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Structural and magnetotransport properties of the colossal magnetoresistance material I¥n,O,
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The crystal structure and its variation with temperature of the spin-charge coupled matgal,(d}
pyrochlore is investigated. Structure refinement from the neutron powder-diffraction data reveals that
TI,Mn,0; has nearly stoichiometric composition and is crystallized in the cubic-pyrochlore-type structure with
a characteristic Mn-O-Mn bond angle of 133°. There is no structural anomaly associated with the change in
magnetotransport properties at 142 K, suggesting weak spin-lattice and charge-lattice correlations. Despite the
similarity of magnetotransport properties observed in the perovskite and the pyrochlore colossal magnetore-
sistance manganese oxides, the double-exchange mechanism, which is usually applied to the perovskite ma-
terials, does not seem to explain the behavior in the pyrochlaMnglO; compound. A superexchange-type
interaction may stabilize the ferromagnetic ordering of Mn spins and cause the metallic conduction at low
temperatures in IMn,0,. [S0163-182607)00910-1

[. INTRODUCTION correlation between spin and charge in this system. Although
the observed magnetotransport properties gMnLO, are

L HoIg—dMopgd hperovstl«te ¢ dmangggesebl O)i'tde?.‘ eb'g'quite similar to those observed in perovskite manganese ox-
oK MnBs, Nave atlracled considerable attention De5q.q the pyrochlore TMn,0, compound differs both struc-
cause they exhibit intrinsic colossal magnetoresistanc

14 ) , furally and electronically from the perovskites. Both the per-
(CMR).™" A number of studies on these materials have resyite and pyrochlore manganese oxides consist of MnO
vealed that spin, charge, and lattice in this system argciahedra with shared vertexes. The structural networks,
strongly correlated. Hole doping into the antiferromagnetichoyever, are completely different. The pyrochlore structure
insulating compound LaMnQwith Mn®*" produces MA" K35 a three-dimensional array with a large bend of the Mn-
ions, and thus creates itineragy holes. A double-exchange O-Mn bond angléFig. 1). In TI,Mn,0O, the metallic conduc-
interaction between M and Mrf" mediates ferromagnetic tion results from a small electron dopiri§.001—-0.005 per
ordering and the compound shows metallic conduction beformula uni into Mn*" with a (3d)® configuration. This is
low the ferromagnetic Curie temperatur€d).”>~’ Electron in sharp contrast to the La,Sr,MnO; perovskite, where a
transfer depends on local spin alignment. Therefore, there ifirly large number of hole&about 0.18 per formula uniare
a strong correlation between spin and charge, giving rise tintroduced into MA" with a (3d)* configuration. Because
the CMR observed at temperatures n€ar In addition, lat- the magnetotransport properties, including CMR, are quite
tice anomalies associated with changes in spin alignmerdimilar in the perovskite and pyrochlore manganese oxides,
and/or electron transfer are often observed, suggesting a casne might expect the same mechanism based on the double-
relation between spin and lattice. In at least one system, eaxchange theory for the magnetotransport behaviors in the
change in the crystal structure can be induced by applying awvo compounds. However, considering the significant differ-
magnetic field® Static and/or dynamic Jahn-Teller distortions ences in the crystal structure and the electronic structure of
of the MnQ; octahedra are also suspected to play an importhe two compounds, an ambiguity remains as to whether the
tant role in the behaviot.Surprisingly large changes in double-exchange interaction is the only mechanism for sta-
structural parameters such as lattice constants, bond lengthslizing the ferromagnetic and metallic state at low tempera-
and thermal parameters are observed at the ferromagnetigres in TbMn,O,.
and/or metal-insulator transition temperatut€32 Such This paper describes the crystal structure ofMK,O,
spin-charge-lattice coupled phenomena shed light on an aread the structural changes over the temperature range from
of solid-state physics and also suggest potential technologB00 to 20 K determined from x-ray and neutron-diffraction
cal applications. data. Magnetotransport properties of the compound are also
Another spin-charge coupled material was recently disteported. We see similarities and differences between the
covered: The compound is ;Mn,O; with the pyrochlore perovskite and pyrochlore materials, and discuss the mecha-
structure!? TI,Mn,O, shows ferromagnetic behavior below nism for stabilizing the ferromagnetic and metallic state of
142 K and undergoes a sharp drop in resistivity around thithe TLMn,O, compounds. Data for the pyrochlore
temperature. The resistivity decrease with the developmerih,Mn,0O,, which is isostructural to TMn,O,, are also re-
of spontaneous magnetization and the colossal magnetores®arted. Magnetic and transport properties of this material are
tive change with an applied magnetic field suggest a strongompared with those of J¥n,0;.
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FIG. 1. Networks of the Mn@ octahedra in
the perovskite and pyrochlore structures. The per-
ovskite structure shown has rhombohedral sym-
metry as is seen in lgg,sSry 179MN05. Rhombo-
hedral axes for the perovskite structure and cubic
axes for the pyrochlore structure are shown with
arrows. Mn ions are located in the center of the
octahedra. La and Sr atoms in the
Lag gos51 179MN0O5 perovskite and Tl and Q)
atoms in the TIMn,O; pyrochlore are not dis-
played.

