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The electrical resistivity of R2MoZ0, (I? = Nd, Sm, Gd, Tb, Y) pyrochlores was measured in the 
temperature range 4.2 to 300 K. Metallic behavior is observed for Nd2M0207, SmzMoaO,, and GdzMoz 
0, which have relatively high magnetic ordering temperatures due to ferromagnetism on the molybde- 
num sublattice. A clear drop in resistivity is observed near the magnetic ordering point for all metallic 
materials. A resistance minimum observed at low temperatures, which may be due to the magnetic 
ordering of the rare-earth sublattice, is not completely understood. Tb2Moz07 and Y2M0207, which 
show no molybdenum sublattice ordering down to 4.2 K, are semiconductors. However, the tempera- 
ture dependence of the resistivity is not exponential. This unusual resistivity behavior is typical of 
degenerate semiconductors. 0 1987 Academic Press, 1~. 

Introduction 

Recently, Subramanian and colleagues 
have investigated the magnetic and electri- 
cal properties of R2M0207 (R = Sm-Yb, Y) 
pyrochlores (2, 2). They reported semicon- 
ducting behavior with low resistivity and a 
low activation energy for R = Gd-Yb, Y, 
and semimetallic or metallic conduction for 
Sm2Moz07. All compounds were reported 
to exhibit magnetic ordering in the neigh- 
borhood of 77 K. Their experimental 
results were, however, only obtained above 
77 K and there have been no other studies 
of the physical properties of these com- 
pounds. 

In a previous study (3), we found a large 
change in the magnetic properties of the R2 
Mo207 series between Gd2Moz07 and Tb2 

t Permanent address: Kochi Technical College, 
Monobe Otsu 200-1, Nangoku-Shi, Kochi-Ken 783, 
Japan. 

Mo207. The materials R = Nd, Sm, and Gd 
show evidence for long-range magnetic or- 
der of the ferro- or ferrimagnetic type at 
relatively high temperatures (80-95 K) aris- 
ing from ferromagnetic interactions on the 
MO sublattice. On the other hand, those 
phases for R = Tb-Yb, Y do not order in 
the long-range sense down to 4.2 K. YzMo2 
O7 and solid solutions (LaXY1-&Mo207 ap- 
pear to be spin glasses or cluster glasses 
with competing ferromagnetic and antifer- 
romagnetic exchange interactions (4,5). To 
determine whether the magnetic and elec- 
trical properties are correlated, we under- 
took resistivity measurements for selected 
members of the R2M0207 series (R = Nd, 
Sm, Cd, Tb, Y and the solid solution Lao.3 
Y& in the temperature range 2.4-300 K. 

Experimental 

Samples of R2M0207 were prepared by 
heating an appropriate molar ratio mixture 
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of Moo2 and R203 (or Tb407) in a CO~COZ 
buffer gas at 1400°C. Details of the prepara- 
tion and characterization of these com- 
pounds are given elsewhere (3). 

Although an attempt was made to grow a 
single crystal from the melt with a modified 
tri-arc furnace on a molybdenum hearth, 
the effort was not successful. Thus, the 
electrical resistivity measurements were 
done with sintered materials with dimen- 
sions of approximately 2 x 2 x 10 mm. The 
data were obtained by a conventional four- 
probe method in the temperature range 4.2 
to 300 K. Electrical contacts were made 
with silver paste between four beryllium- 
copper springs with the sample mounted on 
an integrated circuit holder. Temperature 
was monitored with a calibrated carbon- 
glass thermometer mounted near the sam- 
ple. 

Results and Discussion 

Table I summarizes the magnetic data ob- 
tained in a previous study (3). The critical 
temperature, T, , corresponds to the ferro- 
magnetic ordering of the molybdenum sub- 
lattice. The second temperature, Tz, is at- 
tributed to the onset of induced order in the 
rare-earth sublattice through coupling to 
the transition metal sublattice as in YbzVz 
O7 and TmzV207 (6). These temperatures 
were obtained from data taken in a nearly 
zero applied field. The Tc’s are well-de- 

TABLE I 

MAGNETIC DATA FOR 
&Me07 

TCa 

(3) 21 

Nd2M020, 97 20-25 
Sm2M0207 93 20-2.5 
Gd2Mo207 83 30-50 

a Data taken from 03 (0.0045 
T) vs T plot where r is the 
magnetic moment. 
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FIG. 1. Electrical resistivity versus temperature for 
Gd2M0207, Sm2M0207, and Nd2M020T. 

fined, as are the Tz’s for R = Nd and Sm, 
whereas the second transition for R = Gd 
occurs over a broader temperature range. 

