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Influence of charge-carrier density on the magnetic and magnetotransport properties
of Tl,_,Cd,Mn,0O- pyrochlores (x<0.2)
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Three members of the pyrochlore series TICd,Mn,0; (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 temperairedofvly decrease upon Cd
substitution, as a consequence of the progressive reduction of Mn-O-Mn superexchange interactions. Both
electrical resistance and magnetoresistafMB) are dramatically enhanced with respect to stoichiometric
TI,Mn,0O;, due to the significant reduction in the number of carri@ectron$ induced by hole doping,
measured from Hall data. In particular, N&RT) reaches an unprecedented value df%0at 120 K for the
x=0.2 compound. We have analyzed the conduction mechanism in the region Bpaveerms of polaron
hopping. The presence of polarons is also evidenced from the deviations to the Curie-Weiss fiffabdie
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.
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[. INTRODUCTION changes experienced in the physical properties upon doping.
Thus, In® Sc? Bi,® and Cd(Ref. 10 have been successfully
Colossal Magnetoresistan¢EMR) has attracted a lot of introduced at the Tl positions. And the Mn atoms have been
attention since its discovery in hole-doped perovskite manteplaced by Rd; Sb;'* Te,** and Ti!* The introduction of Sh
ganites R;_,A,MnO;, with R=rare earths,A=alkali and Te led to a significant increase in the transition tempera-
earthy.! This effect can be described as the change of théure (Tc), although, as a drawback, the MR ratio was re-
electrical resistance upon the application of an external ma$l_lc‘3d- On the other hand, higher MR has been found for the
netic field. The possible applications based on these con! @nd Cd substitutions. To our knowledge, the highest MR

pounds, mainly as magnetic sensors, have triggered an ifatio ever reported was found for the, JCd, Mn,O7 pyro-

tense effort oriented to fully understand this phenomenonchloré. This material was the object of a previous letter,

The main ingredient for the CMR in these materials is theWhere a MR as high as 1% at 9 T was despribed at 120 K.
presence of Mn cations in a mixed BIWMn** valence In this work we present a more detailed report of the

: : . in-depth study that was carried out in the, TICd,Mn,O,
state. This mixed valence !eads to a magnetic dguble M<x=0.2 series, including structural data from x-ray dif-
change(DE) that, together with a strong electron-lattice COU- - tion (XRD) and neutron powder diffractiofNPD); mag-

pling, is responsible for the g:hange of resistance between trWetic data, resistance, and magnetoresistance analysis; Hall-
magnetically ordered and disordered states. Near and abo

< X Yfect measurements and specific heat data; as well as a
the transition temperatuc, where the disordered state can giopg interpretation in terms of the relationship between the

be easily driven to an ordered state by the application of gnarge-carrier density and the magnetotransport properties.
magnetic field, “colossal” values for the magnetoresistanceye will also discuss on the necessity of considering a

(MR) ratio are found. . . Mn**/Mn>" valence mixing, due to the partial replacement
CMR has also been reported in other nonperovskite oXpf T|3* py aliovalent C4* cations.