Perovskite structure Pyrochlore structure
Il. EXPERIMENTS TI,Mn,O; indicates no apparent chemical doping in the sys-
tem.

Powder samples of JMn,O, and InpMn,O; were synthe- The bond distance and angle between Mn and O in the

sized by solid-state reaction under high pressure conditionijI . .
) . nOg octahedra for TMn,O; are listed in Table Il. The
A mixture of T,0, or In,05 and MnQ, was sealed in a gold n4+6 ion has a (zg)3 g}ic%rOYn configuration, and thus the

capsule and allowed to react in a high pressure apparatus 42~ octahedron shows no Jahn-Teller distortion. The

2.5 GPa at 10.00_1150 OC. for 30 min. After grmdm_g, thesix Mn-O bonds in the octahedron are identical. The ob-
sample was sintered again under the same conditions fo

achieve high quality and high density. The sample was rap-
idly cooled to room temperature before releasing the pres- 30000 [Tt e
sure. The applied pressure of 2.5 GPa is lower than the 5-6 + (a)
GPa synthesis pressures reported in the literdfufebut it i
seems to be enough for the formation of the pyrochlore 20000 : .
TI,Mn,0,. 200-500 mg samples were obtained by this
procedure.

X-ray powder-diffraction data were taken by a conven- 10000 |- -
tional 6-26 scanning method. Time-of-flight neutron
powder-diffraction data were collected with a closed-cycle l i " N ‘£ " N
helium refrigerator on the Special Environment Powder Dif- 0™ T O T A B
fractometer at Argonne’s Intense Pulsed Neutron Source. J
The crystal structures were refined by the Rietveld technique
using the programerieTAN (Ref. 16 andGsAs (Ref. 17).
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Magnetic and transport properties were investigated in the 26 (deg.)
temperature range from 5 to 350 K by measuring dc magne-
tization using a superconducting quantum interference de- 600
vice magnetometer and four-probe resistivity, respectively. ] (b)

400
Ill. RESULTS AND DISCUSSION

The TLMn,0O, sample was confirmed to be almost single
phase by both x-ray and neutron powder-diffraction data.
Figure 2 shows examples of x-ray and neutron-diffraction
patterns and their Rietveld refinement profiles. Sharp Bragg
peaks observed in the diffraction patterns show that the
TI,Mn,0, sample is well crystallized in the face-centered-
cubic pyrochlore-type structure with a space grougd8m.

200

Intensity (counts)

Table | lists the results of structural refinement for o5 10 s 20 25 a0
TI,Mn,O; from the neutron-diffraction data obtained at room d-spacing (&)
temperature. The refined occupancies indicate a nearly sto-
ichiometric composition of TMn,0O,. If we assume ionic FIG. 2. (3 Room-temperature x-ray anth) 20-K neutron-

valences oft3 for Tl and —2 for O ions, the stoichiometric  ffraction patterns for TMn,0; and the Rietveld refinement pro-
composition of TJMn,0; gives a valence state 6f4 for MN  files. The raw diffraction data are shown as plus marks; the calcu-
ion from a simple ionic consideration. This is consistent withjated profile is shown as a solid line. Tick marks below the profile
other observations such as the value of the saturated magrark the positions of allowed reflections. The differences between
netic moment at low temperature and the small number ofhe observed and the calculated intensities are shown at the bottom.
conduction electrons observed by Hall coefficientAnalysis of the 20-K neutron-diffraction data includes magnetic
measurementS:'® In the ionic model, the Mh™ state in  scattering(see text
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TABLE |. Refined structural parameters for,WIn,0;. B, is the isotropic thermal parameter ands
the occupancy. Numbers in parentheses are standard deviations of the last significantRdigit)
=10.81%,R(p) =6.68%, R(F?) =9.26%.

