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Influence of charge-carrier density on the magnetic and magnetotransport properties
of Tl2ÀxCdxMn2O7 pyrochlores „xÏ0.2…
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Three members of the pyrochlore series Tl22xCdxMn2O7 (0<x<0.2), prepared under high pressure, have
been characterized by neutron powder diffraction, susceptibility, specific heat, magnetotransport, and Hall
measurements. The materials are ferromagnetic, and the Curie temperatures (TC) slowly decrease upon Cd
substitution, as a consequence of the progressive reduction of Mn-O-Mn superexchange interactions. Both
electrical resistance and magnetoresistance~MR! are dramatically enhanced with respect to stoichiometric
Tl2Mn2O7 , due to the significant reduction in the number of carriers~electrons! induced by hole doping,
measured from Hall data. In particular, MR~9 T! reaches an unprecedented value of 106% at 120 K for the
x50.2 compound. We have analyzed the conduction mechanism in the region aboveTC is terms of polaron
hopping. The presence of polarons is also evidenced from the deviations to the Curie-Weiss fits aboveTC . We
suggest that the large increase of MR and the observed weakening of the magnetic interactions are both related
to the decrease in the number of carriers.

DOI: 10.1103/PhysRevB.66.174408 PACS number~s!: 75.30.Vn, 75.50.2y
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I. INTRODUCTION

Colossal Magnetoresistance~CMR! has attracted a lot o
attention since its discovery in hole-doped perovskite m
ganites (R12xAxMnO3, with R5rare earths,A5alkali
earths!.1 This effect can be described as the change of
electrical resistance upon the application of an external m
netic field. The possible applications based on these c
pounds, mainly as magnetic sensors, have triggered an
tense effort oriented to fully understand this phenomen
The main ingredient for the CMR in these materials is
presence of Mn cations in a mixed Mn31/Mn41 valence
state. This mixed valence leads to a magnetic double
change~DE! that, together with a strong electron-lattice co
pling, is responsible for the change of resistance between
magnetically ordered and disordered states. Near and a
the transition temperatureTC , where the disordered state ca
be easily driven to an ordered state by the application o
magnetic field, ‘‘colossal’’ values for the magnetoresistan
~MR! ratio are found.

CMR has also been reported in other nonperovskite
ides, such as the Tl2Mn2O7 pyrochlore.2–4 Although, by far,
it has been much less studied than perovskite mangan
given the difficulties inherent to its high pressure synthe
some effort has been devoted to understand the mechan
driving the electronic conduction and ferromagnetism,4–7 as
well as to improve the observed MR ratio and the transit
temperature.

Tl2Mn2O7 is a ferromagnetic~FM! oxide, with aTC of
about 125 K. The room-temperature resistance is in the o
of 10 V cm, evidencing the low density of carriers involve
in the transport phenomena (n;0.005e2/unit cell2). As the
pyrochlore structureA2B2O7 is able to incorporate a larg
number of different cations,8 some substitutions have bee
carried out in Tl2Mn2O7, both at the Tl and the Mn posi
tions, in order to gain additional information from th
0163-1829/2002/66~17!/174408~9!/$20.00 66 1744
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changes experienced in the physical properties upon dop
Thus, In,3 Sc,5 Bi,9 and Cd~Ref. 10! have been successfull
introduced at the Tl positions. And the Mn atoms have be
replaced by Ru,11 Sb,12 Te,13 and Ti.14 The introduction of Sb
and Te led to a significant increase in the transition tempe
ture (TC), although, as a drawback, the MR ratio was r
duced. On the other hand, higher MR has been found for
Bi and Cd substitutions. To our knowledge, the highest M
ratio ever reported was found for the Tl1.8Cd0.2Mn2O7 pyro-
chlore. This material was the object of a previous lette10

where a MR as high as 106% at 9 T was described at 120 K
In this work we present a more detailed report of t

in-depth study that was carried out in the Tl22xCdxMn2O7
0<x<0.2 series, including structural data from x-ray d
fraction ~XRD! and neutron powder diffraction~NPD!; mag-
netic data, resistance, and magnetoresistance analysis;
effect measurements and specific heat data; as well a
global interpretation in terms of the relationship between
charge-carrier density and the magnetotransport proper
We will also discuss on the necessity of considering
Mn41/Mn51 valence mixing, due to the partial replaceme
of Tl31 by aliovalent Cd21 cations.

