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The synthesis of and magneto-transport in the "colossal magnetoresistance" (CMR) 
pyrochlore-structure compounds TI,_xScxMn,O, for 0 5 x 5 0.5 are reported. The 
maximum resistivity (p) increases by 1 O5 while the Curie temperature (T,) decreases by 
only 25% between x = 0 and 0.4. Forx = 0.2 to 0.3, the magnetoresistance at both high 
field (6 tesla) and low field (<0.05 tesla) are significantly enhanced over the undoped 
(x = 0) compound. Structural analysis indicates that all of the manganese ions are near 
the +4 oxidation state. The behavior of p and T, suggests that scandium substitution 
affects mainly electronic conduction on the thallium-oxygen sublattice while leaving the 
magnetism essentially unchanged. These results demonstrate a distinct way of manip- 
ulating magneto-transport properties in CMR materials. 

T h e  manganite perovskites-like T I I D % -  
MnO,, where T is a trivalent element such 
as La or Bi and D is a divalent element such 
as Ca ,  Sr,  or Ph-exhibit large magnetore- 
sistance ( k n o n ~ n  as C M R )  associated with a 
transition from a low-temperature metallic- 
ferrolnagnetic to a high-temperature setni- 
conducting-paramaglletic phase. This effect 
has heen widely discussed in  the  context of 
magnetic sensing. T h e  underlying physical 
mechanism associated with this transition is 
attributed to double exchange, a microscop- 
ic process in which carrier hopping is en- 
llanced when neighboring M n  ions have 
mutually aligned spins (1 ). T h e  occurrence 
of a metallic-ferromagnetic state for x he- 
tween 0.2 and 0.5 is now thoueht to  he " 

related to the hand-narrowing that arises 
from large electron-phonon coupling ( 2 .  3).  
T h e  mechanism developed for C M R  in  the  
perovskites cannot easily be applied to the  
pyrochlore compound T12Mn207,  however. 
Here, the  high-temuerature state is metallic " 

(4), there is n o  large mixed valency among 
M n  ions 15), and the Tl-O(I)  sublattice is 
thought to contribute to states at the  Fertni 
level (5 ) .  

O n e  possible explanation for the  C M R  
effect in  T12Mn,07 is strong scattering of 
conduction electrons by spin fluctuations 
(SFs) associated with ferromagnetic (FM) 
ordering o n  the  M n - 0  sublattice (6 ) .  Scat- 
tering by SFs is usually a stnall effect, and in  
transition metals, for e x a m ~ l e .  resistance 

L ,  

changes of only a few percent occur near 
the  FM ordering temperature Tc (7).  T h e  
starting point for a SF  scenario is the  pres- 
ence of two distinct electronic subsvstems. 
itinerant (weakly magnetic) and localized 
(strongly magnetic). In  T12Mn20, pyro- 
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chlore, there is evidence for two such sub- 
systems: ( i )  T h e  itinerant system contains a 
significant admixture of T1 6s electrons, as 
inferred from band structure calculations 
(8) and the  systematics of transport among 
pyrochlores having different M3+ ions at 
the T1 site (5), and (ii)  t he  local-moment 
system is comprised of M n  3d electrons, as 
inferred from the  large FM tnoments oh- 
served in  other M n - 0  pyrochlores and the  
similarity of the  M n - 0 - M n  bonding among 
these compounds. Pyrochlores differ froln 
transition metals and the  ELI-chalcogenides, 
which also display CMR,  in  that the  i t i n  
erant and localized suhsvstenls originate 
from distinct lattice sites. Besides t h i  two- 
suhlattice feature, the  u~rochlores  differ 
from typical SF systems in  the  carrier den- 
sity n. In  T12Mn20,,  n = 1 X lop3 to 5 X 
lop' electrons per fortnula unit, whereas 
one would exuect n = 1 for a metal 14). . . 

