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Colossal Magnetoresistance Without 
Mn3+/Mn4+ Double Exchange in the 
Stoichiometric Pyrochlore TI,Mn,O, 

M. A. Subramanian,* B. H. Toby, A. P. Ramirez, W. J. Marshall, 
A. W. Sleight, G. H. Kwei 

Structural analysis from powder neutron and single-crystal x-ray diffraction data for a 
sample of the T12Mn207 pyrochlore, which exhibits colossal magnetoresistance (CMR), 
shows no deviations from ideal stoichiometry. This analysis gives an Mn-0 distance of 
1.90 angstroms, which is significantly shorter than the Mn-0 distances (1.94 to 2.00 
angstroms) observed in phases based on LaMnO, perovskites that exhibit CMR. Both 
results in T12Mn207 indicate oxidation states very close to Tl~+Mn~+O,. Thus, TI,Mn,O, 
has neither mixed valence for a double-exchange magnetic interaction nor a Jahn-Teller 
cation such as Mn3+, both of which were thought to have an important function in CMR 
materials. An alternate mechanism for CMR in TI,Mn207 based on magnetic ordering 
driven by superexchange and strong spin-fluctuation scattering above the Curie tem- 
perature is proposed here. 

T h e  strong correlation between magnetic 
moment and electrical resistance and the 
resulting large magnetoresistance near room 
temperature in lanthanum manganese ox- 
ides (La,-,M,MnO,, where M = Ca, Sr, or 
Ba) is well known ( I  ). Recently, nearly 
100% su~~ress ion of the resistance was ob- 

L .  

served in thin films of manganite in a field 
of 6 T ( 2 ) ,  and the possible use of this effect 
for reading magnetic storage media has in- 
creased interest in these materials. The fun- 
damental interaction in these manganese 
oxide materials is double exchange (DE), 
where electronic carrier hopping between 
heterovalent Mn pairs (Mn3+/Mn4+ in the 
case of La, -,M,Mn03) is enhanced by the 
mutual alignment of the two magnetic mo- 
ments. A ferromagnetic (FM) transition is 
stabilized by the Gnetic energy gain of the 
carriers when a transition occurs from inco- 
herent hopping to metallic conduction (3). 
The high resistivity at temperatures above 
the FM transition, and thus ultimately CMR 
in La,-,M,Mn03, is explained by the strong 
lahn-Teller effect in these com~ounds (4). 
Although both heterovalence *and string 
Jahn-Teller effects are necessary to produce 
CMR in the La ,-,,, MnO, compounds, - 
CMR-type magnetoresistance is found in 
other systems but at much lower tempera- 
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tures. Perhaps the best known example of 
this is E U ~ , , ~ G ~ ~ ~ , ~ S ~  with a critical temper- 
ature (T,) - 20 K (5) .  Here, CMR is not 
driven by the same interatomic DE mecha- 
nism as are the maneanese oxides but rather - 
by an intra-atomic version of the process. 
We present evidence here for a different 
mechanism that leads to CMR in T12Mn207 
at high temperatures. 

The La, -,AI+Mn03 materials showing 
CMR have a perovskite structure. Recently, 
comparable CMR has been found for 
T12Mn207 (6), which has a pyrochlore 
structure (7) (Fig. 1). Because T12Mn207 
also contains Mn as the magnetic constitu- 
ent, it was thought that this compound 
would also contain significant amounts of 
the Jahn-Teller cation Mn3+ and that it 
was again Mn3+/Mn4+ DE that gave rise to 
ferromagnetism. Mixed valence could result 
from oxygen deficiency (6); in fact, the 
lattice constant of T12Mn207 is greater 
than ex~ected when com~ared to that in 
the isostructural compounds, where TI is 

Fig. 1. Schematic view of the structure of 
TI,Mn,O,, emphasizing the structural arrange- 
ment of the MnOi octahedra. Corner-shared oxy- 
gens connect the octahedra, forming an Mn-O- 
Mn bond angle of about 134'. Small filled circles 
represent TI Ions, and the large open circles rep- 
resent the 0' oxygens. 