II. EXPERIMENTAL

High-pressure and high-temperature conditions are
quired to prepare these compounds. Nomin
Tl22xCdxMn2O7 (x50.0, 0.1, and 0.2! pyrochlores were
synthesized from stoichiometric mixtures of Tl2O3 , CdO,
and MnO2 powders. The mixtures of oxides were pack
into a 8-mm-diameter gold capsule, placed in a cylindri
graphite heater. The reaction was carried out in a pist
cylinder press, at a pressure of 20 kbar at 1300 K for 1 h. T
reaction products, in the form of blackish dense polycrys
line pellets, were partially ground for XRD characterizatio
with Cu Ka radiation. All of the XRD reflections could be
indexed in a cubic unit cell as single-phase pyrochlore,
©2002 The American Physical Society08-1
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FIG. 1. XRD spectra for the Tl22xCdxMn2O7 compounds. They
correspond to a single-phase pyrochlores. Inset: detailed view o
most intense reflection~222!, showing a displacement to lowe
angles with Cd doping~arrows show the maximum of the peak!.
This shift corresponds to an increase of the lattice parameter.
17440
shown in Fig. 1. The variation of the unit cell parameter
almost linear, froma59.9004(1) Å for Tl2Mn2O7, to a
59.9075(1) Å for Tl1.8Cd0.2Mn2O7. This variation is con-
sistent with the larger ionic radius for Cd21 ~1.10 Å! than for
Tl31 ~0.98 Å! in eightfold coordination15 (Cd21 is well
known to occupy theA positions in many pyrochlores8!. The
inset shows the displacement of the most intense reflec
~222! with doping.

A NPD study was performed at room temperature for
Cd-rich end of the seriesx50.2 ~see Fig. 2!. The high-
resolution spectrum was recorded at the D2B diffractome
of the ILL ~Grenoble!, with a wavelengthl51.594 Å. The
sample, weighing 0.8 g, was packed in a double-walled
nadium holder, to minimize the Cd absorption. The NP
pattern was Rietveld refined using theFULLPROF program.16

The structural model was that of the conventional cu
pyrochlore, defined in the space groupFd3̄m, Z58. Tl
and Cd atoms were considered to be randomly distribu
at the A positions. The results are summarized in Table
The final crystallographic composition i
@Tl1.73(2)Cd0.27(2)#c sites@Mn2#d sitesO7.01(1). There is no mea-
surable oxygen deficiency at O8 positions. The Mn-O dis-
tance observed for Tl1.8Cd0.2Mn2O7, of 1.8983~8! Å, is sig-
nificantly shorter than that observed for the nonsubstitu
pyrochlore, of 1.9013~4! Å,17 in spite of the expansion ob
served in the unit-cell volume. This is due to the significa
change of the x parameter for O oxygen position
@x50.4245(8) in the undoped compound17#, and it is con-
sistent with the strengthening of the Mn-O bonds due to
removal of electrons from bands of antibonding characte

Magnetic dc susceptibility and magnetization were m
sured in a commercial superconductor quantum interfe

he
o

FIG. 2. Observed ~open
circles!, calculated~full line!, and
difference~bottom! NPD Rietveld
profiles for Tl1.8Cd0.2Mn2O7 . The
series of tick marks correspond t
the allowed Bragg reflections.
8-2



es
co
te
T
r

on
tri
h
m

aly
ut
tio

rr
ce

ed

char-
at

The

ve
g
he

m
has

on,
FM
o-

ed
the
but
gh
still
ses,
in,
PM

he
era-
w.

he
s
hat
.
K.

ra-
.5

e

ob-

is

he

ph

es
fi
a

gn

INFLUENCE OF CHARGE-CARRIER DENSITY ON THE . . . PHYSICAL REVIEW B 66, 174408 ~2002!
meter device~SQUID! in magnetic fields up to 5 T, and
temperatures from 2 to 400 K. Resistance and magnetor
tance data were measured in a conventional four-points
figuration, in a physical properties measurement sys
~PPMS! from Quantum Design, in magnetic fields up to 9
and temperatures from 5 to 400 K. Hall-effect data we
collected in a five-points configuration. This configurati
allows us to eliminate from the data any longitudinal con
bution that could have been introduced by the somew
irregular geometry of the pellets. Also the contribution fro
the MR was compensated before performing the Hall an
sis. The specific heat measurements were also carried o
a PPMS, by the quasiadiabatic heat pulses relaxa
method. The estimated resolution is better than 1%.

