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Intermediate-valence model for the colossal magnetoresistance in Tl2Mn2O7

C. I. Ventura and B. Alascio
Centro Atómico Bariloche, 8400-Bariloche, Argentina

~Received 10 July 1997!

The colossal magnetoresistance exhibited by Tl2Mn2O7 is an interesting phenomenon, as it is very similar to
that found in perovskite manganese oxides, although the compound differs both in its crystalline structure and
electronic properties from the manganites. At the same time, other pyrochlore compounds, though sharing the
same structure with Tl2Mn2O7, do not exhibit the strong coupling between magnetism and transport properties
found in this material. Mostly due to the absence of evidence for significant doping into the Mn-O sublattice
and the tendency of Tl to form conduction bands, the traditional double-exchange mechanism mentioned in
connection with manganites does not seem suitable to explain the experimental results in this case. We propose
a model for Tl2Mn2O7 consisting of a lattice of intermediate-valence ions fluctuating between two magnetic
configurations, representing Mn 3d orbitals, hybridized with a conduction band, which we associate with Tl.
This model had been proposed originally for the analysis of intermediate-valence Tm compounds. With a
simplified treatment of the model we obtain the electronic structure and transport properties of Tl2Mn2O7, with
good qualitative agreement with experiments. The presence of a hybridization gap in the density of states
seems important to understand the reported Hall data.@S0163-1829~97!05345-9#
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I. INTRODUCTION

Perovskite manganese oxides like La12xMxMnO3
(M5Ca,Sr,Ba! have been the subject of study for ma
years,1 and a strong correlation between transport proper
and magnetism was recognized. Shortly after the discov
of these materials, the double-exchange mechanism
proposed2 to describe the interactions between the Mn io
Due to the divalent substitution for La31, itineranteg holes
are doped into the antiferromagnetic insulating parent co
pound LaMnO3, and Mn ions appear in a mixed-valenc
state. Double exchange occurs between heterovalent
pairs (Mn31-Mn41) by simultaneous transfer of an electro
from Mn31 to O22 and O22 to Mn41. As this transfer occurs
necessarily conserving the spin orientation, an effective
romagnetic coupling appears due to the intra-atomic Hun
rule requirement.2 Clearly, in this framework the carrier hop
ping is intrinsically coupled to and enhanced by the mut
alignment of the two magnetic moments. As a result, re
tivity will depend on the spin disorder and is expected
display pronounced features at the ferromagnetic orde
transition temperature (Tc). Application of a magnetic field
which favors alignment of the local spins, will produce
decrease of the resistivity.

Interest in the study of perovskite manganese oxides
renewed recently, as colossal magnetoresistance~CMR! was
observed near the ferromagnetic ordering temperature.3 At
present, there is strong debate as to whether the dou
exchange mechanism and theoretical models based sole
it are able to account quantitatively for the observed tra
port and magnetic properties of the manganese perovsk
It has been proposed that other ingredients such as disor4

Jahn Teller distorsions,5 charge ordering,6 etc., could play an
important role and should be taken into account.

In 1996 colossal magnetoresistance was reported for
nonperovskite Tl2Mn2O7 compound.7–9 The material under-
goes a ferromagnetic transition withTc;140 K.7–10 Below
560163-1829/97/56~22!/14533~8!/$10.00
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the ordering temperature, the compound is ferromagnetic
metallic, whereas aboveTc it is paramagnetic. The magne
toresistance maximum around the ferromagnetic orde
temperature is similar to that obtained for the mangan
perovskites. The sharp decrease in resistivity with the de
opment of spontaneous magnetization belowTc and the
magnetoresistance with field-induced magnetization ab
Tc indicate a strong coupling between transport and mag
tism in Tl2Mn2O7, similar to that in perovskite manganes
oxides.7–10 Nevertheless, important differences arise rega
ing crystalline structure and electronic properties. In fa
Tl2Mn2O7 is characterized by a ‘‘pyrochlore’’A2B2O7

structure,11 consisting of strongly distortedAO8 cubes and
slightly distortedBO6 octahedra. Each metal atom~A or B!
forms a three-dimensional network of corner-shari
tetrahedra.12 The interpenetrating sublattices in Tl2Mn2O7

are, respectively, given by Tl2O and Mn2O6.
7,9,13 The tetra-

hedral Mn2O6 network differentiates the pyrochlores from
the perovskiteABO3 structure, with a cubic MnO6 network.
There are also significant differences in the bond length
angle between Mn and O in the MnO6 octahedra, which in
Tl2Mn2O7 are both smaller than for CMR perovskites9,10,7as
well as almost temperature independent, thereby indica
negligible correlations between spin and lattice.10 Consider-
ing electronic properties, an important difference with t
hole-doped perovskites comes from Hall experiment da7

indicating a very small number of electronlike carrier
;0.001– 0.005 conduction electrons per formula unit. T
authors of Refs. 7 and 9 mention that such Hall data co
result from a small number of carriers in the Tl 6s band.
Assuming Tl22x