Space groupFd3m a=9.89093(7) A
Atom Position X y z Bso (A?) n
Tl 16d 0.5 0.5 0.5 0.581) 0.972)
Mn 16c 0.0 0.0 0.0 0.3®) 1.0
o(1) 48f 0.32611) 0.125 0.125 0.63) 1.002)
0(2) 8b 0.375 0.375 0.375 0.78 1.072)

served bond distance of 1.90 A is typical for a Mnion  temperature dependence of the magnetization fgijO,
coordinated to six oxygen atoms, but is significantly smallemeasured at an applied magnetic field of 0.5 T. In the inset
than those observed in the perovskite manganese oxides. & the Fig. 4, the magnetic-field dependence of the magneti-
Lag ,Sry MNnO; with an average ionic state of Mn &f3.3, a  zation & 5 K is also shown. Ferromagnetic behavior is ob-
Mn-O bond length of about 1.96 A is observdAnother  served below 142 K. The saturated magnetization at low
distinguishing feature of the crystal structure is the Mn-temperature is 34, which is the expected value for ferro-
O-Mn bond angle of about 133°. This bond angle is quitemagnetic ordering of M ions with a (31)® configuration
small compared with those in the perovskite CMR com-(S=3/2), though a saturated moment of only 2.59was
pounds, where bond angles of 155—-170° are typically ob-
served(see Fig. 1*® Although both pyrochlore and perov-

- T T T i T T
s!<ite_ manganese oxide_s are conductiqg ferromagnets, such z':;)(s)f (a)
significant differences in the bond distances and angles -~
K L o e - 0.0

should cause some differences in electron transfer and mag- S 989%0r o B
netic interaction in these materials. This point is discussed S 9885 © o* >
later. N _ g 0.880 - ",oo {018

Within the precision of the measurement, there is no = . o0® S
structural anomaly associated with the change in magne- el 0
totransport properties for IMn,O; in the temperature range ~ 9870 neutron |
from 300 to 20 K. As shown in Fig. 3, no anomalies in the 9.865 o x-ray
temperature dependence of lattice parameter, Mn-O bond 1103
length, and Mn-O-Mn bond angle are observed. The lattice teosf 7T T T T
parameter decreases smoothly with decreasing temperature. 1.904 | ) ]
The Mn-O bond length is nearly constant, while the Mn- < | T .. %— 0.0
O-Mn bond angle changes about 0.25% over the measured =) 1.903 7; ------ * """ % ] R
temperature range. Thus, in the,Nih,O, pyrochlore the 8 1902 {01 §
MnOg octahedron is essentially rigid, but the tilting angle of g 1.901 b e a
the octahedrorfconnecting angle to neighboring octahedra 5 &

: . A L 1.900 -

changes with decreasing temperature. Such behavior is in s 4-02
sharp contrast to experimental results for the perovskite com- 1.899 -
pounds, which show a strong correlation between spin and 188F g,
lattice. Abrupt changes in lattice parameters, corresponding ‘ — T
to a volume change aAV/V=0.13%, are observed at the ~ 1335 ©
ferromagnetic and metal-insulator transition temperature for g I 100
the La, {Ca, ;MnO,; compound-! Substantial changes in two 2 13341 e
equatorial Mn-O bond length®.7%) at T are also reported § , g
in the insulating Lgg755151.9MNO5 material, indicating a § 133 ’ 1-0.1 g
change in the magnitude of the Jahn-Teller distortion of the g - "3
MnOg octahedrort? 3 13321 -1 Jon ™