completely replaced by a rare earth ion. The 
larger lattice constant could result from the 
formulation TlzMnj?2xMn~:07-, because 
Mn3+ is significantly larger than Mn4+ and 
oxygen deficiency is well established in 
many compounds with the pyrochlore 
structure (7). However, our structural anal- 
ysis on T12Mn207 indicates negligible oxy- 
gen deficiency and an Mn-0 distance in- 
consistent with a mixture of Mn3+ and 
Mn4+. Thus, the accepted theoretical de- 
scription for CMR in the perovskites is 
unlikely to be applicable in these systems. 
We report results of neutron powder and 
single-crystal x-ray diffraction (XRD) mea- 
surements and transport data for T12Mn207 
that provide the structure, oxygen stoichi- 
ometry, and magnetic moment in this ma- 
terial. These results show that the pyro- 
chlores represent a distinct class of CMR 
materials, with magnetic ordering driven by 
superexchange rather than by DE. 

Appropriate quantities of high-purity 
Tl2O3 and Mn02 were mixed together in 
an agate mortar and sealed in a gold cap- 
sule. The ca~sule was heated to 850°C for 
30 min at a pressure of 58 kbar in a tetra- 
hedral anvil Dress and was then ra~idlv - ,  

cooled to room temperature before the pres- 
sure was released (8). The powder XRD 
pattern for T12Mn207 showed that all ob- 
served peaks could be indexed yith a cubic 
cell with a = 9.890 2 0.001 A and mace 
group F d h .  The resistivity as a function of 
temperature, p(T) (9), for the T12Mn207 
samples used in this study (Fig. 2A) are 
comparable to those reported recently (6). 
A sharp decrease in p(T) occurred at the 

Temperature (K) 

Fig. 2. Temperature dependence of the (A) resis- 
tivity and (B) magnetization for TI,Mn,O,. The re- 
sistivity data are (from top to bottom) for 0,0.1, 1, 
2, 4, 6, and 8 T. The magnetization data are (from 
bottom to top) for 0.001, 0.1, 1, and 4 T. 
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zero-field FM transition T,(H = 0) -- 142 
K, and a maximum magnetoresistance be- 
tween H = 0 and 8 T of 60% is comparable 
to values obtained in the bulk perovskite 
samples. A t  142 K, we saw a rise in dc 
magnetizaton M(T)  and a saturation mo- 
ment at 10 K and 4 T of 2.74 Bohr magne- 
tons (kB)  (Fig. 2B), slightly less than that 
expected for Mn4+ (3 kB)  and consistent 
with results from a recent study (6). This 
correspondence between a sharp resistance 
drop and the development of an FM mo- 
ment is also seen in the perovskites and is 
the hallmark of CMR compounds. 

Neutron,.gowder diffraction data were 
collected at '298 and 50 K (10). In the 
single-crystal XRD experiments, a full 
sphere of reflections were collected at 296 K 
on an Enraf-Nonius CAD-4 diffractometer 
(MoKcc radiation) from a wedge-shaped 
crystal of approximately 0.04 mm by 0.03 
mm by 0.04 mm. The structural refinements 
from both neutron powder and x-ray single 
crystal diffraction data (1 1) gave similar 
lattice and positional parameters (Table 1) 
and hence similar bond distances and an- 
gles (Table 2). 

The structure of Tl,Mn,07 (Fig. 1) is 
based on a network of corner-sharing MnOo 
octahedra, just as in the case of perovskite 
CaMn03.  However, the manner of linking 
octahedra leads to Mn-0-Mn angles in the 
range close to 180' in the perovskite struc- 
ture (for Lal_,Ca,MnO3, this angle is 
-160") but near 134" in the pyrochlore 
structure. The site symmetry at the Mn site 
in the pyrochlore structure is 3. Thus, 
whereas all of the M n - 0  distances are 
equal, the 0 - M n - 0  angles are not con- 
strained to be 90". The M n 0 6  octahedron is 
distorted and is actually a trigonal anti- 
prism, as it is in all compounds with the 
pyrochlore structure. This distortion is, 
however, not a Jahn-Teller type distortion, 
where opposite bonds lengthen or shorten 
relative to others (12). The A2M,O7 pyro- 
chlore structure may be viewed as two in- 
terpenetrating networks: one with the for- 
mula MOhl and the other with the formula 
A,O1. Because the MO, network forms the 
backbone of the pyrochlore structure, va- 

cancies can occur only on the A and 0' 
sites (7). For this reason, our structural 
analysis of T1,Mn207 focused on both T1 
and 0' vacancies. 