31 Tlx
21Mn22x

41 Mnx
51O7 with x;0.005 the data

could be accounted for.9 This would seem to indicate a ver
small doping into the Mn41 state,7,9 in contrast to manganes
perovskites where CMR is obtained around 30% of hole d
ing. It is important to take notice also of the different orig
of the doping. Recent electronic structure calculations
14 533 © 1997 The American Physical Society
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14 534 56C. I. VENTURA AND B. ALASCIO
Tl2Mn2O7 ~Ref. 13! indicate that the bands inmediately b
low the Fermi level correspond mainly to Mnt2g states,
above the Fermi level appear Tl 6s bands, while O states ar
mixed with these around the Fermi level. Another calculat
by Singh14 obtains a strong spin differentiation in the ele
tronic structure around the Fermi level in the ferromagne
ground state. The majority spin Mn-t2g– O-2p bands below
the Fermi level are separated by a gap from
Mn-eg-derived bands, though there is also a mixing with
and O states above and below the Fermi level. Thus a s
near-band-edge Fermi surface is obtained. For the mino
channel instead, a highly dispersive band with a strong
mixture of Mn, Tl, and O is found around the Fermi leve
leading to a metallic minority spin channel.14

Mostly due to the absence of evidence for significant d
ing in the pyrochlore Mn-O sublattice and due to the te
dency of Tl to form 6s conduction bands~unlike in manga-
nese perovskites where the rare-earth levels donate char
the Mn-O bands but are otherwise electronically inactiv!,
among other differences between the compounds discu
above, it has been speculated that a double-exchange m
nism similar to that of perovskites is unlikely to be effecti
in Tl2Mn2O7,

7–10,13,14 accounting for the experimental re
sults. Based on all these facts, we decided to explore
suitability of a different model, to provide an explanation f
CMR in pyrochlore Tl2Mn2O7. It may be useful to remark
here that related pyrochlore compounds have been the
ject of experimental study, and while some~A5Y, Lu! re-
vealed no long-range magnetic order,12 In2Mn2O7 exhibits a
similar ferromagnetic transition but the ordered phase
mains insulating.8,10 In this sense, the behavior of Tl2Mn2O7
is very interesting due to its unique characteristics and st
ing differences with other known pyrochlores and CM
compounds.

In the following section we will describe the model w
employed for the calculation of the electronic structure a
transport properties of Tl2Mn2O7. The intermediate-valenc
~IV ! model was proposed originally for the study of T
compounds.15,16 Basically, a periodic array of mixed valen
ions, fluctuating between two magnetic configuratio
would represent the Mn ions appearing
Tl22x

31 Tlx
21Mn22x

41 Mnx
51O7. These would be responsible fo

magnetism. A conduction band would represent the Tls
orbitals, which hybridize with the IV ions. For simplicity, w
do not take into account the O orbitals. Through hybridiz
tion a gap can appear in the density of states. Transpo
due to carriers in the conduction bands. The scatte
mechanism originating from the hybridization with the I
lattice is dependent on the magnetic configuration of the
tice or spin disorder in the material. As a result, elect
conduction and magnetism are intrinsically coupled a
CMR results on application of a magnetic field. In Sec.
we will make a complete presentation and discussion of
results obtained with our treatment of the model. A sh
presentation of our approach to the problem with some p
liminary results has been given before.17 In Sec. IV a sum-
mary of our study of Tl2Mn2O7 is given.