Ferromagnetic ordering of the Mn spins at low tempera- g e
tures is observed by both dc magnetization and additional 133.11 ]
scattering in the neutron-diffraction data. Figure 4 shows the o 10 20 a0 2

Temperature (K)
TABLE II. The Mn-O bond distance and the Mn-O-Mn bond
angle for TbMn,O;. Numbers in parentheses are standard devia- FIG. 3. Temperature dependence (&f lattice parameter(b)

tions of the last significant digit. Mn-O bond length, andc) Mn-O-Mn bond angle for TMn,0;.
Data plotted as closed symbols are obtained by Rietveld analyses
Mn-O(1) (A) 1.90346) from neutron-diffraction data. Open symbols are from x-ray diffrac-
Mn-O(1)-Mn (°) 133.448) tion data. Dotted lines for the changes in the Mn-O bond length and

the Mn-O-Mn bond angle are a guide to the eye.
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FIG. 4. Temperature dependence of the magnetization for Zm e
TI,Mn,0; measured at an applied magnetic field of 0.%clbsed % 27 e |
symbolg. The inset shows the magnetic-field dependence of the £ il
magnetization at 5 K. Refined magnetic moments from the Rietveld § i
analyses of the neutron-diffraction data are also shown in the figure g 1 % .
with open symbols. S Lo, e,
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observed for the previous sample in Ref. 13 due to the pres- 0, ™ 2‘(‘)'(')"' — v

ence of impurity phases. The neutron-diffraction pattern at
20 K shows additional intensity which originates from mag-
netic scattering. In the Rietveld analysis, models including
the magnetic scattering significantly improve the refine-
ments. Results of the refinements based on four models a
listed in Table Ill. Model 1 considers only nuclear scattering
from constituent atoms. In models 2, 3, and 4, both nuclear

scattering and magnetic scattering from ferromagneticallynetic structure may be rather complicatéelg., slightly
ordered spins at Mn site alorig 0 0], [1 1 1], and[—2 1 1] canted, spiral, etg. The smaller values of the refined mag-
directions, respectively, are considered. The refinementsetic moment from the neutron-diffraction da@4—2.5ug)
based on models 2, 3, and 4 give lower values for the goodthan the observed dc momef#.0ug) may indicate such a
ness of fit(GOF) than model 1, suggesting the ferromagneticcomplicated magnetic structure. The additional intensity
long-range ordering of Mn spins. Refined magnetic moment§rom the magnetic scattering decreases with increasing tem-
of 2.4-2.%u5 are in reasonable agreement with the observegherature, and vanishes above 140 K. The neutron-diffraction

saturated dc moments. Although the neutron-diffraction dat@attern at 20 K with the refined profile based on model 2 is
at low temperatures support the ferromagnetic component qf

X . ) hown in Fig. Zb). The temperature dependence of the re-
the long-range ordering of Mn spins, our analysis does NOfinaq magnetic moment from the neutron-diffraction data
give a unique .SOl.Ut'OH for the magnetic structure for(also shown in Fig. #agrees with that of the dc moment
TI,Mn,0O,. Considering that the pyrochlore structure repre- - osurements
sents a geometrically highly frustrated system in the pres- ) Lo

) o 1920 Transport properties in JWn,O, are strongly correlated
ence of antiferromagnetic interaction?’ the actual mag- . . .
to the magnetic properties. Figure 5 shows the temperature

dependence of the resistivity and the magnetization mea-

diffraction data for TMn,O; obtained at 20 K based on the fol- surfad. gt applied magnetic fields of 0.5, 2, 5, and. 7T Tf_\e
lowing four models. Goodness of fEOP) is defined as sum of the Tesistivity decreases are pronounced at magnetic ordering
squares of the deviationg. M is the refined magnetic moment. temperatures for all fields. Near the ferromagnetic transition
Model 1, Scattering from only nuclear§\) is considered. Model temperature, a large change in resistivity, so-called negative
2, Scattering from nuclears and ferromagnetically ordered spingolossal magnetoresistance, is observed with increasing an
(M) along the[1 0 Q] direction are considered. Model 3, Same as applied magnetic field. Using the data in Fig. 5, the changes
for model 2, but with spins along thid 1 1] direction. Model 4, in resistivity are plotted against the changes in magnetization
Same as for model 2, but with spins along fhe2 1 1] direction.  jn Fig. 6. The resistivity changes measured under different
magnetic fields show an identical behavior to the magnetiza-

Temperature (K)

FIG. 5. Temperature dependenceg®fthe resistivity andb) the
Fgagnetization for TMn,0O; measured at applied magnetic fields of
05,2,5and 7 T.