ides, such as the JWIn,0, pyrochlore?=* Although, by far,
it has been much less studied than perovskite manganites,
given the difficulties inherent to its high pressure synthesis,
some effort has been devoted to understand the mechanismsHigh-pressure and high-temperature conditions are re-
driving the electronic conduction and ferromagnetfSthas  quired to prepare these compounds. Nominal
well as to improve the observed MR ratio and the transitionTl,_,CdMn,0O; (x=0.0, 0.1, and 0.2 pyrochlores were
temperature. synthesized from stoichiometric mixtures of,0, CdO,
TI,Mn,0; is a ferromagneti¢FM) oxide, with aT¢ of  and MnQ powders. The mixtures of oxides were packed
about 125 K. The room-temperature resistance is in the ordénto a 8-mm-diameter gold capsule, placed in a cylindrical
of 10 0 cm, evidencing the low density of carriers involved graphite heater. The reaction was carried out in a piston-
in the transport phenomena0.005e/unitcelP). As the  cylinder press, at a pressure of 20 kbar at 1300 K for 1 h. The
pyrochlore structuréd,B,0; is able to incorporate a large reaction products, in the form of blackish dense polycrystal-
number of different cation$some substitutions have been line pellets, were partially ground for XRD characterization,
carried out in TJMn,O,, both at the Tl and the Mn posi- with Cu K, radiation. All of the XRD reflections could be
tions, in order to gain additional information from the indexed in a cubic unit cell as single-phase pyrochlore, as
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FIG. 1. XRD spectra for the J1,Cd,Mn,0, compounds. They [X=0.4245(8) in the undoped compodAf and it is con-
correspond to a single-phase pyrochlores. Inset: detailed view of théistent with the strengthening of the Mn-O bonds due to the
most intense reflectiori222), showing a displacement to lower removal of electrons from bands of antibonding character.
angles with Cd dopindarrows show the maximum of the pgak
This shift corresponds to an increase of the lattice parameter.
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shown in Fig. 1. The variation of the unit cell parameter is
almost linear, froma=9.9004(1) A for TpMn,O;, to a
=9.9075(1) A for T} ¢Cd, ;Mn,O,. This variation is con-
sistent with the larger ionic radius for €d(1.10 A) than for
TI®* (0.98 A) in eightfold coordinatiot? (C* is well
known to occupy thé\ positions in many pyrochlor8s The
inset shows the displacement of the most intense reflection
(222) with doping.

A NPD study was performed at room temperature for the
Cd-rich end of the seriex=0.2 (see Fig. 2. The high-
resolution spectrum was recorded at the D2B diffractometer
of the ILL (Grenoble, with a wavelengthh=1.594 A. The
sample, weighing 0.8 g, was packed in a double-walled va-
nadium holder, to minimize the Cd absorption. The NPD
pattern was Rietveld refined using theLLPROF program:®
The structural model was that of the conventional cubic
pyrochlore, defined in the space gro&@3m, Z=8. TI
and Cd atoms were considered to be randomly distributed
at the A positions. The results are summarized in Table .
The final crystallographic composition is
[Tl1.732C%.27(2)lc sited MN2]4 siteO7.01(1)- There is no mea-
surable oxygen deficiency at’Qoositions. The Mn-O dis-
tance observed for TCd, ,Mn,0O;, of 1.89838) A, is sig-
nificantly shorter than that observed for the nonsubstituted
pyrochlore, of 1.901@) A, in spite of the expansion ob-
served in the unit-cell volume. This is due to the significant
change of thex parameter for O oxygen positions

Magnetic dc susceptibility and magnetization were mea-
sured in a commercial superconductor quantum interfero-

Tl §Cdp2Mn,0O7 1

FIG. 2. Observed (open
circles, calculated(full line), and
difference(bottom NPD Rietveld
profiles for Th Cdy ,Mn,O;. The
- series of tick marks correspond to
the allowed Bragg reflections.
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TABLE |. Atomic parameters after the Rietveld analysis of the = TABLE Il. Magnetic parameters for the J1,CdMn,0O; com-
x=0.2 compound, from NPD data at RT, refined in Fg8m space  pounds.
group a=9.9075(1) A. The main interatomic distancék) and
angles(°) are also included. Agreement factoR;=2.10%, Ry, Sample Tc (K)  Ms(ug/fu)  Oew (K)  pen (us/fu.)
=2.68%,R,=7.01%, y,=2.35.

0.0 118 5.185 154 5.20
Atom site X y 2 foed B(A?) 0.1 112 4.733 151 5.28
0.2 110 5.558 141 5.40
Tl 16c O 0 0 0.871) 0.654)
Cd 1& 0 0 0 0.131) 0.654) o _ _ .
Mn 16d 05 05 05 1.0 0.68) tibility, measured in a 1000 Oe field, after a field-cooled
o 4% 0.42581) 0125 0.125 1.0 0.79) process. The samples are,Min,0O; (labeled as “0.0,
o' 8a 0.125 0125 0125 101 0518  11ChMn0; (“0.17), and Th {Cdy Mn,0; (“0.2"). All
the three samples show the spontaneous magnetization char-
Mn-O 1.89838) Mn-O-Mn  134.44 acteristic of FM materials, with a transition temperature that
TI-O 2.46818) decreases with dopingee Table . This observation sug-
TI-O’ 2.143Q1) gests a decrease in the strength of the FM interactions. The