II. MODEL AND ANALYTICAL METHOD

The model to be introduced in this section was propo
originally for the description of intermediate-valence T
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compounds.15,16 These compounds distinguish themselv
from other IV rare earths by evidencing a rare sensitivity
the application of magnetic fields in many physical prop
ties, like resistivity, specific heat, thermal expansion, e
The exactly solvable impurity model which incorporates t
most important feature for TmSe, namely, valence fluct
tions between two magnetic configurations~corresponding to
Tm21:4 f 12 and Tm31:4 f 13!, was shown15 to describe most
of the peculiar features of the magnetic properties of pa
magnetic intermediate valence Tm compounds. The impu
model resistivity exhibits an explicit quadratic dependen
with the magnetization.15 Such behavior has also been foun
in transport experiments slightly aboveTc for colossal MR
pyrochlores7 and manganese perovskites.18 Employing the
periodic version of the model16 the phase diagram atT50
was obtained, indicating magnetic ordering. A ferromagne
metallic phase appears for nonstoichiometric samples, w
an antiferromagnetic insulating ground state is obtained
stoichiometric ones. Calculations of the specific heat a
magnetic susceptibility in the paramagnetic phase trea
with the coherent potential approximation19 ~CPA! were
done and the neutron-scattering spectrum was studie16

Many of these results are reminiscent of the behavior
Tl2Mn2O7 and other CMR compounds discussed in the p
vious section. In fact, for manganese perovskites a sim
model has been considered20 to propose the possibility of a
metal-insulator transition.

We will now present the model proposed for Tl2Mn2O7,
considering that experimental results9 would be compatible
with the presence of mixed-valent Mn41/Mn51 in the form
Tl22x

31 Tlx
21Mn22x

41 Mnx
51O7, as discussed in the previous se

tion. The model16 describes a periodic lattice o
intermediate-valence ions, which fluctuate between two m
netic configurations. To simplify the problem, these are
sociated with single (S51/2) or double occupation (S51)
of the ion. It is assumed that the results are dependent on
availability of two magnetic configurations and not by the
detailed structure.15 The IV ions are hybridized to a band o
conduction states. The Hamiltonian considered is16

H5HL1Hc1HH , ~1!

where

HL5(
j

~E↑u j↑&^ j↑u1E↓u j↓&^ j↓u!

1~E1u j 1&^ j 1u1E2u j 2&^ j 2u!,

Hc5(
k,s

ek,sck,s
† ck,s ,

HH5(
i , j

Vi , j~ u j 1&^ j↑uci ,↑1u j 2&^ j↓uci ,↓!1H.c.

HL describes the lattice of IV ions, which for Tl2Mn2O7 we
would identify with the Mn ions. TheS51/2 magnetic con-
figuration at sitej is represented by statesu j s& (s5↑,↓)
with energiesEs , split in the presence of a magnetic fieldB
according to

E↑~↓ !5E2~1 !m0B. ~2!
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TheS51 magnetic configuration is considered in the high
anisotropic limit, where theSz50 state is projected out o
the subspace of interest as in Refs. 15 and 16. This has
done for the sake of simplicity, as will be discussed shor
The S51 states at sitej are then represented byu js&(s5
1,2) and energiesEs , split by the magnetic field as

E65E1D7m1B. ~3!

Hc describes the conduction band, which for Tl2Mn2O7 we
would identify with the Tl 6s conduction band.

The hybridization termHH describes valence fluctuation
between the two magnetic configurations at one site, m
ated by the conduction electrons. For example, promotin
spin-up electron into the conduction band the IV ion at sitj
can pass from stateu j 1& to stateu j↑&. Notice that the highly
anisotropic limit considered inhibits any spin-flip scatteri
processes, which would involve transitions between the
cluded Sz50 state of theS51 configuration and theS
51/2 states mediated by conduction electrons of oppo
spin. So the direction of the local spin at each site is c
served, and IV ions only hybridize with conduction electro
of parallel spin. This will allow for an important simplifica
tion in the solution of the scattering problem, by separatin
in two parts associated with the spin orientation of the c
duction electrons.

The Hamiltonian can be rewritten in terms of the follow
ing creation~and the related annihilation! operators for the
local orbitals16 ~Mn 3d orbitals, in this case!:

dj ,↑
† 5u j 1&^ j↑u,

dj ,↓
† 5u j 2&^ j↓u, ~4!

for which one has

@di ,↑ ,dj ,↑
† #15d i , j~Pi ,↑1Pi ,1!,

@di ,↓ ,dj ,↓
† #15d i , j~Pi ,↓1Pi ,2!,

Pi ,11Pi ,↑1Pi ,21Pi ,↓51,

wherePj ,a5u j a&^ j au are projection operators onto the loc
magnetic configuration states. The local hamiltonian n
reads

HL5~D2mDB!(
j

dj ,↑
† dj ,↑1~D1mDB!(

j
dj ,↓

† dj ,↓ ,

mD5m12m0 . ~5!