III. RESULTS

Figure 3 condenses the magnetic measurements ca
out in the samples. In the left axis we present the dc sus

TABLE I. Atomic parameters after the Rietveld analysis of t

x50.2 compound, from NPD data at RT, refined in theFd3̄m space
group a59.9075(1) Å. The main interatomic distances~Å! and
angles~°! are also included. Agreement factors:Rp52.10%, Rwp

52.68%,RI57.01%,x252.35.

Atom site x y z focc
a B(Å 2)

Tl 16c 0 0 0 0.87~1! 0.65~4!

Cd 16c 0 0 0 0.13~1! 0.65~4!

Mn 16d 0.5 0.5 0.5 1.0 0.68~8!

O 48f 0.4258~1! 0.125 0.125 1.0 0.79~2!

O8 8a 0.125 0.125 0.125 1.01~1! 0.51~8!

Mn-O 1.8983~8! Mn-O-Mn 134.44
Tl-O 2.4681~8!

Tl-O8 2.1436~1!

aThe refinement of the occupancy factors leads to a crystallogra
composition@Tl1.73(2)Cd0.27(2)#c sites@Mn2#d sitesO7.01(1) .

FIG. 3. Magnetic data for the Tl22xCdxMn2O7 oxides. Left axis:
Susceptibility, measured at 1000 Oe after a field-cooled proc
Right axis: Inverse of the susceptibility, together with the linear
to a Curie-Weiss behavior. Arrows mark the points where the d
separate from the ideal law. Inset: positive branches of the ma
tization at 5 K.
17440
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tibility, measured in a 1000 Oe field, after a field-cool
process. The samples are Tl2Mn2O7 ~labeled as ‘‘0.0’’!,
Tl1.9Cd0.1Mn2O7 ~‘‘0.1’’ !, and Tl1.8Cd0.2Mn2O7 ~‘‘0.2’’ !. All
the three samples show the spontaneous magnetization
acteristic of FM materials, with a transition temperature th
decreases with doping~see Table II!. This observation sug-
gests a decrease in the strength of the FM interactions.
inverse of the susceptibility~right axis! follows a Curie-
Weiss behavior, but only for high temperatures, well abo
TC . The Weiss temperature (uW) decreases when increasin
the Cd doping level, in agreement with the reduction of t
magnetic interactions that can be inferred from theTC val-
ues.

When cooling from high temperatures, a deviation fro
the Curie-Weiss linear dependence is observed. This fact
been attributed to the presence of spin polarons aboveTC . A
spin polaron is a FM cluster in the paramagnetic regi
where an electron is captured. It has been shown that a
alignment of the localized magnetic moments favors the m
bility of the conduction electrons2–4 in this family of com-
pounds. Therefore, the formation of FM clusters is favor
by a decrease in the kinetic energy of the carriers. As
temperature is increased from the FM region, above
close toTC the formation of spin polarons is easy: althou
the long-range magnetic interactions are vanished, there
remain short-range interactions. As temperature increa
the thermal energy finally overcomes the kinetic energy ga
destroying the short-range interactions, and reaching the
regime. This PM regime corresponds in the graph~Fig. 3! to
the solid lines that are coincident with the inverse of t
susceptibility only above a certain temperature. The temp
ture of deviation is marked for each sample with an arro
The left-most one corresponds to Tl1.8Cd0.2Mn2O7, while the
rightmost one corresponds to the pure Tl2Mn2O7 compound,
being the middle one the corresponding to t
Tl1.9Cd0.1Mn2O7. The temperature of formation of polaron
is lowered with increasing the Cd doping, which means t
the short-range magnetic interactions also are weakened

The inset of Fig. 3 shows the magnetization curves at 5
They are characteristic of a FM behavior, with a low satu
tion field ~a 98% of the saturation value is reached for a 0
T field!. The remanent field is also very small~of the order of
10 Oe!. The value of the saturation magnetization~Table II!
increases with the Cd doping.