Because magnetistn and transport in  the  
~vrochlores  originate from distinct atom 
A ,  u 

sites, it is possible to independently tune 
the  materials Darameters relevant in a SF 
model. Here we study the  effect of suhsti- 
tuting S c  for T1 in  T1,_,Sc,Mn20,. Scan- 
dium is trivalent like TI, hut it has a smaller 
ionic radius and n o  accessible empty 6s 
level. W e  found that S c  suhstitution has a 
dramatic effect o n  electronic transport. 
Over a wide temperature range (150 to 200 
K)  in  the  paramagnetic phase, the  resistiv- 
ity p increases by five orders of magnitude as 
r goes from 0 to 0.4. In  addition, the  mag- 
netoresistance M R ( H ) ,  defined as [R(O) - 
R(H)]/R(H), at magnetic fields H = 6 T 
increases hy a factor of 60 between x = 0 
and 0.2, and at low fields, MR(0.05) is also 
significantly enhanced. Similar enhance- 
ments in M R ( H )  were found in  the  MII-0 
perovskites hut are always accompanied by 
strong suppression ( -  100%) of the  FM Cu-  
rie temperature Tc (9 ) .  In  the  Sc-substitut- 
ed T l z M n z 0 7  pyrochlores, however, the  
suppression of T, accotnpanying the  rise in 

M R ( H )  is much smaller (-15%). This re- 
sult demonstrates the  possibility, in  princi- 
ple, to induce large increases in  MR while 
leaving Tc effectively unchanged. This 
property, a desirable feature for applica- 
tions, is characteristic of the  two-electron- 
ic-sublattice pyrochlore compound and mo- 
tivates further materials searches. 

Appropriate quantities of high-purity 
T1203, S c 2 0 3 ,  and M n 0 2  were mixed to- 
eether in a n  agate mortar and sealed in a - 
gold capsule. T h e  capsule was heated to 
900°C for 30 min at 5.8 GPa  in  a tetrahe- 
dral anvil press and then rapidly cooled to 
room temperature before the  pressure was 
released. All of the  peaks in  powiier x-ray 
diffraction (XRD) data for Tlzp,Sc,Mn,07 
samples ( s  = 0.05, 0.1, 0.2, 0.3, and 0.4) 
could he indexed with a cubic unit cell 
(space group ~ d ? m ) ,  and n o  additional re- 
flections resulting from itnpurities were ob- 
served. T h e  refined lattice parameters showed 
a systematic decrease with Sc suhstitution, 
consistent with the significantly smaller octa- 
hedral ionic radius for Sc3+ compared with 
that for TI3'. Electron microprobe analysis of 
the sanlples sho~ved that the compounds are 
stoichiometric and agreed well with the start- 
ing compositions ( t 1%). However, for sam- 
ples wit11 x 2 0.5, the XRD patterns showed 
peak splitting, especially at higher 28 values, 
indicating that the samples are hiphasic. Mi- 
croscopic examination of T~,, ,SC,~,,MII,O~ re- 
vealed several small single crvstals, which " , , 

were recovered and used for single-crystal 
XRD refinement, collected at 296 K o n  an 
Enraf-Konius CAD-4 diffractotneter [details 
are given in (5)]. The  dc magnetization M xas 
measured with a commercial SQUID (super- 
conducting quantum interference device) 
magnetometer. Resistivity measurements 
were made with the  use of a dc  method and 
a four-prohe in-line configuration. Ther- 
tnopower was measured in a t l ~ e r m o c o ~ ~ p l e  
configuration referenced to constantan. 

The  A2M20,  pyrochlore structure can he 
viewed as two interpenetrating networks: one 
~ v i t l ~  corner-shared M 0 6  octahedra giving rise 
to a network composition MIIO(II)~,  and the 
other forming intersecting A-O(1) chains 
with a formula A,O(I) (Fig. 1).  In  the case of 
A2Mn2O7 pyrochlores, the compounds are 
electricallv insulating when A is a rare earth 
element, Y ,  or Sc, wYhereas when '4 is TI, the 
compound is highly conducting and shows 
long-range FM order. As nlentioned previous- 
ly, the high conductivity in Tl,M207 and its 
strong interdependence o n  the magnetic mo- 
ment is apparently due to the mixing of T1 6s 
bands with M n  tZz hands at the Ferrni level, a 
view supported hy recent band structure cal- 
culations (8). Thus, Sc  substitution should 
effect CMR both through modulation of the 
lattice constant as well by introduction of 
disorder o n  the T1-O(1) sublattice. 
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Fig. 1. (A) Magnetization of TI,-,- 
ScxMn207 versus temperature at 
an applied field of 4 T for different 
values of x. (B) Inverse susceptibility 
versus temperature for compounds 
of different values of x (in moles of 
Mn per electromagnetic unit). (Inset) 
Schematic view of the structure of 
TI2-,ScXMn,O7, emphasizing the in- 
terpenetrating networks of MnO(ll), 
octahedra and the (TI,Sc),O(l) unit. 
Small filled circles represent (TI,Sc) 
atoms, and the large open circles 
represent O(I) oxygens. 