Now advantage will be taken of the type of hybridizatio
present, resulting from the highly anisotropic limit chos
for the S51 states. Given a certain configuration for t
occupation of the local orbitals at all sites by spin-up
-down electrons, the spin-up conduction electrons will h
bridize only with those IV ions occupied by spin-up ele
trons ~i.e., in ↑ or 1 local states!. One can simulate this by
including a very high local correlation energy (U→`) to be
paid in the event of mixing the conduction electron with io
occupied by opposite-spin electrons. Concretely, we take16
en
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H5H↑1H↓ ,

H↑5~D2mDB!(
j P↑

dj ,↑
† dj ,↑1U(

j P↓
dj ,↑

† dj ,↑

1(
k

ek,↑ck,↑
† ck,↑1(

i , j
~Vi , jdj ,↑

† ci ,↑1H.c.!. ~6!

H↓ is analogous toH↑ , one having only to reverse the sig
of the magnetic field and the spin orientation. In the follo
ing, we neglect the splitting of the conduction-band energ
in the presence of the magnetic fieldB (ek,s[ek) and take
for the hybridizationVi , j5Vd i , j .

Given a certain configuration of spin orientations distr
uted among the sites, one can now solve two separate p
lems described byH↑ and H↓ , respectively. Each corre
sponds to the problem of a band of conduction electrons
given spin orientation, hybridized with a binary alloy cha
acterized by the spin orientation of the electrons occupy
the local orbitals. These problems we solve with a gener
zation of the CPA approximation, as in Ref. 16. A simil
treatment was used by Sakaiet al.21 We introduce an effec-
tive diagonal self-energy for the local orbitals,S (d)s(v), for
the Hs alloy problem, through which on average trans
tional symmetry is restored. We will now sketch the soluti
of the spin-up problem, the extension to the spin-down c
being straightforward.16

For spin up, the effective Hamiltonian reads

Heff,↑~v!5@D2mDB1S~d!↑~v!#(
j

dj ,↑
† dj ,↑

1(
k

ekck,↑
† ck,↑1(

j
~Vdj ,↑

† cj ,↑1H.c.!.

In terms of the effective Hamiltonian, the effective propag
tor in Fourier space can be calculated~a 232 matrix here,
with components associated with thec andd spin-up bands!:

Geff,↑
k ~v!5

1

v2Heff,↑
k ~v!

. ~7!

In the CPA the effective propagator is taken equal to
ensemble average of the propagator determined byH↑ . The
average local Green’s functions obtained can be expresse

^^cj ,↑ ,cj ,↑
† &&~v!5

1

N (
k

1

v2ek2 V2/@v2s~d!↑~v!#
,

^^dj ,↑ ,dj ,↑
† &&~v!5

1

v2s~d!↑~v!

1
V2

@v2s~d!↑~v!#2 ^^cj ,↑ ,cj ,↑
† &&~v!,

~8!

where

s~d!↑~v!5D2mDB1S~d!↑~v!. ~9!
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The CPA equations obtained to determine se
consistently the effective spin-up and -down self-energies
late them directly to the local Green’s functions for the
ions:16

S~d!↑~v!5
p21

^^dj ,↑ ,dj ,↑
† &&~v!

,

S~d!↓~v!5
2p

^^dj ,↓ ,dj ,↓
† &&~v!

. ~10!

Herep denotes the concentration of spin-up sites, includ
single and double occupation of the ion by spin-up el
trons: p5^Pi ,↑1Pi ,1&. Due to the correlations included
for the densities of states the following hold:

E
2`

`

dvrc,s~v!51,

E
2`

`

dvrd,↑~v!5p, E
2`

`

dvrd,↓~v!512p. ~11!

Given a concentrationp, which is determined by the mag
netization, we solve the CPA equations~spin up and down!
self-consistently together with the total number of partic
equation, through which the chemical potential is det
mined.

To take into account the effect of temperature on the m
netization in a simple form and describe qualitatively t
experimental data in pyrochlores,7,9,10 we used a simple
Weiss molecular field approximation to obtain the magn
zation at each temperature. A similar approach was ado
before for calculations of the magnetoresistivity in C
compounds.22 For a ferromagnet with critical temperatu
Tc , saturation magnetizationM sat, and local magnetic mo
ments of magnitudem which can align with an external mag
netic fieldB one has

M

M sat
5tanhS mB

kBT
1

TcM

TMsat
D . ~12!

Concerning the application of this approximation for t
magnetization to our model for Tl2Mn2O7 we take the local
magnetic momentm coincident with the experimental valu
for M sat, roughly 3mB per Mn ion.10 This is an intermediate
value between the local moments for Mn51, of 3.87mB , and
Mn41, of 2.83mB .