inverse of the susceptibilityright axig follows a Curie-
®The refinement of the occupancy factors leads to a crystallographigyeiss behavior, but only for high temperatures, well above
composition] Tly 742)Cth 272) I sited MN2]d siteO7.011) - Tc. The Weiss temperaturedy,) decreases when increasing
the Cd doping level, in agreement with the reduction of the
meter device(SQUID) in magnetic fields up to 5 T, and magnetic interactions that can be inferred from Theval-
temperatures from 2 to 400 K. Resistance and magnetoresiges.
tance data were measured in a conventional four-points con- \when cooling from high temperatures, a deviation from
figuration, in a physical properties measurement systenhe Curie-Weiss linear dependence is observed. This fact has
(PPMS from Quantum Design, in magnetic fields up to 9 T peen attributed to the presence of spin polarons afigveA
and temperatures from 5 to 400 K. Hall-effect data werespin polaron is a FM cluster in the paramagnetic region,
collected in a five-points configuration. This configurationwhere an electron is captured. It has been shown that a FM
allows us to eliminate from the data any |0ngitudinal contri- alignment of the localized magnetic moments favors the mo-
bution that could have been introduced by the somewhagjlity of the conduction electrofis® in this family of com-
irregular geometry of the pellets. Also the contribution from pounds. Therefore, the formation of FM clusters is favored
the MR was compensated before performing the Hall analyhy a decrease in the kinetic energy of the carriers. As the
sis. The specific heat measurements were also carried out {f8mperature is increased from the FM region, above but
a PPMS, by the quasiadiabatic heat pulses relaxatiopjose toT the formation of spin polarons is easy: although

method. The estimated resolution is better than 1%. the long-range magnetic interactions are vanished, there still
remain short-range interactions. As temperature increases,
IIl. RESULTS the thermal energy finally overcomes the kinetic energy gain,

destroying the short-range interactions, and reaching the PM
Figure 3 condenses the magnetic measurements carrigégime. This PM regime corresponds in the grépig. 3 to
out in the samples. In the left axis we present the dc suscephe solid lines that are coincident with the inverse of the
susceptibility only above a certain temperature. The tempera-

25 70 ture of deviation is marked for each sample with an arrow.
60 The left-most one corresponds to, FCd, ,Mn,O,, while the
20¢ rightmost one corresponds to the purgMih,O; compound,
oy %0 - being the middle one the corresponding to the
§ 151 40 5 Tl oCdy4MN,0O;. The temperature of formation of polarons
é 30 § is lowered with increasing the Cd doping, which means that
£ 10F g the short-range magnetic interactions also are weakened.
= 20 = The inset of Fig. 3 shows the magnetization curves at 5 K.
s FC,H=10000e | They are characteristic of a FM behavior, with a low satura-
tion field (a 98% of the saturation value is reached for a 0.5
' 150 200 250 300 350 0 T field). The remanent field is also very sm@f the order of

10 Oe&. The value of the saturation magnetizati@mable II)
increases with the Cd doping.

FIG. 3. Magnetic data for the T1,CdMn,O, oxides. Left axis: The thermal variation of the resistivity is plotted in the
Susceptibility, measured at 1000 Oe after a field-cooled proceséower panel of Fig. 4, both witfiopen symbolsand without
Right axis: Inverse of the susceptibility, together with the linear fit (Solid symbol$ an applied magnetic fiel@® T). In the ab-
to a Curie-Weiss behavior. Arrows mark the points where the dat&ence of magnetic field, an insulator-type behavior is ob-
separate from the ideal law. Inset: positive branches of the magneserved for temperatures well aboV¥e . By decreasing the
tization at 5 K. temperature below 200 K, a huge drop in the resistivity is

T(K)
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mobility. This will be discussed later. The magnitude of the