The refinement of occupation parame- 
ters in T12Mn,07 confirms the ideal stoi- 
chiometry within our experimental accura- 
cy (13). Conservative estimates are that 
there could be no more than 1% of the T1 
sites vacant or 3.5% of 0' sites vacant. This 
conclusion is further support$d by the re- 
fined M n - 0  distance of 1.90 A. This is the 
M n - 0  distance expected on the basis of the 
ionic radii sum of Mn4+ and 0,- (14). A 
considerably longer distance would be ex- 
pected if there were large amounts of Mn3+ 
substituting for Mn4+ in T1,Mn2O7. Thus, 
in the Lal-J;+MnO3 perovskites with 
mixed Mn3+/Mn4+ valence, t h ~  M n - 0  dls- 
tances range from 1.94 to 2.00 A.  Structural 
analysis of insulating Er,Mn207 and 
Y,Mn,07 pyrochlores showed ideal stoi- 
chiometries with M n - 0  distances of 1.91 A 
in cases where the Mn valence must be 4+ 

(1 2). The M n - 0  distance in T1,Mn,07 may 
be slightly less than that in rare earth py- 
rochlores (Table 3) .  If some mixed valence 
exists in Tl,Mn207, it is more likely to be 
Mn5+/Mn4+ than Mn3+/Mn4+. This mix- 
ing could occur in stoichiometric 
T1,Mn,07 if the T1 6s Sand overlaps the 
Mn 3d band. 

Despite the small M n - 0  distance in 
T1,Mn,07, the lattice constant of this com- 
pound is unexpectedly large when com- 
uared to that in the analogous rare earth - 
pyrochlores; the same anomaly is found for 
T1,Ru,O7 and T121r,07 (Fig. 3). For the 
A,Mn,07, A,Ru,07, and AzIr,O7 pyro- 
chlores, semiconducting properties are ob- 
served when A is a rare earth element, but 
metallic properties are observed when A is 
T1 (12, 15). However, for A,Pt207 pyro- 
chlores, semiconducting properties are ob- 
served even for Tl,Pt,07, which has a nor- 
mal lattice constant. The metallic conduc- 
tivity and the anomalous lattice constants 
for T1,Ru,07 and Tl2Ir,O7 can be ex- 

Table 2. Selected bond distances and angles for TI,Mn,O, from neutron powder (T = 50 and 298 K) 
and x-ray single-crystal (296 K) diffraction measurements. 

Data D~stance (A) Angle (degrees) 

set TI-O1 TI-0" M n - 0 "  OII.M~.OII Mn-0"-Mn 

Neutron powder 
50 K 2.1395(1) 2.455(2) 1.8993(11) 85.0(1), 95.0(1), 180 133.8(2) 
298 K 2.1418(1) 2.463(2) 1.8986(13) 85.2(1), 94.7(1), 180 134.2(2) 

X-ray diffraction 
296 K 2.1 41 7(2) 2.458(5) 1.901 (3) 85.0(3), 95.0(3), 180 133.8(4) 

Table 3. Comparison of the observed lattice parameters (A), bond distances (A), and Mn-0"-Mn bond 
angles (degrees) in several cubic A2Mn,07 pyrochlores. Values for A = Er and Yare from (12); values of 
the ionic radii for VIII-fold coordinated A3+ are from (14). 