Once obtained the magnetization from Eq.~12!, we deter-
mine the concentrationp of ions occupied by spin-up elec
trons using the relation between them

M5@p2~12p!#m. ~13!

This simple equation expresses the intrinsic link between
magnetic order measured by the magnetization and the tr
port properties which are determined by the CPA se
energies obtained solving the alloy problems correspond
to a concentrationp of spin-up sites in the sample, as will b
shown next.

We now consider the determination of transport prop
ties. Using the Kubo formula it has been proved before23 that
no vertex corrections to the electrical conductivity are o
-
e-

g
-

s
-

-

i-
ed

e
s-

-
g

-

-

tained in CPA for a one-band model with diagonal disord
due to the short range of the atomic scattering potentials.
the same reason, mainly, no vertex corrections to the c
ductivity were obtained by Brouerset al.24 with a CPA treat-
ment of ans-d model for disordered noble- and transitio
metal alloys. Their analysis also applies to our proble
Furthermore, in the absence of a direct hopping term
tween local orbitals only the conduction band will contribu
to the conductivity in our case.24

As in Refs. 23, 24, and 21 we can obtain the conductiv
through Boltzmann equation in the relaxation time appro
mation as

s5sc,↑1sc,↓ ,

sc,↑5nce
2E dvS 2

] f ~v!

]v D tc,↑
k ~v!F~v!, ~14!

where f is the Fermi distribution,nc the total number of
carriers per unit volume, and the relaxation time for spin-
conduction electrons is

tc,↑
k ~v!5

\

2uImSc↑
k ~v!u

. ~15!

From Eq.~8! the self-energy for conduction electrons is r
lated to the effective medium CPA self-energy through

Sc↑
k ~v!5

V2

v2s~d!↑~v!
, ~16!

and is actuallyk independent.F5(1/N) (kvc
2(ek)d(v2ek),

wherevc(ek) is the conduction electron velocity. The exte
sion of these formulas for spin down is straightforward.

Considering temperatures much lower than the Fe
temperature, one can approximateF(v);vF

2rc
(0)(v), vF be-

ing the Fermi velocity. The results presented here were
tained assuming for simplicity a semielliptic density of sta
for the bare conduction bandrc

0(v). In this case, as can b
seen from Eq.~8!, the local Green’s function for conductio
electrons also will have a semielliptic form@with the ener-
gies shifted byScs

k (v)#.

III. RESULTS AND DISCUSSION

We now present the results obtained for this model w
the parametersW56 eV for the semielliptic bare conductio
half-bandwidth~centering the conduction band at the origin!,
E50, D524.8 eV, andV50.6 eV. To reproduce qualita
tively the experimental magnetization data7,9,10we takeTc as
142 K and a saturation value for the magnetization of 3mB
per Mn ion ~like that of free Mn41 ions! in the Weiss
molecular-field approximation, as well asmD51mB . In Fig.
1 we plot the temperature dependence of the magnetiza
obtained for different values of the magnetic field.

In Fig. 2~a! we show the hybridization gap obtained in th
CPA spin-up densities of states atT50 with those param-
eters. No gap occurs in the spin-downc density of states, as
there is strictly no spin-downd density of states to hybridize
with in the ordered state (p51), due to the sum rule of Eq
~11!. In Fig. 2~b! we observe that at temperatures aboveTc
there still are hybridization gaps present for spin-up ban



ow
l is

of
ap.
he
he

r
tic
ol-
-

seen

of
x-
in

s no

. At
r
ivity
e of
se
re.
re

e
rmi

lts
of

r
ng

ort
e-

eti

t

or
,
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and similar gaps have been opened for the spin-downc and
d bands~or at least pseudogaps, as is the case for spin-d
bands at the higher magnetic fields considered:B54 and
8 T!.

FIG. 1. Magnetization as a function of temperature for magn
fields: B50 ~solid line!, 1 T ~dashed line!, 4 T ~dotted line!, and 8
T ~dot-dashed line!. Parameters:Tc5142 K; M sat53 mB , andmD

51mB .

FIG. 2. Local densities of states as a function of energy aB
51 T and~a! T50, ~b! T5200 K. rc,↑ ~dotted line!, rc,↓ ~dashed
line!, rd,↑ ~solid line!, and rd,↓ ~dot-dashed line!. Parameters:W
56 eV, E50, D524.8 eV, V50.6 eV, and others as in Fig. 1.
n
The temperature dependence of the chemical potentia

plotted in Fig. 3 for various values of the total number
particles: below, through, and above the hybridization g
Notice that the chemical potential is only sensible to t
magnetic field when it falls inside the gap, outside which t
temperature dependence is also very smooth.