Temperature dependences of the resistiv- 
ity are given in Fig. 1 for Nd2M0207, Smz: 
Mo207, and Gd2M0207, and in Fig. 2 for 
TbzMo207 and Y2M0207. Clearly, these 
two groups of compounds show very differ- 
ent behavior. For R = Nd + Gd, the resis- 
tivity has a temperature dependence nor- 
mally associated with metals or semimetals 
while R = Tb and Y are semiconducting. 
Although in the case of the former group 
the magnitudes of the resistivities are in the 
10e3 ohm-cm range, considerably higher 
than in normal metals, there are some rele- 
vant points to consider. First, these sam- 
ples consist of sintered, polycrystalline 
disks, not single crystals, and thus the mea- 
sured resistivities include effects of inter- 
granular resistances. Second, the d elec- 



302 GREEDAN ET AL. 

2 I I 
1 

v2 Mo207 
. 

. - 
l- *.- - 

:- 

-3 - 

I I 
-41 I I I 

0 50 
1000/T- K-’ 

100 150 

FIG. 2. Electriccl resistivity versus temperature for Tb2M020, and YZMo20,. The inset 
for the temperature range 200 K to 67 K (1000/T = 5.0 to 15.0). 

showed data 

trons in these compounds must be highly 
correlated, as evidenced by the appearance 
of spontaneous magnetism at low tempera- 
tures. Similar materials, i.e., highly correl- 
ated, metallic transition metal oxides such 
as V203 (12), have resistivities in this same 
10e3 ohm-cm range. Clearly, a more de- 
tailed study of the transport properties cou- 
pled with information on electronic struc- 
ture will be necessary to understand the 
relatively high, yet metallike resistivity in 
these complex materials. 

Our results differ from those obtained by 
Subramanian et al. (I), who observed the 
transition from metallic to semiconducting 
behavior between Sm2M0207 and Gd2M02 
07. Further, our value for the 300 K resis- 
tivity of SmzMo207 (-4.7 x 10m3 0 cm) is 
similar to that reported previously, but we 
observe a strong temperature dependence 
below 300 K whereas Subramanian et al. 
found a nearly temperature independent re- 
sistivity. A very recent report of thermopo- 
wer data on, presumably, the same samples 
of Ref. (I) argues for an activated transport 
process for R = Yb to Gd (7). This is con- 
sistent with our results except for Gd where 

the resistivity data presented here differ 
markedly from those of Ref. (1). 

Turning to a closer examination of Fig. 1, 
all three metallic compounds exhibit two 
common features: (i) a sharp change in the 
slope of p vs T near 100 K and (ii) a mini- 
mum in p vs T at lower temperatures. The 
first feature is widely observed in metallic 
materials containing localized or highly cor- 
relatedfor d electrons which have a transi- 
tion to a magnetically ordered state. In gen- 
eral, the total resistivity is the sum of three 
leading contributions 

P(T) = PO + &h(T) + p,(T) 

where p. is the residual resistivity due to 
scattering of conduction electrons by impu- 
rities and is temperature independent, &,h is 
due to phonon scattering, and ps is due to 
scattering by the spins of the localized or 
highly correlated electrons (8). At tempera- 
tures greater than T, , i.e., where the spins 
are disordered, ps is usually temperature in- 
dependent and p(T) is dominated by the 
phonon term. Below T,, ps decreases with 
decreasing temperature as the spins begin 
to order on the magnetic sublattice and p(T) 
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decreases more rapidly than expected from 
the phonon term alone (8). Also, near T, , a 
logarithmic divergence in dpldT versus T is 
usually seen (9). This is observed in our 
data as shown in Fig. 3. Here the solid line 
is given by dpldT = A loglel + B where E = 
((T - TJT,). The Tc’s extracted from this 
analysis are 94 K for Nd2Moz07, 86 K for 
SmzMo207, and 83 K for Gd2M0207 and in 
fair agreement with values obtained from 
the magnetization measurements. At 
present, the appearance of a second peak in 
dp/dT for Gd2M0207 at about 62 K is not 
understood but may indicate a further mag- 
netic spin reorientation. Thus, the first fea- 
ture in p vs T for the metallic I&M0207 com- 
pounds is associated with the long-range 
magnetic order of the Mo4+ sublattice. 

The origin of the second feature, the re- 
sistivity minimum, is more difficult to un- 
derstand. Circumstantial evidence suggests 
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FIG. 3. dpldT versus T for Gd2Mo,07 (Gd), SmZMo2 
0, (Sm), and Nd2Moz07 (Nd). The solid lines are fits to 
the function dp/dT = A log ((T - TJ/T,) + B. 

that this effect may also be associated with 
the magnetic properties. Note that the posi- 
tions of the resistivity minima, about 25,25, 
and 40 K for R = Nd, Sm, and Gd respec- 
tively, correlate reasonably well with the T2 
values, the temperature ranges over which 
the rare-earth sublattice begins to exhibit 
some kind of induced order. At present, in- 
formation regarding the nature of the mag- 
netic structure in this temperature range is 
not available. Neutron diffraction experi- 
ments on Nd2M0207 are planned. 