Parameter TI,Mn,O, Er,Mn,O, Y2Mn207 

Lattice parameter 9.892(1) 9.875(1) 9.902(1) 
M n - 0 "  (x6) 1.901 (3) 1.908(1) 1.91 l(1) 
TI-0" (x6) 2.458(5) 2.435(6) 2.447(6) 
TI-0' ( ~ 2 )  2.141 7(2) 2.1380(5) 2.1439(1) 
Mn-0"-Mn 133.8(4) 132.3 132.7 
Ionic radius of A3+ 0.98 1.004 1.019 

Table 1. Structural parameters for TI,Mn,07 (space group ~ d 3 m )  from The thermal factors are given in units of 1000 A? The values of Us,, from 
neutron powder (T = 50 and 298 K) and single-crystal x-ray (296 K) single-crystal x-ray refinements are taken as one-third of the trace of the 
diffraction measurements. Numbers in parentheses after the refined pa- refined unconstrained thermal factor tensor. The refinement of site occu- 
rameters represent 1 a in the last digits. The lattice parameter is denoted by pancies is discussed in (13). Atomic positions are as follows: TI 
a ,  and the atomic position of 0" is denoted as a fractional coordinate by x. 1 6d(i/z,i/2,i/2); M n  16c(0,0,0); O1 8b(3/s,3/8,3/8); and 0" 48f (~,'/8,'/8). 

',so 01 Ueqv S~te  occupancy 
Parameter a (A) x [O(ll)l 

TI Mn 0' 0" TI O1 

50 K 9:8819(1) 0.3254(3) 4.9(8) 4.5(14) 1.8(12) 8.1 (6) 1 1 
298 K 9.8927(3) 0.3250(4) 8.1 (I I )  7.5(20) 5.8(17) 9.8(8) 1 1 
X-ray 9.892(1) 0.3254(8) 6 6 4 9 l.OOO(12) 0.972(17) 
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plained by the overlap of the T1 6s band 
with either the Ru 4d band or the Ir 5d 
band. In chemical terms, this overlap means 
reduction of T1 and oxidation of Ru or Ir. 
Oxidation of the 4+ cations leads to a small 
reduction in the M - 0  bond length, and 

L , ,  

reduction of TI3+ causes a disproportionate 
increase in the T1-0 bond length. The net - 
effect is that the lattice constant of 
T1:+,Tlf+Mn$+,Mn~+07 increases as x in- 
creases. Although TI2+ is not a normal 
oxidation state of T1, this is inconseauential 
if the electron associated with T1 reduction 
is actually ,delocalized in a T1 6s band. 

Hall effect data on T1,Mn,O7 indicate 
a small number of high-mobility n-type 
carriers (6) .  This would not be expected 
from an Mn 3d band but could result 
from a small number of carriers in the 
T1 6s band. These carriers could be pro- 
duced by T1:?xTlf+Mnj?xMn~+07 or by 
T1~?,T1~+Mnj+07_,,, .  The  value of x or y 
would need to be onlv -0.005 to exulain 
the Hall data, and neither of these v'alues 
would be inconsistent with our measured 
stoichiometry. 

Cooling T l 2 M ~ , O 7  to 50 K leads to a 
30% increase in the relative intensity of the 
(1 11) reflection in the neutron diffraction 
pattern (16). Thus, a refinement of the 
magnetic contribution was possible, which 
gave a magnetic moment of 2.5 t 0.2 kB 
per Mn. This value is in good agreement 
with the value of 2.74 k, from our magne- 
tization measurements as well as with the 
value of 2.59 L, from the earlier measure- - u 

ment on a sample containing a small 
amount of impurity (6). The orientation of 
the magnetic vector with respect to the 
lattice cannot be determined from ~ o w d e r  
neutron diffraction data (17). 

The FM pyrochlore compound 

0.85 0.90 0.95 1 .OO 1.05 
Ionic radius (A) 

Fig. 3. Plot of ionic radius of A3+ cation (VIII-fold 
coordination) versus cubic unit cell parameter a 
forA,M,O, pyrochlores (A = Dy-Lu, Y, In, Sc, and 
TI; M = M n ,  Ru,  or Pt). The unit cell parameter 
values are taken from (7) and (12) (and references 
cited therein). The data points for M = Ir also 
follow the same trend as those for Ru.  The ionic 
radii values are from (14). 