The thermal variation of the resistivity is plotted in th
lower panel of Fig. 4, both with~open symbols! and without
~solid symbols! an applied magnetic field~9 T!. In the ab-
sence of magnetic field, an insulator-type behavior is
served for temperatures well aboveTC . By decreasing the
temperature below 200 K, a huge drop in the resistivity

ic

s.
t
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TABLE II. Magnetic parameters for the Tl22xCdxMn2O7 com-
pounds.

Sample TC ~K! MS (mB /f.u.) uCW ~K! meff (mB /f.u.)

0.0 118 5.185 154 5.20
0.1 112 4.733 151 5.28
0.2 110 5.558 141 5.40
8-3
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P. VELASCOet al. PHYSICAL REVIEW B 66, 174408 ~2002!
observed, leading to a metallic behavior for low tempe
tures. This metal-insulator transition is concomitant with t
magnetic transition~the magnetic transition temperatures l
in the shadowed temperature interval!, and it is related to the
kinetic energy gain by the conduction electrons when
neighboring localized moments become ferromagnetic
ordered. Roughly speaking, a high-resistance state is fo
in the PM region, and the low-resistance state is observe
the FM region, with a wide transition between them. The f
that this transition is not a sharp one is explained by the w
PM region in which an appreciable contribution to the s
ceptibility comes from the presence of spin polarons. Th
is a large difference between the resistivity magnitudes of
three studied samples; the room-temperature values ar
cluded in Table III. This difference cannot be explained
only considering the magnetic interactions from one sam
to the others. As it can be seen in Fig. 3, the values in
inverse of the susceptibility~and, hence, in the susceptibilit
itself! are not very far from one another. At least not
justify a two order of magnitude increase in the room te
perature resistivities. This fact is, then, related either t
decrease in the number of carriers, as we found from H
effect measurements, described below; or to a decrease i

FIG. 4. Lower panel: variation of the resistivity with the tem
perature for Tl22xCdxMn2O7 , both with ~open symbols! and with-
out ~solid symbols! applied magnetic field of 9 T. Upper pane
dependence of the magnetoresistance with the temperature~see the
text for MRI definition!. The shadowed area represents the zo
where the magnetic transition takes place.
17440
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mobility. This will be discussed later. The magnitude of t
high-temperature to low-temperature drop is also stron
sample dependent, as shown in Table III. The difference
the ratio of resistivity between the high-resistive and the lo
resistive regionsr200 K/r50 K increase with the degree of C
doping. This fact can be accounted for by considering
concomitant changes in the number of carriers, in such a
the samples with a lower number of carriers~and higher Cd
doping! are more affected by the magnetic interactions.

We analyzed the conduction mechanism in the reg
aboveTC is terms of polaron hopping. In this case, the r
sistivity in that region should be thermally activated,19 in the
form

s5s0 expS 2
Es

kBTD ,

wheres05gde2 n0d/akBT. The factorgd is determined by
the hopping geometry,n0 and a are the attempt frequenc
and hopping distance, respectively, andd is the carrier con-
centration per Mn site. Consequently, we have fitted
high-temperature resistivity data for the three samples
such an activated behavior. The good agreement of the fi
consistent with the existence of spin polarons for such te
peratures. This also demonstrates that polarons are res
sible for the conduction in the insulator region. The valu
found for Es are given in Table III. As it can be seen, the
is an increase inEs upon Cd doping. That means that as t
Cd content increases, it becomes more difficult for the
larons to hop from one position to a neighboring one. In fa
the energetic barrier they have to jump over is higher. T
energetic barrier reflects the difficulty of polarizing in para
lel the localized magnetic moments surrounding the polar
and, hence, allowing the polaron to move to the next po
tion. In other words, the increase in theEs values again
evidences a decrease in the strength of the FM interact
when we replace Tl by Cd, as it was shown by the decre
in TC .