In Fig. 4~a! we show the resistivity curves obtained fo
three different values of filling, in the absence of a magne
field. The results can be qualitatively understood in the f
lowing way. At T50 the resistivity is zero due to the ab
sence of spin disorder, hence of scattering as can be
quickly from Eqs.~10!, ~15!, ~16!, and ~9! with p51. At
finite temperatures the ‘‘impurity approximation’’15 is useful
to explain the results obtained: A given spin component
resistivity is proportional to the conduction-electron rela
ation time for that spin direction at the Fermi level, which
turn is proportional to thed density of states of that spin
direction at the same energy. At zero temperature there i
spin-down resistivity due to the absence of a spin-downd
density of states, as obtained from Eq.~11!. As the tempera-
ture increases, spin disorder appears and thed-down density
of states becomes finite, and hence resistivity increases
Tc paramagnetism sets in, and thed densities of states fo
both spins tend to become equal; hence the total resist
takes a value about half of theirs. The small negative slop
resistivity atB50 aboveTc can be adscribed to the decrea
of thed density of states at the Fermi level with temperatu
The absolute values of resistivity depending on filling a
distributed corresponding to the respective values of thd
density of states at the Fermi level. In cases when the Fe
level falls inside the hybridization gap our resistivity resu
seem not very reliable, in accordance with the limitations
validity of the Boltzmann treatment for transport.25

In Fig. 4~b! we depict the resistivity curves obtained fo
different magnetic fields at a filling corresponding to havi
placed the Fermi level slightly above the gap,n51.085. This
is the situation of interest in order to explain the transp
properties of Tl2Mn2O7, as can be seen from the strong r

c FIG. 3. Chemical potential as a function of temperature. F
various fillings, from top to bottom:n51.085, 1.07, 1.06, 1.03, 0.3
and 0.15. Solid lines,B50; dashed lines,B58 T. Parameters as in
Fig. 2.
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14 538 56C. I. VENTURA AND B. ALASCIO
semblance of these curves to the experimental data aro
Tc .7–10 An order of magnitude estimate for our resistivi
results forn51.085 is compatible with the values expe
mentally found@see Fig. 4~b!#. In any case the absolute valu
of resistivity we obtain depends on the total number of p
ticles, as shown in Fig. 4~a!.

Figure 4~c! shows the two components of the resistivit
one for each spin direction, atB51 T and two fillings of Fig.
4~a!. For a low total number of particles such that the Fer
level falls below the hybridization gap~n50.15, here!, the
results can be qualitatively understood employing the im
rity approximation. Here, atT50 the spin-up resistivity is
zero due to the absence of spin disorder, resulting in a

FIG. 4. Resistivity as a function of temperature.~a! Dependence
on filling at B50: n51.085 ~solid line!, 0.15 ~dashed line!, and
1.055 ~dotted line!. ~b! Dependence on magnetic field atn
51.085:B50 ~solid line!, 1 T ~dashed line!, 4 T ~dotted line!, and
8 T ~dot-dashed line!. ~c! Spin components of resistivity atB
51 T. At n50.15, r↑ ~solid line!, and r↓ ~dashed line!; at n
51.085,r↑ ~dot-dashed line!, andr↓ ~dotted line!. Parameters as in
Fig. 2. c5(eV)2/@nce

2vF
2\#, e.g.,c;0.1 V cm for nc;1021/cm3

andvF;107 cm/s.
nd

-

i

-

ll

self-energy. Also, thed-down density of states is zero@note
the sum rule of Eq.~11!#, and hence there is no spin-dow
resistivity atT50. Increasing the temperature both resist
ities build up along with spin disorder, dominating th
spin-up one due to a higherd-up density of states at th
Fermi level. AboveTc , one enters the paramagnetic pha
and both resistivities tend to be very similar~equal for B
50!. For a higher filling, e.g., the Fermi level slightly abov
the gap, liken51.085, the spin components of resistivi
appear inverted. Here hybridization gap effects on the C
self-energy become relevant. AtT50, spin order again
causes zero resistivity. But increasing temperature, the p
ence of the spin-up hybridization gap near the Fermi le
produces an important increase in the real part of the C
self-energyS (d)↑ for those energies. At temperatures belo
Tc , the absence of a hybridization gap in the spin-do
density of states instead is reflected in a smoother beha
~and lower values! of the real part of the CPA self-energ
S (d)↓ . As a result of this the spin-up relaxation time~in-
versely proportional to the real part of the alluded CPA se
energy! and resistivity become smaller than their spin-dow
counterparts. This effect of split-band behavior on the r
part of the CPA self-energy is well known from the gene
CPA theory.26 For n50.15, as the Fermi level falls in a
region with an enhancedd-up density of states, a compens
tion of the effects of the real and imaginary parts ofS (d)↑ on
the relaxation time occurs, and the resistivity results can
explained in terms of the ‘‘impurity approximation’’ as don
above. The absolute values of resistivity obtained forn
51.085 are lower than those forn50.15, in accordance with
general lower values of thed density of states. For cases o
intermediate filling, with the Fermi level inside the gap, w
find that the spin components of resistivity interpolate b
tween the two regimes just described.

