spin-up and spin-down parabolic bands would lead to
M1.5 scaling,10 rather thanM2. Hence, the appearance o
M2-scaled spectral weight transfer in Tl2Mn2O7 is non-
trivial, and should be understood based on the specific
croscopic electronic structures of Tl2Mn2O7. An analogous
M2-scaled spectral weight transfer has been also reported
other magnetoresistance~MR! ferromagnets such as the pe
ovskite manganites22 and EuB6.23 In the case of the perovs
kites, theM2-scaled spectral weight transfer was consisten
explained by a theory based on the double exchange.24 How-
ever, since the double exchange is unimportant in Tl2Mn2O7,
the mechanism of theM2 scaling for Tl2Mn2O7 is likely to
tt.

li

. B

e
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be distinct from that for the perovskites. Nevertheless, i
remarkable that these ferromagnets, with different mec
nisms for their large MR effects, all show anM2-scaled
spectral weight transfer. It remains an open, interesting q
tion whether this scaling is a universal optical property
MR ferromagnets regardless of the detailed origin for th
ferromagnetism and large MR effects.

In summary, our optical data for the CMR pyrochlo
Tl2Mn2O7 have revealed much new information about
microscopic electronic structures as functions of energyT,
and B. With increasingB and with decreasingT near Tc ,
s(v) has shown a dramatic transition from an insulatorl
to a metallic electronic structure, with the appearance o
small (;0.2 eV fromEF) conduction band. Thes(v) data
show that theB-induced evolution of the electronic structu
leading to the CMR is very similar to theT-induced one, and
that they are universally related toM in wide ranges ofT and
B. In particular,Ne f f scales withM2. Our data have also
shown thatt becomes greater andm* becomes smaller both
by a factor of;2 in the FM phase, contributing to the CMR
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