When a magnetic field is applied, the localized Mn41

magnetic moments tend to align parallel to the field, dim
ishing the scattering of the carriers and, thus, increasing
mobility of the conduction electrons. This fact is manifest
in a decrease of the resistivity, as shown in the lower pane
Fig. 4 ~open symbols!. The effect is more drastic in the vi
cinity of the magnetic transition. In this region, the applic
tion of a magnetic field aligns in parallel the localized m
ments, the corresponding thermal energy being unable
disorder them. For higher temperatures~close to room tem-
perature! this effect is reduced by the thermal agitation.

e

TABLE III. Transport and magnetotransport parameters.

Sample r300 K ~V cm! r200 K/r50 K Tmax ~K! Es ~meV! CLittlewood nHall (e2/u.c.)

0.0 25.67 154.7 144 55.4 48.39 5.531023

0.1 2244.5 1.163105 124 214.3 75.20 1.5131023

0.2 5951.3 8.783105 122 265.1 91.88 1.9731024
8-4
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INFLUENCE OF CHARGE-CARRIER DENSITY ON THE . . . PHYSICAL REVIEW B 66, 174408 ~2002!
This drop in the resistivity with the application of a ma
netic field is known as magnetoresistance. The MR ratio
be defined as MR~H! (%)51003@r(H)2r(0T)#/r(0T).
As r decreases upon the application of a magnetic field,
will be negative and the maximum available value is 100
When this effect is huge, as it is the case, MR takes va
above 99.9% and it is difficult to establish proper compa
sons. For this reason, it is preferred to define it
MRI(H) (%)51003@r(H)2r(0T)#/r(H), allowing us to
have a better idea of the magnitude of the change. In
upper part of the Fig. 4 we show the variation of the MRI
9 T with the temperature for the three samples. One
appreciate the wide peak that appears aboutTC ~shadowed
area!. The temperature of the maximumT(MRImax) slightly
decreases in Cd samples~see Table III!. This is coherent with
the decrease inTC , produced by a weaker FM interactio
The most spectacular result is that the maximum value
MRI is drastically increased with Cd doping. For th
Tl1.8Cd0.2Mn2O7 sample, the maximum MRI~9 T! is above
106%. To our knowledge, this is the highest magnetore
tance ratio ever reported in bulk oxides.10

Figure 5 represents MR versus the applied magnetic fi
measured at 120 K. This temperature corresponds, app
mately, to the maximum in MRI at 9 T, where the effect
more drastic. Notice that a small amount of Cd doping at
positions~5%! produces a spectacular change in magneto
sistance. Values above 104% are achieved at fields of 2.5 an
1.5 T for Tl1.9Cd0.1Mn2O7 and Tl1.8Cd0.2Mn2O, respectively.
The low-field magnetoresistance is also very high: ForH
51 T, MR increases from 10% for the pure compound,
83102% for x50.1 and to 23103% for x50.2. This is also
one of the highest MR ratios ever reported for this moder
magnetic field.

The Hall-effect data are shown in Fig. 6. The transve
resistivity slope is negative, implying that the conducti
carriers are electrons. The increase in the slope when do
with Cd means that the number of carriers~n! is decreasing.
The values ofn are given in Table III, and plotted in the inse

FIG. 5. Variation of the magnetoresistance ratio~MRI! with the
applied magnetic field for Tl22xCdxMn2O7 , measured at 120 K
~around the transition temperatures!. Observe the large low-field
magnetoresistance for the doped samples.
17440
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of Fig. 6. The obtained figures are in agreement with
evaluation we made from the fitting of the high-temperatu
conductivity to an activated behavior. In addition, the effe
of doping is very important, reducing the number of carrie
in almost one order of magnitude from the lower dopi
level (x50.1) to the next one (x50.2). This reduction in the
number of carriers is coherent with the increase of the re
tivity upon Cd doping. We demonstrate below that it is al
responsible for the magnitude of the changes observed in
magnetotransport properties.

Majumdar and Littlewood developed a model for the M
in a FM material with a low carrier density.20 In such a
material, the transport is governed above the transition t
perature by scattering due to spin fluctuations. As the carr
are coupled to the localized moments, which is reflected
the formation of spin polarons, the transport occurs via
laron hopping. For temperatures well aboveTC (T
.1.2TC), Majumdar and Littlewood20 demonstrate that MR
scales with the square of the magnetization, in the form

Dr/r0'CLittlewoodS m

ms
D 2

,

wherems is the saturation magnetization for that materi
This scaling is independent of the temperature, as far as
model can be applied. The value ofCLittlewood is proportional
to the reciprocal of number of carriersCLittlewood;n22/3.