6
g high-temperature to low-temperature drop is also strongly
10° sample dependent, as shown in Table Ill. The differences in
S the ratio of resistivity between the high-resistive and the low-
= 10 resistive regiong oo k/pso k increase with the degree of Cd
= 407 doping. This fact can be accounted for by considering the
% concomitant changes in the number of carriers, in such a way
"0 the samples with a lower number of carriéand higher Cd
doping are more affected by the magnetic interactions.
10° We analyzed the conduction mechanism in the region
10° aboveT. is terms of polaron hopping. In this case, the re-
10* sistivity in that region should be thermally activat€dn the
— s form
§ 102
S 10
< 10 E,
1o og=0gexXp — kB_T ,
-1 [ L
18 0 100 200

o whereo,=g4e? vo6/aksT. The factorg, is determined by

the hopping geometryy, and a are the attempt frequency
and hopping distance, respectively, af@ the carrier con-
centration per Mn site. Consequently, we have fitted the
out (solid symbols applied magnetic field of 9 T. Upper panel: high—tempe(ature resistiyity data for the three samples_ for
dependence of the magnetoresistance with the temperaeehe ~SUCh an activated behavior. The good agreement of the fits is

text for MRI definition. The shadowed area represents the zoneéfonsistent with the existence of spin polarons for such tem-
where the magnetic transition takes place. peratures. This also demonstrates that polarons are respon-
sible for the conduction in the insulator region. The values
observed, leading to a metallic behavior for low temperafound for E, are given in Table Ill. As it can be seen, there
tures. This metal-insulator transition is concomitant with theis an increase ift,, upon Cd doping. That means that as the
magnetic transitiorfithe magnetic transition temperatures lay Cd content increases, it becomes more difficult for the po-
in the shadowed temperature intepyaind it is related to the larons to hop from one position to a neighboring one. In fact,
kinetic energy gain by the conduction electrons when thdéhe energetic barrier they have to jump over is higher. This
neighboring localized moments become ferromagneticallyenergetic barrier reflects the difficulty of polarizing in paral-
ordered. Roughly speaking, a high-resistance state is fourlél the localized magnetic moments surrounding the polaron,
in the PM region, and the low-resistance state is observed iand, hence, allowing the polaron to move to the next posi-
the FM region, with a wide transition between them. The faction. In other words, the increase in tli, values again
that this transition is not a sharp one is explained by the widevidences a decrease in the strength of the FM interactions
PM region in which an appreciable contribution to the sus-when we replace Tl by Cd, as it was shown by the decrease
ceptibility comes from the presence of spin polarons. Therén T¢.
is a large difference between the resistivity magnitudes of the When a magnetic field is applied, the localized 4¥in
three studied samples; the room-temperature values are imagnetic moments tend to align parallel to the field, dimin-
cluded in Table Ill. This difference cannot be explained byishing the scattering of the carriers and, thus, increasing the
only considering the magnetic interactions from one samplenobility of the conduction electrons. This fact is manifested
to the others. As it can be seen in Fig. 3, the values in thén a decrease of the resistivity, as shown in the lower panel of
inverse of the susceptibilittand, hence, in the susceptibility Fig. 4 (open symbols The effect is more drastic in the vi-
itself) are not very far from one another. At least not to cinity of the magnetic transition. In this region, the applica-
justify a two order of magnitude increase in the room tem-tion of a magnetic field aligns in parallel the localized mo-
perature resistivities. This fact is, then, related either to anents, the corresponding thermal energy being unable to
decrease in the number of carriers, as we found from Halldisorder them. For higher temperatufetose to room tem-
effect measurements, described below; or to a decrease in tperaturg this effect is reduced by the thermal agitation.

TK)

FIG. 4. Lower panel: variation of the resistivity with the tem-
perature for TJ_,Cd,Mn,0O;, both with (open symbolsand with-

TABLE lll. Transport and magnetotransport parameters.