The structural refinement of T11,8Sco,2- 
Mn207 (Table 1) shows that the compound 
is stoichiometric with respect to T1 (Sc), 
Mn, and 0 ,  agreeing with chemical anaJysis. 
The observed Mn-0 distance of 1.90 A for 
T11,8Sco,2Mn207 is essentially the same as 
that for T12Mn207 (Table 1) and is near the 
expected value based on the sum of the ionic 
radii of Mn4+ and 02- (10). The similar 
distances again rule out the possibility for 
Mn3+-Mn4+ double exchange in Sc-substi- 
tuted phases. Although the Mn-O(I1) dis- 
tance changes negligibly, the Tl(Sc)-O(1) 
distances do show notable changes upon Sc 
substitution for T1 in T12Mn207. In the py- 
rochlore structure, the A atoms are situated 
in the center of puckered hexagonal rings 
formed by six O(I1) atoms, with two addi- 
tional O(1) atoms located below and above 
the ring. The A-O(1) distance is always 
slightly shorter than the A-O(I1) distance. 
The observed decrease in the Tl(Sc)-O(I1) 
and Tl(Sc)-O(1) bond distances in T11,8- 
Sc,, Mn207 indicates that the Sc atoms 
substitute in the T1 sites exclusively. How- 
ever, the T1-O(I1) bond length decreases 
nearly twice as much as does the Tl(Sc)- 
O(1) bond length. This difference is primar- 
ily due to the higher oxygen affinity of Sc3+. 
With an electronic configuration of 3d0, 
Sc3+ prefers a more regular environment [by 
drawing the six O(I1) atoms closer to it], 
whereas TP+, which has a readily polarizable 
electronic configuration of 5d1°6s0, prefers a 
more distorted environment. Thus, the main 
effect of the shrinking of the lattice with Sc 
substitution is the reduction of the T1- 
O(II)(-Mn) distance, which one then ex- 
pects to increase the interaction (covalent 
mixing) between the two sublattices. How- 

ever, at the same time, the inclusion of Sc on 
the Tl-O(1) sublattice localizes the conduc- 
tion electrons, because of the inaccessibility 
of the Sc s states, which makes the Sc atoms 
strong scattering sites. These competing ten- 
dencies affect the magnetism and transport. 

The M(T) data at 4 T (Fig. 1A) show 
that for x = 0. the low-temwerature satura- 
tion value (M, = 2.8pB, \;here p,B is the 
Bohr magneton) is close to that expected 
for Mn4+ (M, = 3pB), as found earlier (4, 
5). As x increases, M, first increases toward 
3 . 0 5 ~ ~  for x = 0.3 and then gradually de- 
creases. This small increase in M, might be 
related to the increased covalent mixing 
mentioned above. Most important, howev- 
er, is the relative insensitivity of M, to x: 
Indeed, M, = 2 . 7 5 ~ ~  for the end member 
Sc2Mn207, which is an insulator (1 1). In 
the paramagnetic region, the inverse sus- 
ceptibility 1/x at 0.1 T (Fig. 1B) shows a 
systematic decrease of the Weiss constant 
0, [defined by 1/x = C/(T - Ow), where C 

Fig. 2. (A) Resistivity versus temperature of 
TI,-xScxMn,07 for various values of x. The upper, 
middle, and lower curves for each x correspond to 
applied fields of H = 0,3, and 6 T, respectively. (B) 
Thermopower versus temperature for x = 0 and 
0.4 at H = 0 T (filled) and 6 T (open). 

is a Curie constant] with increasing x. This 
decrease is consistent with the temperature 
of sharpest magnetization change, inferred 
from high-field data. It is interesting to com- 
pare the change in T, (Table 2), the tem- 
perature of greatest curvature in the low- 
field l/x(T) data, to a comparable lattice- 
constant reduction in the werovskite svstem. 
Hwang et al. (1 2) found that a increases from 
3.855 t o  3.868 A between Pro~7Cao~3Mn03 
and Lao,525Pro.175C~.3 MnO,. This 0.3% in- 
crease in a is accomvanied bv a 55% reduc- 
tion in T,, from 250 to 110 K. A similar 
fractional decrease in a was found for 
TI2-,ScJln207 between x = 0 and 0.3, but 
T, decreased by only 22%. This result sug- 
gests a smaller magnetorestrictive coupling 
in the pyrochlores than in the perovskites. 