In Fig. 7 we plotted the magnetoresistanceDr/r0 versus
the square of the magnetization, at several temperatures
the three samples. The three plots are linear for small va
of (m/ms)

2. Also, the values ofCLittlewood are independent o
the temperature, assessing the goodness of the model. I
dition, the increase in the slopeCLittlewood with the doping
level ~see Table III! is coherent with the decrease in th
number of carriers, as measured by the Hall effect and p
dicted by the model.

The specific heat around the magnetic transition
Tl2Mn2O7 and Tl1.8Cd0.2Mn2O7 is plotted in Fig. 8, after
subtraction of the phononic and electronic component.

FIG. 6. Hall-effect measurements: variation of the transve
resistivity with the applied field, measured at 5 K, for th
Tl22xCdxMn2O7 compounds. Inset: variation of the number of ca
riers per unit cell with the Cd content~note the log scale!.
8-5
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P. VELASCOet al. PHYSICAL REVIEW B 66, 174408 ~2002!
both samples, a well-defined peak corresponds to the m
netic ordering temperatureTC . In the case of thex50.2
Cd-substituted material, the peak is displaced towards lo
temperatures, as observed from susceptibility measurem
When a magnetic field is applied, there is a reduction of
height and a broadening of the peak, evidencing that

FIG. 7. Relation between the magnetoresistance and the sq
of the magnetization, for three different temperatures. The ag
ment with the Majumdar-Littlewood model is shown~lines!. Inset:
variation of the proportionality factorCLittlewood with the Cd con-
tent.

FIG. 8. Magnetic transition peak in the specific heat
Tl2Mn2O7 ~upper panel! and Tl1.8Cd0.2Mn2O7 ~lower panel!, for
different applied magnetic fields~after subtracting the phononic an
electronic components!.
17440
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er
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magnetic interactions extend to a higher temperature ra
reaching largerT values. The integration of the peaks show
how much energy is involved in the transition, for each ca
Under a zero magnetic field the peak area is larger for
x50.2 Cd-doped sample~see Table IV!, suggesting that
more energy is required to align the Mn spins in parallel.
the saturation magnetization is almost the same for b
samples, this result suggests that we have a weaker mag
interaction in the Cd-doped sample, and hence, we nee
supply more energy for reaching the magnetically orde
state.

Several mechanisms have been proposed as respon
for the magnetic interactions in Tl2Mn2O7 derived materials.
There is a general consensus excluding a DE mechan
and accepting SE between neighboring Mn cations as
most possible driving force for magnetic ordering. Sush
et al. proposed a model21 in which the interactions betwee
nearest neighbors are AF in origin, and that the interacti
to next-nearest neighbors are indeed FM and dominate du
the geometrical frustration of the lattice. Recently, Nu´ñez-
Regueiro and Lacroix proposed22 that the magnetism in
A2Mn2O7 pyrochlores (A5In,Tl) can be explained as th
superposition of two interaction terms. The first one is
conventional SE across Mn-O-Mn paths, which alone wo
not explainTC values above 15 K. These authors22 introduce
an additional indirect exchange term due to the overlapp
of the conduction band with the Mn(eg) levels, in such a
way that the conduction electrons indeed participate in
strengthening of the magnetic interactions. We have exp
mentally shown that this is the case in the Tl22xCdxMn2O7
series, where a reduction in the strength of the FM inter
tions is observed upon Cd doping, concomitant with a
crease in the number of carriers and a dramatic incremen
the MR ratio.