Sample P3oo k (£2cm) p200 K/ P50 K Tmax (K) E, (meV) Clittlewood Nyan (€7/U.C.)
0.0 25.67 154.7 144 55.4 48.39 %50 3
0.1 22445 1.1810° 124 214.3 75.20 154103
0.2 5951.3 8.78 1¢° 122 265.1 91.88 1971074
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FIG. 6. Hall-effect measurements: variation of the transverse
FIG. 5. Variation of the magnetoresistance rgtitR1) with the ~ resistivity with the applied field, measured at 5 K, for the
applied magnetic field for FL,CdMn,0;, measured at 120 K Tl,_,Cd,Mn,0; compounds. Inset: variation of the number of car-
(around the transition temperature©bserve the large low-field riers per unit cell with the Cd contefote the log scaje
magnetoresistance for the doped samples.
of Fig. 6. The obtained figures are in agreement with the
This drop in the resistivity with the application of a mag- evaluation we made from the fitting of the high-temperature
netic field is known as magnetoresistance. The MR ratio cagonductivity to an activated behavior. In addition, the effect
be defined as MRH) (%)=100x[p(H)—p(0T)]/p(0T). of doping is very important, reducing the number of carriers
As p decreases upon the application of a magnetic field, MRN almost one order of magnitude from the lower doping
will be negative and the maximum available value is 100%evel (x=0.1) to the next onex=0.2). This reduction in the
When this effect is huge, as it is the case, MR takes valueBumber of carriers is coherent with the increase of the resis-
above 99.9% and it is difficult to establish proper compari-tivity upon Cd doping. We demonstrate below that it is also
sons. For this reason, it is preferred to define it agesponsible for the magnitude of the changes observed in the
MRI(H) (%)=100X[p(H)—p(0T)]/p(H), allowing us to Magnetotransport properties.
have a better idea of the magnitude of the change. In the Majumdar and Littlewood developed a model for the MR
upper part of the Fig. 4 we show the variation of the MRI atin @ FM material with a low carrier density.In such a
9 T with the temperature for the three samples. One camaterial, the transport is governed above the transition tem-
appreciate the wide peak that appears atiquishadowed Perature by scattering due to spin fluctuations. As the carriers
ared. The temperature of the maximufi{MRI,,,) slightly ~ are coupled to the localized moments, which is reflected in
decreases in Cd samplesee Table 1I). This is coherent with  the formation of spin polarons, the transport occurs via po-
the decrease i, produced by a weaker FM interaction. laron hopping. For temperatures well above: (T
The most spectacular result is that the maximum value of*1.2T¢), Majumdar and Littlewoot demonstrate that MR
MRI is drastically increased with Cd doping. For the scales with the square of the magnetization, in the form
Tl Cdy sMn,0O; sample, the maximum MR9Y T) is above
10°%. To our knowledge, this is the highest magnetoresis-
tance ratio ever reported in bulk oxid¥s. Aplpo=Clitlewood
Figure 5 represents MR versus the applied magnetic field,
measured at 120 K. This temperature corresponds, approxivheremg is the saturation magnetization for that material.
mately, to the maximum in MRI at 9 T, where the effect is This scaling is independent of the temperature, as far as the
more drastic. Notice that a small amount of Cd doping at TImodel can be applied. The value ©fewooq IS Proportional
positions(5%) produces a spectacular change in magnetoreto the reciprocal of number of carrie iewoo~ N~ -
sistance. Values above P@ are achieved at fields of 2.5 and  In Fig. 7 we plotted the magnetoresistarkg/ p, versus
1.5 T for Th {Cdy 1Mn,O; and Th ¢Cd, ,Mn,O, respectively. the square of the magnetization, at several temperatures, for
The low-field magnetoresistance is also very high: For the three samples. The three plots are linear for small values
=1T, MR increases from 10% for the pure compound, toof (m/mg)2. Also, the values o€ iyewooq are independent of
8% 107% for x=0.1 and to X 10°% for x=0.2. This is also  the temperature, assessing the goodness of the model. In ad-
one of the highest MR ratios ever reported for this moderatelition, the increase in the slop@,jiewood With the doping
magnetic field. level (see Table Il is coherent with the decrease in the
The Hall-effect data are shown in Fig. 6. The transversenumber of carriers, as measured by the Hall effect and pre-
resistivity slope is negative, implying that the conductiondicted by the model.
carriers are electrons. The increase in the slope when doping The specific heat around the magnetic transition for
with Cd means that the number of carriéng is decreasing. TIl,Mn,0; and Tl Cd, Mn,O; is plotted in Fig. 8, after
The values of are given in Table Ill, and plotted in the inset subtraction of the phononic and electronic component. In

m 2

mg
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012 - magnetic interactions extend to a higher temperature range,
T.. Cd Mn.O reaching largeil values. The integration of the peaks shows