T12Mn,07 bears more than superficial sim- 
ilarity to the CMR manganese oxide per- 
ovskite compounds. Both compounds are 
oxides, and both have strong local moment " 
magnetism arising from octahedrally coor- 
dinated Mn. Both exhibit dramatic decreas- 
es in the resistivity associated with the tran- 
sition from the high-temperature paramag- 
netic state to the low-temperature FM state 
and the associated CMR. Because of these 
observed similarities between macroscopic 
and microscopic properties, one might ar- 
gue that the underlying mechanism for the 
FM transition is the same in both cases: 
namely, one driven by DE among heterova- 
lent Mn neighbors. However, our results 
underscore the differences between the two 
compound families, and these differences 
strongly suggest that a fundamentally differ- 
ent mechanism drives CMR in the pyro- 
chlore svstem. 

O n  a microscopic level, we see no  ev- 
ldence for significant doping in the pyro- 
chlore M n - 0  sublattice (18). First, such 
doping is necessary to produce the mixed 
valence responsible for DE in the perov- 
skites; CMR occurs over the range of 20 to 
45% of hole concentrations (with respect 
to Mn) ,  obtained by doping with an  alka- 
line earth on the rare earth site 119). ~, 

Second, there is no evidence for Jahn- 
Teller distortions among the M n - 0  octa- " 
hedra, which is consistent with the stoi- 
chiometry of the compound and the ap- 
proximately homovalent Mn population 
thus im~ l i ed .  Third, the above-mentioned 
tendency for T1 to form 6s conduction 
bands is unlike the uerovskite case, where 
the rare earth levels are inactive electron- 
ically. From a macroscopic perspective, 
the saturation moment of 2.74 kB is below 
the value expected for Mn4+,  which is 
consistent with an absence of Mn3+ and 
the weakly covalent character among the 
Mn  valence electrons. Finally, the resis- 
tivity of T1,Mn,O7 in the paramagnetic 
state is metal-like 1doldT > 0) .  which is 

~ 8 ,  , , 

unlike the perovskites, where polycrystal- 
line samples typically exhibit hopping- 
type conductivity (dp/dT < 0). 

Compounds with a pyrochlore structure 
cannot exhibit simple antiferromagnetism 
because the tetrahedral arrangement of met- - 
a1 cations gives rise to classic frustration. In 
addition, FM exchange interactions between 
metal cations become significant in the d3 
situation as the metal-0-metal bond angle 
bends appreciably away from 180" (20). For 
perovskites, there is no frustration, metal-0- 
metal angles are near 180°, and FM insulators 
are rare. Indeed, the end members of the 
CMR perovskites, LaMn03 and CaMnO,, are 
both anti-FM superexchange insulators. Co- 
existing with this superexchange interaction 
in Tl,Mn,07 is a T1-based conduction band. 

In a stoichiometric compound, overlap of the 
T16s band with the Mn 3d band would lead to 
valence mixing in the Mn sublattice-hence, 
the possibility of DE between Mn4+/Mn5+ 
pairs. We believe, however, that T16s-Mn 3d 
overlap is insufficient to produce DE involv- 
ing Mn4+/Mn5+ given (i) the apparently very 
small number of carriers in the T16s band, (ii) 
the unstable nature of the Mn5+ ion, (iii) a 
resulting hopping-transfer integral much re- 
duced from that seen in the Mn3+/Mn4+ 
perovskites, and (iv) a density of such pairs 
well below the percolation limit for nearest 
neighbor hopping in the pyrochlore structure. 

W e  propose that the origin of CMR in 
T1,Mn,O7 is fundamentally different from 
that of the perovskites. Instead of a single 
mechanism (DE) driving both the conduc- 
tion and the magnetic ordering processes, 
as in the perovskites, there are two pro- 
cesses in the pyrochlore compound. The  
magnetic ordering seems to be driven by 
superexchange, as In other FM pyrochlore 
insulators. The  conduction band, howev- 
er, most likely involves a large admixture 
of T1-based valence states. The  interde- 
pendence of p and M results from unusu- 
ally large, incoherent scattering from spin 
fluctuations accompanying FM ordering in 
a relaxation-time approximation (21 ). 
Given such interdependence, CMR results 
from the field-dependence of T,, dT,/ 
dH > 0, which is similar to  that in the 
perovskite compounds. This realization of 
a new route to CMR permits the engineer- 
ing of new materials for eventual use in 
magnetic reading applications. 
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Direct, Nondestructive Observation 
of a Bose Condensate 