IV. DISCUSSION

The introduction of Cd21 cations in the Tl31 sublattice
seems to suggest, within a simple ionic picture, a conco
tant increase of the oxidation state of manganese cati
implying the oxidation of some Mn41 to Mn51, assuming
that the oxygen stoichiometry is unchanged. Howev
Tl2Mn2O7 pyrochlore is certainly not an example of
‘‘simple ionic’’ compound. As demonstrated by electron
band-structure calculations18 in this compound there exists
majority conduction band, with heavy holes that do not co
tribute to the transport and a minority conduction band, w
light electrons that are the responsible for the transport
the magnetic interactions~see Fig. 9!. The existence of this
minority conduction band means that electrons are not tot
located at the oxygen ions, but instead a part of them
delocalized, as it happens in a metal. This can be seen a
‘‘increase’’ in the oxidation state for the oxygen, implyin
that the transfer of two electrons from the metal eleme
into the oxygen has not been completed in this compou
better named as ‘‘half-metallic.’’

In a first approximation we can assume that the introd
tion of Cd21 at Tl31 sites will not significantly change the
band structure, instead leading to a lower filling in the co
duction band. The charge neutrality is preserved, since e

are
e-
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TABLE IV. Specific heat parameters for Tl2Mn2O7 and Tl1.8Cd0.2Mn2O7 , measured at different magneti
fields ~see Fig. 8!.

Sample Tl2Mn2O7 Tl1.8Cd0.2Mn2O7

Magnetic field
~T!

Peak area
~J/mol K!

T
~K!

Peak width
~K!

Peak area
~J/mol K!

T
~K!

Peak width
~K!

0 1.239 111.72 13.24 2.616 107.74 17.33
0.5 1.311 114.18 21.81
1 1.375 116.25 25.89 0.836 114.4 20.2
3 1.352 124.54 33.10 1.114 115.4 51.7
6 0.994 123.1 44.1
9 0.202 136.5 30.6
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Tl31 will contribute with three electrons to the filling of th
bands and the Cd21 will do the same with two electrons
Consequently, the number of positive charges located at
cations is equivalent to the number of electrons in the ba
of the solid.

Mn contributes with four electrons; therefore, for the pu
Tl2Mn2O7 compound, the total number of transferred ele
trons is 3321432514. A part is located in the inne
bands, and only the last electron is to be considered for
purposes~responsible for the transport properties of this m
terial!. A fraction of this very last electron is in the minorit
conduction band, and this fraction is the one measured
Hall effect (n56.8731024 e/f.u., at 5 K, see below!. The
rest of this last electron is, therefore, in the majority cond
tion band.

When substitutingx atoms of Tl31 by Cd21, the total
number of electrons provided per formula is 142x. Thirteen
of them will occupy the inner bands, and the rest (12x) will
be the topmost ones, responsible for the properties of in
est. For the pure pyrochlore (x50) a 6.8731024 fraction of
this last electron is in the minority band, and 0.99313 of i
in the majority. When introducingx Cd atoms we can as
sume, again in a first approximation, that this ratio is sim
to that observed in the undoped compound. That makes
in the minority band, contributing to the transport, there

FIG. 9. Schematic density of states of the pyrochlo
Tl2Mn2O7 , as proposed by Singh~Ref. 18!. Up ~down! arrow in-
dicate majority~minority! spins.
17440
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(12x)36.8731024 electrons per formula unit. For Cd 0.1
this number is 0.936.873102456.1831024 e/f.u. Experi-
mentally, from Hall data, we foundn0.151.931024 e/f.u.
~see below!. For Cd 0.2 the number is 0.836.8731024

55.531024 e/f.u. From Hall data we foundn0.250.25
31024 e/f.u. ~see below!. We always observe a number o
charge carriers lower than expected.

The differences observed between the experimental~Hall!
and expected number of carriers can be understood by ex
ining the introduced simplifications,~i! the ratio of electrons
in the minority and majority conduction bands will not b
constant when introducing Cd, since the bands are parab
and the number of electrons in the minority bands will
lower as the total number of electrons is reduced and~ii ! the
band structure indeed changes, since Cd tends to form m
ionic, undirected bonds in the solid, thus narrowing t
bands in the proximity of Cd sites, introducing scatteri
centers, and reducing the effective number of carriers
measure.

Moreover, the Cd inclusion not only changes the num
of carriers, but—as we explained before—it produces a n
rowing of the bands in the neighborhood of the Cd catio
That affects the spin-separated transport. That is, reachi
Cd site, the number of minority electrons will be reduced~as
the band increases in energy!, and some electrons will go to
the majority band. But this mechanism involves a spin-fl
process. Therefore, there are local spin scattering cen
introduced by Cd, that will reduce the electron mobility.