In contrast to the magnetization data, 
which show modest changes as a function of x, 
p(T) (Fig. 2) increases by several orders of 
magnitude as x is increased from 0 to 0.4. 
These data are in contrast to those found for 

Table 1. Structure data (single-crystal x-ray diffraction) for TI,Mn,O, and TI, ,,Sco,,Mn,07 pyrochlores. 
Atomic positions: TI (Sc) 16d(1/2, 1/2, 1/2); Mn 16c(0, 0, 0); O(1) 8b(3/8, 3/8, 3/8); and O(11) 48f (x, 1/8, 
1/8). Values of the ionic radii for eightfold coordinated (TI,SC)~+ are from (10). The data forTI,Mn,O, are 
taken from (5). Numbers in parentheses are the error in the last digit. 

Parameter TI,Mn,O, TI1 . ~ I ( I ) S ~ O . I ~ ( I ) M ~ Z O ~ *  

Lattice parameter (A) 9.892(1) 9.869(1) 
Mn-O(ll) (x6) (A) 1.901 (1) 1.900(1) 
TI (Sc)-O(ll) (X6) (A) 2.458(1) 2.447(1) 
TI (Sc)-O(l) (x2) (A) 2.142(1) 2.137(1) 
Mn-O(ll)-Mn angle (degrees) 133.8(1) 133.4(1) 
x in O(l1) 48f (x, 1 /8, 1 /8) 0.3254(8) 0.3260(5) 
R factor (%)? 1.6 2.4 
Average ionic radius of (TI,SC)~+ (A) 0.98 0.969 

'composition is derived from the microprobe data and agrees well with the occupancy factors refined from single- 
crystal data. ?All atoms were refined anisotropically. 
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the case of In  substitution in T12_,I~~,Mvln20i 
(13), where p(300 K) for x = 0.25 is only a 
factor of 3 greater than that for x = 0. A 
similar doping level of S c  leads to an  increase 
of almost three orders of magnitude. Because 
the lattice-parameter change found with In  
substitution is comparable to that seen for Sc 
substitution, the large difference in p must be 
related to the different electronic configura- 
tions of the two dopant suecies. The  5s levels 
of In are expected to have greater overlap 
with the 71 6s band than either the d or s 
levels in Sc and therefore would be expected 
to produce a smaller change in transport. The  
large increase in p(T) is unlikely to be related 
to oxveen off-stoichiometrv for several rea- , - 
sons: (i) the absence of a large effect for In  
substitution, despite its chemical similarity to 
Sc; (ii) our inability to make Ln2Mn20i 
(Ln = Dy-Lu, Y, Sc) conduct by reduction; 
and (iii) the systematic changes in p with Sc 
concentration and its correlation with lattice 
constant. 

T o  f ~ ~ r t h e r  understand the  role of Sc in  
producing large changes i n  p ( T ) ,  we per- 
formed Hall  effect (x  = 0.3) and ther- 
mopou7er S (for x = 0 and  0.4) measure- 
ments. For x = 0.3 and  T = 50 K, the  
absence of a measurable Hall  voltage 
above the  noise implies a lower bound of 
n ;= 5 X lop4  carriers per formula unit ,  10  
to  50% of tha t  found for x = 0 (4 ) .  
Although large increases in  p can  occur 
for modest decreases i n n  in  extrinsic semi- 
conductors (14) ,  t he  present increase by a 
factor of 10' in  p accompanying this lower 
bound o n  n suggests there is also a change 
in  scattering time. Because of the  small 
snatial extent  of the  S c  4s orbital, it is 
reasonable to  assume that  Sc introduces a 
strong-scattering 6s vacancy into t h e  71- 
O(1) network. T h e  introduction of such 
vacancies is contrarv to  what occurs in  the  
perovskites, where modification of the  
transport is achieved by charge transfer 
between t h e  electronically inactive 4 site 
and t h e  M n - 0  sublattice. T h e  qualitative 
difference between the  "doping" depen- 
dencies of bo th  systems is also manifested 
in  S ( T ) .  For x = 0 ,  S ( T  > T,) behaves as 
expected for a metal with a low carrier 

density, where the  thermal energy k,T ( k ,  
is Boltzmann's constant) approximately 
equals the  Fermi energy EF, behavior un- 
like the  perovskites, where S ( T )  a l/T 
[consistent with polaron transport (1 S)]. 
Mot t  (16)  derived a n  expression for S (T)  
i n  a FM metal 

where N i ,  J = d N T ,  &/dE is the slope of 
the  density of states N at  EF. It  is thus 
possible to explain the large reduction in 
S (T)  at T, by invoking large changes in  