RO e S how much energy is involved in the transition, for each case.
m T=200K Under a zero magnetic field the peak area is larger for the

oos]| ® T=250K 0.0 x=0.2 Cd-doped samplésee Table IV, suggesting that
A T=300K more energy is required to align the Mn spins in parallel. As

& 0064 ] the saturation magnetization is almost the same for both
' $ samples, this result suggests that we have a weaker magnetic
0.04 - aol _/ 14 interaction in the Cd-doped sample, and hence, we need to
7o} ] supply more energy for reaching the magnetically ordered
0.02- o / 1 state.
b Several mechanisms have been proposed as responsible
0.00 . . X for the magnetic interactions in JVIn,O, derived materials.
0.0000 0.0005 0.0010 0.0015 0.0020 There is a general consensus excluding a DE mechanism,
(MM and accepting SE between neighboring Mn cations as the

most possible driving force for magnetic ordering. Sushko
FIG. 7. Relation between the magnetoresistance and the squaet al. proposed a mod&! in which the interactions between
of the magnetization, for three different temperatures. The agreenearest neighbors are AF in origin, and that the interactions
ment with the Majumdar-Littlewood model is showlines). Inset:  to next-nearest neighbors are indeed FM and dominate due to
variation of the proportionality facto€, iwewood With the Cd con-  the geometrical frustration of the lattice. Recently,risz-
tent. Regueiro and Lacroix propos&dthat the magnetism in
A,Mn,0O; pyrochlores A=In,Tl) can be explained as the
both samples, a well-defined peak corresponds to the maguperposition of two interaction terms. The first one is a
netic ordering temperaturéc. In the case of the=0.2  conventional SE across Mn-O-Mn paths, which alone would
Cd-substituted material, the peak is displaced towards lowefiot explainT values above 15 K. These auth@rmtroduce
temperatures, as observed from susceptibility measurements additional indirect exchange term due to the overlapping
When a magnetic field is applied, there is a reduction of thef the conduction band with the Meg) levels, in such a
height and a broadening of the peak, evidencing that theyay that the conduction electrons indeed participate in the
strengthening of the magnetic interactions. We have experi-
LR L A mentally shown that this is the case in the TICd Mn,0;
series, where a reduction in the strength of the FM interac-
tions is observed upon Cd doping, concomitant with a de-
crease in the number of carriers and a dramatic increment in
the MR ratio.

IV. DISCUSSION

The introduction of C#" cations in the T* sublattice
seems to suggest, within a simple ionic picture, a concomi-
tant increase of the oxidation state of manganese cations,
implying the oxidation of some Mt to Mn®", assuming
that the oxygen stoichiometry is unchanged. However,
TI,Mn,O; pyrochlore is certainly not an example of a
“simple ionic” compound. As demonstrated by electronic
band-structure calculatiolsin this compound there exists a
majority conduction band, with heavy holes that do not con-
tribute to the transport and a minority conduction band, with
light electrons that are the responsible for the transport and
the magnetic interactionsee Fig. 9. The existence of this
minority conduction band means that electrons are not totally
located at the oxygen ions, but instead a part of them is
delocalized, as it happens in a metal. This can be seen as an
: & “increase” in the oxidation state for the oxygen, implying

600 70 80 90 100 110 120 130 140 that the transfer of two electrons from the metal elements
T (K) into the oxygen has not been completed in this compound,
better named as “half-metallic.”