TABLE IIl. Agreement indices of Rietveld analysis of neutron-

Models Rwp)  R(P)  GOF(") M (ug) tion. Therefore, the electron transfer in,Min,O; is closely

1N 11.34 7.14 2.24 related to the local spin alignment. Both the sharp drop in
2:N+M[1 0 Q] 11.22 7.05 2.17 2@) resistivity at T and the magnetoresistive change n&ar
3N+M[11 1] 11.23 7.06 2.18 2(4) should be governed mainly by magnetic scattering.
4AN+M[-21 1 11.22 7.05 2.18 2(4) The observed magnetotransport properties, including

CMR, in the TLMn,O; pyrochlore are quite similar to those
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FIG. 6. The change in resistivity plotted against the change in
magnetization for BMn,0, using the data in Fig. 5. FIG. 7. Temperature dependence of the magnetization for
In,Mn,O; measured at an applied magnetic field of 0.5 T.
observed in the perovskite manganese oxides. In the perov-
skite manganese oxides the magnetotransport properties haterefore, electrical conduction seems to have no relation to
been explained within the framework of a double-exchangéhe magnetism. The ferromagnetic state at low temperatures
mechanisni~’ In this mechanism, kinetic energy gain by a is stabilized without being mediated by a kinetic energy gain
sufficient number of holes stabilizes the ferromagnetic alignby conduction carriers.
ment of the Hund’s-rule-coupled Mn spins at low tempera- All these features observed in the pyrochlore materials
tures. A recent theoretical approach on the perovskite CMRaise doubts that the behavior can be explained by the same
materials also points out the importance of lattice effect€CMR mechanism applied to the perovskite materials, despite
(electron-phonon interactigrto achieve the observed large the similar magnetotransport properties. Of particular con-
change in resistivity. In the context of these scenarios for cern is a mechanism for stabilizing the ferromagnetic and
the CMR mechanism, we see some differences betweemetallic state at low temperatures in,¥n,O,. As has been
TI,Mn,O, and the perovskite compounds. The most distincdiscussed by Goodenough, the superexchange interaction in
difference in the pyrochlore J¥n,O, is the small number Mn**-0?"-Mn** strongly depends on the Mn-O-Mn bond
of conduction carriers. The observed carrier concentration ofingle?® Antiferromagnetic superexchange interaction is ex-
0.001-0.005 electrons per formula unit seems to be too smafiected for 180° cation-anion-cation interaction withouter
for stabilizing the ferromagnetic alignment of local spins.electron configurations. Ferromagnetic interaction, in con-
Additionally, there is no structural anomaly associated withtrast, is often observed for a 90° arrangement. Crossover
the change in magnetotransport properties indicating that thisom the antiferromagnetic to ferromagnetic interaction in
spin-lattice and the charge-lattice correlations are weak in ththe d*—d* cation-anion-cation coupling could occur in the
TI,Mn,O; pyrochlore. The weak charge-lattice coupling range 125%«<150°. The observed Mn-O-Mn bond angle
might be explained by the small number of carriers. Al-of 133° in TLMn,O; is in the crossover range. If the ferro-
though our structural analysis does not provide direct informagnetic superexchange interaction is dominant in the
mation on dynamical and short-range correlations, the obT1,Mn,0; pyrochlore, the ferromagnetic alignment of Mn
served small thermal parameters for all sites strongly suggespins at low temperatures can be stabilized without media-
that such effects play a minor role in this system. tion by the double-exchange-type electron transfer. This type