In Fig. 5 we plot the magnetoresistance results obtain

FIG. 5. Magnetoresistivity as a function of temperatu
MR145 @r1T(T)2r4T(T)#/r4T(T), whererB(T) is the resistivity
at temperatureT and magnetic fieldB, for n51.085 ~solid line!,
0.15 ~dotted line!, and 1.055 ~3!. MR485 @r4T(T)
2r8T(T)#/r4T(T) for n51.085 ~dashed line!, 0.15 ~dot-dashed
line!, and 1.055~1!. ~MR data forn51.055 plotted divided by 10.!
Parameters as in Fig. 2.
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employing the same parameters as above for the model.
our results exhibit a difference in value between the mag
toresistivity maxima aroundTc for lower ~measured by MR14
here! and higher magnetic fields~given by MR48! which is
present in the experimental data.9 We also reproduce the
crossing of the magnetoresistivity curves for lower a
higher magnetic fields which is found at temperatures ab
Tc . Our magnetoresistivity peak values forn51.085 are ap-
proximately a factor 3 smaller than those which can be
tained from the data of Ref. 9. The features mentioned h
as present in the experimental magnetoresistivity data w
determined performing a scan of the resistivity curves of R
9 and afterwards processing those data. Magnetoresist
results obtained for fillings such that the Fermi level
placed inside either band, below and above the hybridiza
gap, are quite independent of the precise value of filli
which is not the case when the Fermi level falls inside
gap region. There, our results would indicate that higher v
ues of magnetoresistance can be attained and shifts of
peaks appear. In all, our description of the main featu
exhibited by transport measurements in Tl2Mn2O7 aroundTc
is quite remarkable, considering the simplifications adop
in our treatment.

We will now refer to the implications for Hall transpo
experiments. In our case, two kinds of carriers are contrib
ing to the transport, namely, conduction electrons of eit
spin direction. The ordinary Hall coefficient for the syste
RH , in terms of those for each type of carrier,Rs (s5↑,↓),
takes the form25

RH~v!5
R↑s↑

21R↓s↓
2

s2 . ~17!

In the ferromagnetic phase, additional ‘‘extraordinary’’
‘‘spin Hall’’ terms in RH , accounting for coupling betwee
orbital motion of the carriers and the magnetization, m
become important.27

The reports on Hall experiments for Tl2Mn2O7 ~Ref. 7!
indicate the presence of electronlike carriers, about 0.
conduction electrons per formula unit aboveTc . In the fer-
romagnetic phase, the Hall coefficient is reported7 to be field
independent~for magnetic fields up to 6 T!, no anomalous
Hall signal is observed, and the number of carriers at l
temperatures is about 3 times the value aboveTc . We will
interpret these facts on the basis of the results obtained
our model. The absence of anomalous Hall contributions
low Tc would indicate that the ordinary Hall coefficien
should suffice to explain the data. We shall assume a sim
free-electron form for the Hall coefficient of each carri
species, namely,Rs51/ecnc,s , where nc,s denotes the
number of conduction electrons with spins contributing to
transport. Consider the model with the parameters u
above, and a filling such asn51.085, i.e., the Fermi energ
placed slightly above the gap in the density of states. At v
low temperatures, the resistivities for spin up and spin do
are both negligible. In such a case, from Eq.~17! the Hall
coefficient would result:RH;(R↑1R↓)/4. In the paramag-
netic phase aboveTc , again both conductivities tend to b
similar, though being finite now, and the same formal e
pression forRH holds. Nevertheless, the difference inRH
above and belowTc can be explained through the necess
re
e-

e

-
re
re
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e
l-
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,
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e-

le
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-

y

change inR↓ . With a gap~larger thankBT! present in the
density of states and the Fermi level lying~slightly! above
the gap, it is only carriers in that upper~‘‘conduction’’! band
which are effective for transport. This holds for spin-up ele
trons up to room temperature in our case, the result
spin-up Hall coefficient having a negligible temperature d
pendence. For spin-down electrons, instead, there is no
present in the ferromagnetic phase. Only atTc has the spin-
down c density of states developed a gap, similar to t
spin-up one. Due to this fact, the number of spin-down el
trons effective for transport is reduced aboveTc , resulting in
an increase ofR↓ and RH in accordance with experimenta
observations.7,9