N i ,  with FM ordering, a plausible assump- 
tion for large spin polariza'tion and a small 
EF. For finite H, S ( T )  decreases in  the vicin- 
ity of Tc. This change is consistent with 
Mott's expression if the change in N'  is 
spread out over a larger temperature range, as 
implied by a 1 dM/dT 1 at Tc that decreases 
with the field. T h e  differing behavior of 
S (T)  exhibited by perovskite and pyrochlore 
(x = 0 )  in the paramagnetic state is not 
surprising given that they exhibit semicon- 
ducting-type and metallic resistivity, respec- 
tively. However, for the x = 0.4 pyrochlore 
(Fig. 2B), even though dp/dT < 0 in the 
paramagnetic regime, dS/dT > 0, unlike the  
polaron behavior describing the perovskites 
(15),  (For either intrinsic or hopping-type 
semiconductors, one expects S - In p, and 
thus, the factor of 5 increase between x = 0 
and 0.4 mirrors t h e  change by several or- 
ders of magnitude in  p.) Therefore, t h e  
gross features of the  metal-to-insulator 
transition induced by a n  increase in  x are 
qualitatively different from those seen i n  
the  perovskite C M R  materials. 

If x is increased from 0 to 0.2 in 
TI2-,Sc,Mn207, IvIR(6 T )  (Fig. 3 )  changes 
from 0,9 to 58. Such a large enhancement of 
MR(H)  in the perovskites has been observed 
by several methods. For example, Jin et al. 
(9) reported enhancements of 10' in  
La,-,Ca,MnO, films; Tokura et al. (17) 
found hysteretic decreases in R(H)  of several 
orders of magnitude associated with a struc- 
tural transition in (Nd,Sm)c, jSrc , jh4~~03;  
and Hwang et al. (12) studied the systematic 

Table 2. Variation of the structural and physical parameters a s  a funct~on of Sc concentration in 
TI,_,ScxMn,O,. 

X 
Lattice 

T, (K) 4 (FBI 
~ ( 3 0 0  K) 

parameter (A) (ohm-cm) 

"Materal is biohasic at this concentration 

increase of b1R with decreasing lanthanide 
radius in La,,ip,Pr,Ca, ,MnO,. T h e  correla- 
tion between MR(H) and Tc has been di- 
rectly addressed by Khazeni et al. (18),  who 
compiled results from various studies (Fig. 3, 
inset). Despite the generally lower values of 
MR(6 T ) ,  T, for the pyrochlores is much less 
sensitive to relative changes in MR than is 
Tc for the  perovskites. This behavior strong- 
ly suggests that, to a first approximation, the 
localized electron L'ln-0 sublattice acts in- 
dependently of the i t inerat~t-e lect ro  7 1 - 0  
sublattice. 

Finally, we present the  low-field M R ( H )  
(Fig. 4A).  A t  low temperatures ( 7  = 20 
and 60 K), there is a n  abrupt initial de- 
crease in  R(H)/R(O) similar to that  seen in 
perovskite materials and attributed to spin- 
dependent transport across grain boundaries 
(intergrain contribution), consistent with 
the  sharp initial increase of the  magnetiza- 
t ion M (Fig. 4B) (19,  20). Above H = 0.05 
T for T = 20 and 60 K, the  magnitude of 
dR/dH decreases dramatically (intragrain 
contribution). There is a large temperature 
dependence of the  intragrain dR/dH for 
H < 0.1 T, especially as T + T, from 
below. This dependence leads to a n  initial 
slope of the  intragrain contribution a t  T = 