FIG. 8. Magnetic transition peak in the specific heat for In a first approximation we can assume that the introduc-
TI,Mn,O, (upper panél and T} (CdyMn,O, (lower panel, for  tion of CP* at TR* sites will not significantly change the
different applied magnetic fieldafter subtracting the phononic and band structure, instead leading to a lower filling in the con-
electronic componenis duction band. The charge neutrality is preserved, since each
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TABLE IV. Specific heat parameters for,Mn,0O; and Th ¢Cd, ,Mn,0O,, measured at different magnetic
fields (see Fig. 8.

Sample TJMn, 0O, Tl ¢Cdy oMN,0O4
Magnetic field Peak area T Peak width Peak area T Peak width

(M (J/mol K) (K) (K) (J/mol K) (K) (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 1154 51.7
6 0.994 123.1 44.1
9 0.202 136.5 30.6

TI3* will contribute with three electrons to the filling of the (1—x)x6.87x 10" * electrons per formula unit. For Cd 0.1,
bands and the Gd will do the same with two electrons. this number is 0.8.6.87< 10 *=6.18< 10 * e/f.u. Experi-
Consequently, the number of positive charges located at th@entally, from Hall data, we foundg,=1.9x10"* e/f.u.
cations is equivalent to the number of electrons in the bandésee below For Cd 0.2 the number is 0:8.87x10 *
of the solid. =5.5x10 * e/f.u. From Hall data we foundn,,=0.25
Mn contributes with four electrons; therefore, for the pure< 10~ * e/f.u. (see below. We always observe a number of
TI,Mn,0, compound, the total number of transferred elec-charge carriers lower than expected.
trons is 3x2+4Xx2=14. A part is located in the inner The differences observed between the experiméhiaill)
bands, and only the last electron is to be considered for ou&nd expected number of carriers can be understood by exam-
purposegresponsible for the transport properties of this ma-ining the introduced simplificationsi) the ratio of electrons
terial). A fraction of this very last electron is in the minority in the minority and majority conduction bands will not be
conduction band, and this fraction is the one measured bgonstant when introducing Cd, since the bands are parabolic,
Hall effect (n=6.87x10 * e/f.u., at 5 K, see beloy The and the number of electrons in the minority bands will be
rest of this last electron is, therefore, in the majority conduclower as the total number of electrons is reduced @ndhe
tion band. band structure indeed changes, since Cd tends to form more
When substitutingx atoms of T¢* by CcP*, the total ionic, undirected bonds in the solid, thus narrowing the
number of electrons provided per formula is-14. Thirteen  bands in the proximity of Cd sites, introducing scattering

of them will occupy the inner bands, and the rest-(4) will centers, and reducing the effective number of carriers we
be the topmost ones, responsible for the properties of intefneasure.
est. For the pure pyrochlore£0) a 6.87< 10 * fraction of Moreover, the Cd inclusion not only changes the number

this last electron is in the minority band, and 0.99313 of it isof carriers, but—as we explained before—it produces a nar-
in the majority. When introducing Cd atoms we can as- rowing of the bands in the neighborhood of the Cd cations.
sume, again in a first approximation, that this ratio is similarThat affects the spin-separated transport. That is, reaching a
to that observed in the undoped compound. That makes th&td site, the number of minority electrons will be reducasl

in the minority band, contributing to the transport, there arethe band increases in enejggnd some electrons will go to
the majority band. But this mechanism involves a spin-flip

process. Therefore, there are local spin scattering centres,
introduced by Cd, that will reduce the electron mobility.

Let us consider the relative influence of both magnitudes,
TI(6s) number of carriers, and mobility, in the resistivity and mag-
netoresistance of these materials. In Fig. 10 we give the tem-
perature evolution of the number of carriers for the different
samples. Note the significant decrease of this magnitude, es-
pecially aroundl' . This can explain, in part, the increase in
the resistivity neaiT-. Regarding the influence of the mo-
bility of the carriers in the changes in the resistivity, let us
first consider the variation of the resistivity with the tempera-