Meanwhile, it is the total number of conduction electro
~which includes those below the gap and with our parame
is about 0.15, about 10 times the number of carriers ab
the gap! which would represent the real doping (x) into the
Mn41 state to take into consideration. In this way, the dif
culties arising from the small number of carriers obtain
from Hall data which are mentioned in Refs. 7 and 9 cou
be solved. It is interesting to note that a similar difficul
regarding the number of carriers detected and those do
into the sample had been mentioned by the authors of R
28 when presenting their Hall data for TmSe.

To end this section, we now briefly comment on the tra
port results obtained with the impurity version of the mod
discussed above.15 Using parameters for the impurity in ac
cordance with those employed here for the periodic mo
and a filling such that the Fermi level falls slightly above t
peak of the impurity density of states, we obtain magneto
sistance results very similar to those presented above. N
ertheless, the impurity picture would be hard to reconc
with the Hall data in Tl2Mn2O7, indicating a very small num-
ber of carriers effective in transport.7,9

IV. SUMMARY

Summarizing, in this paper we have presented a comp
discussion of the magnetotransport properties obtained
the intermediate-valence model model for the CMR py
chlore compound Tl2Mn2O7 which was proposed in Ref. 17
The model had been used before for the description of in
mediate valence Tm compounds.15,16 A lattice of
intermediate-valence ions fluctuating between two magn
configurations describes the Mn ions, which are hybridiz
with a conduction band which we relate to Tl. In this mod
ferromagnetism originates from the IV lattice, but transp
is intrinsically coupled to the magnetic configuration of t
lattice ~or spin disorder! through the scattering mechanis
for conduction electrons which is determined by the hybr
ization. As a result of this coupling between magnetic ord
and transport properties, colossal magnetoresistance is
tained. We would like to observe that in spite of the simp
fications adopted in our treatment of the model and the
culation of magnetotransport properties, the qualitat
agreement between our results and the experimental
available on CMR pyrochlore Tl2Mn2O7 is quite remarkable.

In connection with the model proposed here, it is impo
tant to mention that Shimakawaet al.10 in a recent paper
comment that the ferromagnetic metallic state and the m
netoresistance in pyrochlore Tl2Mn2O7 are reminiscent of the
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s- f interaction in europium chalcogenides and make a s
gestion in favor of a mechanism for CMR similar to the o
we propose17 and our calculations substantiate. Europiu
chalcogenides have some features in common with mix
valent Tm compounds, for which our model has been or
nally proposed.15,16

The presence of hybridization gaps or pseudogaps in
electronic structure, such as those considered here, coul
only solve the problems posed by the Hall data which
mentioned by the authors of Refs. 7 and 9. They sho
cause observable effects in other experiments, such as
polarized tunneling and optical properties which are intere
ing to investigate. It is interesting to note that electron
structure calculations by Singh14 for the ferromagnetic phas
possess many features in common with our proposed b
structure.

Concerning the strongly anisotropic approximati
adopted here for theS51 magnetic configuration, it shoul
not introduce appreciable error for transport in the stron
ferromagnetic phase where spin-flip scattering processes
not allowed. The application of a magnetic field will als
K.

v.

E.

r.

ll

u,

ll.

v.

at
g-

d-
i-

e
not
e
ld
in-
t-

nd

y
re

reduce spin-flip scattering processes, and so we would
expect major deviations from our magnetotransport pred
tions by relaxing this approximation. In any case, in t
framework of the model and assumin
Tl22x

31 Tlx
21Mn22x

41 Mnx
51O7 the magnetization should be ca

culated consideringS51 and 3/2 magnetic configuration
for the IV ions and deriving the magnetization from the fr
energy, though we do not expect major differences for m
netotransport results. A more accurate treatment of trans
in presence of a hybridization gap in the density of sta
would be required to obtain better results for fillings su
that the Fermi level lies in the gap region. Also, a realis
calculation of the Hall coefficient for this material is a no
trivial and interesting problem.
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