M. R. Andrews, M.-0. Mewes, N. J. van Druten, D. S. Durfee, 
D. M. Kurn, W. Ketterie 

The spatial observation of a Bose condensate is reported. Dispersive light scattering was 
used to observe the separation between the condensed and normal components of the 
Bose gas inside a magnetic trap. This technique is nondestructive, and about a hundred 
images of the same condensate can be taken. The width of the angular distribution of 
scattered light increased suddenly at the phase transition. 

Bose-  in stein condensation IBEC) is 
characterized by a macroscopic popula'tion 
of  articles in the auantum-mechanical 
ground state below a critical temperature. 
It is the origin of macroscopic quantum 
phenomena such as superfluidity in liquid 
helium (1). For a homogeneous sample, 
BEC is sometimes called "condensation in 
momentum space" (2)  because it does not 
lead to a spatial separation between the 
condensate and the normal component. 
However, in any inhomogeneous poten- 
tial-for example, in atom traps or even in 
Earth's gravitational field-the conden- 

u 

sate and the normal fraction of a Bose gas 
are spatially separated (2 ,  3). So far, BEC 
has only been seen in momentum space: 
the condensate fraction of liauid helium 
was determined by neutron scattering (4), 
the condensation of excitons was deduced 
from the observed energy distribution of 
the excitonic particles (5), and BEC in 
dilute atomic gases was detected by obser- 
vation of the velocity distribution of freely 
expanding Bose condensates (6, 7). We 
report the direct and nondestructive ob- 
servation of the spatially localized conden- 
sate in a gas of magnetically trapped sodi- 
um atoms. 

Bose condensates of dilute atomic gases 
are a new form of auantum matter. The 
pioneering work toward BEC in atomic gas- 
es was done with spin-polarized hydrogen 
with the use of magnetic trapping and evap- 
orative cooling (8). In work at JILA (9) and 
the Massachusetts Institute of Technology 
(1 0), these techniaues were successfullv . , 

combined with laser cooling (1 I ) ,  which 
resulted in the observation of BEC in ru- 
bidium in June (6) and in sodium in Sep- 
tember of 1995 (7). Lithium has also been 
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cooled to the quantum degenerate regime 
(12). Since these developments, there has 
been a flurry of both theoretical and exper- 
imental activity (13). 

In atom traps, the condensation phe- 
nomenon results in the formation of a 
dense core of atoms in the ground state of 
the system surrounded by the normal com- 
ponent-analogous to droplet formation 
in a saturated vanor. Our earlier attemnts 
to observe the Bose condensate directly by 
absorption imaging failed because of the 
high optical density of the atom cloud 
near the critical temperature. For typical 
parameters of our experiment, the peak 
optical density Do for resonant light was 
about 300, corresponding to a transmis- 
sion coefficient of e-300. Thus, the  robe 
light was completely absorbed, even in the 
wings of the spatial distribution, prevent- 
ing direct imaging of the condensate. De- 
tuning of the light, which reduced the 
absorption, revealed major linage distor- 
tions caused by dispersive effects: the con- 
densate acted as a lens and stronglv de- " ,  
flected the light. However, by using the 
so-called "dark-ground" imaging tech- 
nique (14), we were able to use the dis- 
persively scattered light to clearly image 
the condensate. 

Dispersive imaging has significant ad- 
vantages over absorption methods for the 
imaging of small and dense clouds (Do >> 
1). To obtain a good absorption signal, one 
would like to detune the probe light until 
the off-resonant optical density D is close to 
unity; D is given by D = Do/A2, where the 
detuning A from the resonant frequency oo 
is A = 2(0  - o,)/r, with r being the 
natural linewidth. The maximiun phase 
shift 6 of the transmitted wave is 6 = 
D0/2A, and thus for D - 1, the phase shift 
is 6 - a / 2 .  Such a large phase shift is 
caused by lenslike refraction, which bends 
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