: ture. In Table V we give the number of carriers and the
i resistivity for different temperatures. As the conductivitys
given by o=neu,, we can calculate the electron mobility

me from the experimental valugsee also Table W When

FIG. 9. Schematic density of states of the pyrochloreheating from low temperatures, the mobility decreases by 5
TI,Mn,0,, as proposed by SingtRef. 18. Up (down) arrow in-  orders of magnitude at the peak in the resisti\it20 K),
dicate majority(minority) spins. and increases slightly due to the enhancement of the ther-

Heavy holes

Conduction
electrons
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y y : J T g TABLE V. Variation of the number of carrier®), the resistivity

08 5 o 1 ( ~
p), and the electron mobility i) of the Tl ¢Cdy,Mn,0; com-
wrPo—_ o T,,CdMn,O, ] pound with the temperature.
$/A\4Q& \
10° \ ] Tl Cy MN,0;
=, 3 T (K) n (e"m’) p(Qm) e (MPIV's)
S 10°; 3
= \ 5 2.03< 107 2.90x10° 3 10.61x 102
& 1074 © 120 37K 107 1.54x 10° 1.1x10°7
S I - 29 L 250 6.84< 10" 3.92¢10? 2.3x10°*
—A-x=02 \
10°4 A butions. At low temperatures there is no appreciable effect
16% B (Fig. 6), therefore, we can conclude thatloes not vary with
0 50 100 150 200 250 300 the field, and that the magnetoresistive effect is due to an
T(K) increase in the mobility upon the application of a magnetic
field.
FIG. 10. Evolution of the number of carriers per formula unit,
measured by Hall effect, with the temperature, for V. CONCLUSIONS

Tl2-CdMn207. We have performed an in-depth study of the magnetic,

transport and magnetotransport properties of the
%IZ,XCdanZO7 pyrochlores family, with 8sx=<0.2. A huge
increase in MR is progressively observed upon Cd doping.
The magnetic properties and specific heat measurements
Bresent evidence for a weakening of the strength of the FM
allel alignment of the magnetic moments, in such a way tha’nteracti_ons. Transport measurements reveal a drastic de-
the application of a magnetic field near 'the transition tem- rease in the number of carriers in the Cd'SUbStItUte-d mate-

. : . . . rials. The fit of the magnetotransport data to the Majumdar-
perature considerably aligns the magnetic moments, inducin

lear incr in the mobility. It is very difficult t timat Bittlewood model allows us to conclude that the MR
aclear increase ] € mobiity. 1t IS very difficult to estimate response in these materials is correlated to the magnetic in-
this effect directly: as the resistivity is proportional to the

. . ractions, and that the large incr f MR and the weak-
reciprocal of bothn and p, the decrease in the resistivity teractions, and that the large increase o and the wea

on the application of a magnetic fielthagnetoresistive ening of the magnetic interactions are both related to the
up pplical _magnetic Ti - IStV ecrease in the number of carriers. A NPD study, showing
effect) can be due to an increase either in the number o

: ; e ) . hat Cd replaces at random TI atoms, suggests a larger ionic
carriers, or in the mobility, or in both magnitudes, when an P 99 g

¢ | tic field i lied. Th | ¢ tcontribution in the averagé€Tl, Cd)-O bonds, leading to a
external magnetic Tield 1S applied. |he only way 1o separalge y,,caq electronic transfer to the conduction band, thus dra-
the intrinsic variation of the mobility with the field is by

. - o matically decreasing the number of carriers available for
measuring the variation of both the resistivity and the num- Y 9

ber of carriers. The variation of the resistivity is given by theelectronlc transport.
MR ratio, in Figs. 4 and 5. An increase in the number of
carriers with the magnetic field will lead to a decrease in the
slope value in the transverse resistivity. For high tempera- We thank the financial support of the spanish Ministerio
tures, neafT, it is very difficult to properly estimate the de Ciencia y Tecnologito the Projects No. MAT2001-0539

number of carriers, mainly due to the great increase in thand MAT99-1045, and we are grateful to ILL for making all
MR, and the appearance of considerable anomalous contiacilities available.

mally activated movement of the polarons. This produces th
decay in the resistivity at high temperatures.

Let us finally discuss on the influence of the mobility on
the magnetoresistance. As mentioned in the results sectio
the conductivity of the electrons is tightly bound to the par-
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