110 K that is comparable to that  of the  
intergrain contribution at much lower 7 .  
For the  pyrochlore Tlzp,Sc,Mn207 at  x = 
0, the  initial slope magnitude (obtained 
from a linear fit for 0 < H < 0.05 7 )  is 
greater than that for the  perovskite 
La,,iCa,,,Mn03 (Fig. 4C) .  This difference 
is perhaps not  surprising, given the  large 
difference in  the  values of T, between the  
two compounds. W h a t  is notable, however, 
is the  large difference in  slope magnitude 
between the  x = 0 and x = 0.3 pyrochlores: 

Temperature (K) 

Fig. 3. Magnetoresstance versus temperature of 
Tl,_xScxMn,O, pyrochlores for various values of 
x. (Inset) The maximum magnetoresistance ver- 
sus ordering temperature for the pyrochlores 
(open symbols) and the manganite perovskites 
(closed symbols) [data from (18)l. The arrow sym- 
bolizes the expected shift of the pyrochlore data if 
the exchange interaction among Mn-site ions 
could be increased. 
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of the precise value of T,.  his delnonstrates a 
different uaradig~n for mani~ulating II1R for 

u 

magnetic-sensing applications. One  of the 
drawbacks of the perovskites is that the bulk 

Spontaneous Oscillation and Self-pumped 
MR can be increased by chemical modifica- Phase Conjugation in a Photorefractive 
tion only at the expense of lowering Tc. A t  
oresent. II1R in the ovrochlores onlv occurs 

Polymer Optical Amplifier 
L ,  

below 200 K, but it may be possible to achieve A. Grunnet-Jepsen, C. L. Thompson, W. E. Moerner 

Fig. 4. (A) Field dependence of the resistance, nor- 
malized to the zero-fled value for TI, ,Sc,,Mn,O, 
for several temperatures near T,. Data at small neg- 
ativefield values show an absence of hysteresis, (B) 
Magnetizaton versus feld. normalzed to the value 
at 0.5 T, for various temperatures. (C) Normal- 
zed resistance versus field for La,,,Ca, ,MnO,, 
TI,Mn,O,, and TI, ,Sc,,Mn,O, at the tempera- 
ture where the ntragrain contribution s maxmized 
for each sample, 

Optical processing with photorefractive polymers depends on achieving high optical 
gain, which depends exponentially on the product of the interaction length and the gain 
coefficient. By use of several polymer layers to increase the overall interaction length and 
a new high-performance photorefractive polymer composite, the overall optical one- 
pass gain becomes as large as a factor of 5. For a two-layer sample placed in an optical 
cavity made with two concave mirrors, spontaneous oscillation due to two-beam cou- 
pling gain was observed. Because only one pumping beam is required, this configuration 
also acts as a self-pumped phase-conjugating mirror with a reflectivity of 13 percent for 
an applied electric field of 75 volts per micrometer, marking a milestone for this growing 
class of optoelectronic materials. 

T h e  photorefractive (PR) effect refers to 
optically induced redistribution of charge in  
a n  electro-ootic material to oroduce a soa- 
tial modulation of the  refractive index, or a 
hologram ( I  ). Inorganic crystals shoa~ing 
the  PR effect have been known for more 
than 30 years, and a variety of applications 
for optical storage and processing have been 
suggested (2) .  A n  intriguing new materials 
class, the  PR polymers, are attractive for 
applications owing to their ease of process- 
ing and low cost and, since their inception 
in 1991 ( 3 ) ,  many new materials are show- 
ing the  potential for high performance (4- 

Department of Cbemstry and Bochemstry, Unvers ty of 
Caforna, San Dego, CA 92093-0340, USA, 

6). T h e  design of a PR polymer requires 
combining photocond~~ct ivi ty  and optical 
nonlinearitv in  the same material, and to 
achieve thi;, a n  interdisciplinary cbinbina- 
tion of synthetic organic chemistry, nonlin- 
ear optics, and physical characterization is 
reauired 17). T o  illustrate the  desi, 011 strat- " 

egy, the  components of the  material used in 
thrs study are shown in Fig. 1: ( i )  Charge . . 
(hole) transport is providedYby poly(n-vi11;:1 
carbazole) (PVK); (ii) photoinduced charge 
generation at red wavelengths is provided 
by the  fullerene CGS (8); (iii) the  electro- 
optic response is provrded by the  nonlinear 
optical chrornophore PDCST,  which is ori- 
ented by an  applied electric field; and (iv) 
lowering of the  glass transition temperature 
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