A recent study of the effect of pressure on this pyrochloreof superexchange interaction is believed to be responsible for
material also reveals behavior that is not consistent with th¢he ferromagnetism in the insulatiigemiconductingpyro-
double-exchange theofy.A reduced Mn-O bond length is chloresR,Mn,0; (R, rare-earth cationsthough theT . val-
expected to increase electron transfer from Mn to ¥a  ues of these compounds are relatively [¢0—40 K.%* In
oxygen atoms, thus the ferromagnetic transition temperaturdnis case, the resistivity change in,¥In,O, results from the
should increase under pressure. In the perovskite doubleffect of the local spin alignment. However, considering that
exchange ferromagnet, such a positive pressure effect e spin-dependent electron scattering in ordinary metals and
observed? In contrast, a negative pressure effect on the feralloys gives only a few percent change in resistivity, it re-
romagnetic Curie temperature has been observed in the pyains puzzling why the resistivity in I¥n,0, changes by
rochlore TbMn,O; material. such a large amount with local spin alignment.

In addition, InMn,O;, which is isostructural to The ferromagnetic and metallic state at low temperatures
TI,Mn,O,, shows an interesting contrast with theMh,O,  and the magnetoresistance have some similarities ts-the
compound. As shown in Fig. 7, JNIn,O; also shows ferro- interaction seen in europium chalcogenidesXEX=0, S,
magnetism below about 150 K. Although the saturated magSe, or T¢.2° EuO, for example, shows a ferromagnetic and
netic moment 85 K is 2.17ug (72% of the expected valiie metallic state below about 70 K. Near the ferromagnetic tran-
due to the presence of impurity phases, the essential magition temperature, a similar large magnetoresistance is
netic behavior is quite similar to that observed ipMh,0,.  observed® It is believed that Eu(8) and (5) bands mainly
This material, however, is an insulator both above and beloveontribute to the conduction and a localized Euijdband is
the ferromagnetic transition temperature. In,Mm,O,,  associated with the magnetism. With a strong exchange in-
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teraction between the conduction electrons and the localizedal, which is in sharp contrast to the case of perovskite CMR
Eu(4f ) electrons(of the order of 0.1 ey, mobility of the  materials. In TJMn,O,, superexchange-type interaction, not
carriers should be affected by the magnetic ordering of théhe double-exchange mechanism, may stabilize the ferro-
Eu(4f ) spins. Two possible electronic structures for magnetic ordering of Mn spins and cause the metallic con-
TI,Mn,O;, where a small number of conduction electronsduction at low temperatures in ;Mn,O. The discovery of
are doped into thee; or down-spin band of the,, state this class of CMR material provides significant insight into
depending on the energy difference betweégn (exchange the spin-charge coupled physics and could also lead to the
interaction of Mn iong and 1@q (orbital splitting by the discovery of new magnetic and magnetoresistive materials
crystal field were discussed in a previous papeRecent that could be useful for technological applications.
local-density approximatiofLDA) band calculations also Note added in proofA recent paper by Subramanian
suggest that contributions from the THBband may play a et al?® described the results of structural refinement of
crucial role in conduction even in the stoichiometric TI,Mn,O; at room temperature from powder neutron and
compositior?’ Since the energy level of the TIgp band is  single-crystal x-ray-diffraction data. They also confirmed the
close to the levels of the Mn¢ and O(2) bands, the stoichiometric composition of this material and reached the
TI(6s) band can be hybridized with the Mngd3 and O(2) similar conclusion to ours on the CMR mechanism of the
bands and cross the Fermi level ofNWh,0O;. In this case, TI,Mn,0, pyrochlore compound.
some portion of the electrical conduction originates from the
TI(6s) band, and the TI(§) electrons are also scattered by
the localized Mn(8) spins. Thus, the spin-charge coupling
in TI,Mn,O; may be explained by the strong exchange inter- We thank N. Hamada for helpful discussion and an LDA
action between the TI(® and Mn(3d) electrons, which is calculation for TJMn,O,. Thanks are also due to M. Mizuta
similar to the s-f interaction seen in europium chalco- for his support during this work. This work was supported by
genides. the NSF Office of Science of Technology Centers under
In conclusion, the structural study on a discovered spinContract No. DMR 91-2000(D.N.A.), and the U.S. Depart-
charge coupled TMn,O, pyrochlore suggests that the spin- ment of Energy, Basic Energy Science—Materials Sciences,
lattice and charge-lattice correlations are weak in this mateander Contract No. W-31-109-ENG-38.D.J).
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