Let us consider the relative influence of both magnitud
number of carriers, and mobility, in the resistivity and ma
netoresistance of these materials. In Fig. 10 we give the t
perature evolution of the number of carriers for the differe
samples. Note the significant decrease of this magnitude
pecially aroundTC . This can explain, in part, the increase
the resistivity nearTC . Regarding the influence of the mo
bility of the carriers in the changes in the resistivity, let
first consider the variation of the resistivity with the tempe
ture. In Table V we give the number of carriers and t
resistivity for different temperatures. As the conductivitys is
given by s5neme , we can calculate the electron mobilit
me from the experimental values~see also Table V!. When
heating from low temperatures, the mobility decreases b
orders of magnitude at the peak in the resistivity~120 K!,
and increases slightly due to the enhancement of the t
8-7
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mally activated movement of the polarons. This produces
decay in the resistivity at high temperatures.

Let us finally discuss on the influence of the mobility o
the magnetoresistance. As mentioned in the results sec
the conductivity of the electrons is tightly bound to the p
allel alignment of the magnetic moments, in such a way t
the application of a magnetic field near the transition te
perature considerably aligns the magnetic moments, indu
a clear increase in the mobility. It is very difficult to estima
this effect directly: as the resistivity is proportional to th
reciprocal of bothn and r, the decrease in the resistivit
upon the application of a magnetic field~magnetoresistive
effect! can be due to an increase either in the number
carriers, or in the mobility, or in both magnitudes, when
external magnetic field is applied. The only way to separ
the intrinsic variation of the mobility with the field is b
measuring the variation of both the resistivity and the nu
ber of carriers. The variation of the resistivity is given by t
MR ratio, in Figs. 4 and 5. An increase in the number
carriers with the magnetic field will lead to a decrease in
slope value in the transverse resistivity. For high tempe
tures, nearTC , it is very difficult to properly estimate the
number of carriers, mainly due to the great increase in
MR, and the appearance of considerable anomalous co

FIG. 10. Evolution of the number of carriers per formula un
measured by Hall effect, with the temperature, f
Tl22xCdxMn2O7 .
K.
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butions. At low temperatures there is no appreciable eff
~Fig. 6!, therefore, we can conclude thatn does not vary with
the field, and that the magnetoresistive effect is due to
increase in the mobility upon the application of a magne
field.

V. CONCLUSIONS

We have performed an in-depth study of the magne
transport and magnetotransport properties of
Tl22xCdxMn2O7 pyrochlores family, with 0<x<0.2. A huge
increase in MR is progressively observed upon Cd dopi
The magnetic properties and specific heat measurem
present evidence for a weakening of the strength of the
interactions. Transport measurements reveal a drastic
crease in the number of carriers in the Cd-substituted m
rials. The fit of the magnetotransport data to the Majumd
Littlewood model allows us to conclude that the M
response in these materials is correlated to the magnetic
teractions, and that the large increase of MR and the we
ening of the magnetic interactions are both related to
decrease in the number of carriers. A NPD study, show
that Cd replaces at random Tl atoms, suggests a larger i
contribution in the average~Tl, Cd!-O bonds, leading to a
reduced electronic transfer to the conduction band, thus
matically decreasing the number of carriers available
electronic transport.

ACKNOWLEDGMENTS

We thank the financial support of the spanish Ministe
de Ciencia y Tecnologı´a to the Projects No. MAT2001-053
and MAT99-1045, and we are grateful to ILL for making a
facilities available.

TABLE V. Variation of the number of carriers~n!, the resistivity
~r!, and the electron mobility (me) of the Tl1.8Cd0.2Mn2O7 com-
pound with the temperature.

Tl1.8Cd0.2Mn2O7

T ~K! n (e2m3) r ~V m! me ~m2/V s!

5 2.0331023 2.9031023 10.6131023

120 3.7931022 1.543103 1.131027

250 6.8431019 3.923102 2.331024
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22M. D. Núñez-Regueiro and C. Lacroix, Phys. Rev. B63, 014417

~2001!.
8-9