Returning to the data of Fig. 1, one no- 
tices that the magnitude of the resistivity at 
all temperatures increases systematically 
from Nd to Sm to Gd. Note also that the 
temperature dependence of the resistivity 
above T, for GdzMo207 is different from 
that for NdzMoz07 and Sm2M0207. For the 
latter two materials, p vs T is nearly linear 
from T, to 300 K. Such behavior is usually 
ascribed to phonon scattering. For GdzMo2 
O7 a T2 dependence is observed in the re- 
gion from 90 to 150 K, as shown in Fig. 4, 
followed by an approach to saturation near 
300 K. The solid line in Fig. 4 is a least- 
squares fit to the function p = p. + aT2, 
where (Y is 6.9 x lob8 ohm-cm K-2. This 
value of the T2 coefficient is about lo3 times 
that for most transition metal and metallic 
oxide materials such as Pt or RuOz (10, 11 ), 
but is of the same order as found for highly 
correlated systems such as Mn (ZO), VZ03 
(12), or CrOz (13). The relatively high tem- 
peratures for which the T2 dependence is 
observed is unusual but CrOz also shows 
such behavior in a similar range. The ap- 
pearance of a T2 term in the resistivity for a 
material above its magnetic T, is attributed 
to electron-electron scattering as first pro- 
posed by Baber (14). Considering the mag- 
nitude of this term for Gd2M0207 it is rea- 
sonable to conclude that a very high degree 
of correlation exists in this material and 
that the degree of correlation increases sys- 
tematically from Nd to Gd in the R2M0207 
series. For a recent discussion of the role of 
electron correlation in enhancing the mag- 
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FIG. 4. The TZ dependence of the resistivity for Gdz 
Mo207 in the range 90 to 150 K. 

nitude of the T2 term see Moriya (15) and 
references therein. 

As already noted, for R = Tb the electri- 
cal properties change completely to exhibit 
semiconducting behavior. Semiconducting 
behavior is also noted for YzMozO, . An ex- 
amination of Fig. 2 shows that the usual, 
linear log p vs T-l dependence is not found 
for either material over the entire tempera- 
ture range covered in these measurements. 
Our results are in fair agreement with those 
of Subramanian et al. in the temperature 
range where the two studies overlap. These 
authors report an activated conductivity for 
both TbMo207 and Y2M0207 with activa- 
tion energies of 7.0 x 10e3 and 1.3 X 10e2 
eV, respectively, which can be compared 
to our results of 1.4 x 1O-2 and 1.8 X 10m2 
eV, respectively, from data in the range 200 
to 70 K (see inset Fig. 2). The present 
study extends to much lower temperatures 

and, as can be seen from Fig. 2, the resistiv- 
ities for both materials approach a satura- 
tion value. This type of behavior has been 
observed in highly doped metal oxide semi- 
conductors, such as Li,Nir-,O (16), and in 
semimetallic alloys, such as Bi-Sb (17). 
Several models exist to explain data of this 
type including polaron formation or impu- 
rity band formation but, lacking detailed 
transport data, further speculation here is 
unwarranted. The basic conclusion that can 
be drawn is that the semiconducting mem- 
bers of this series appear to behave as 
highly doped, nearly degenerate semicon- 
ductors. 

The observation of metallic or semicon- 
ducting behavior as a function of R in the RZ 
Moz07 series is unique for this broad class 
of pyrochlore metal oxides. All known 
pyrochlores of the type where R is a rare- 
earth and M is a 3d, 4d, or Sd transition 
element are semiconductors (1, 18-22). A 
qualitative explanation has been advanced 
previously (20). This model invokes two 
competing interactions, the first involving 
tzg orbitals on M and pr orbitals on the 48f 
0 atoms-an M-Or interaction-and the 
second involving pa orbitals on R and the 
same set of 0 atoms. This results in a set of 
partially occupied M-O r* levels which lie 
just below an empty R-O o* band. If the 
R-O o interaction is sufficiently strong the 
M-O r* levels may be localized or at least 
form highly correlated Hubbard bands. 
Now the strength of the R-O o interaction 
is expected to decrease with increasing ba- 
sicity or increasing size of the R atom, i.e., 
in the order Lu -+ La across the rare-earth 
series. All of the electrical transport data 
presented here and in previous studies for 
the R2M0207 series are consistent with this 
relatively simple idea. All compounds from 
R = Yb to Tb are semiconductors with 
quasi-localized 4d2 electrons; R = Gd is a 
highly correlated metal or semimetal and R 
= Sm and Nd show more normal behavior 
consistent with a broader MO-O n* band. 
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In the context of the above, it is interest- 
ing to examine the electrical properties of 
the solid solution (L~Q~Y~.~)~Mo~Y~. For 
this composition, the average radius of the 
atom in the large cation site is essentially 
equal to that of Gd, one of the metallic 
members of the series. From the results 
plotted in Fig. 5, it is evident that not only 
are metallic properties not observed but the 
resistivity of this material is also much 
higher at all temperatures than any of the 
other R2M0207 pyrochlores studied. In fact, 
the electrical behavior of (La0.3Y0.7)2M0207 
is quite complex, showing three distinct lin- 
ear regions in the log p vs T-l plot with 
activation energies as follows: 300-130 K, 
0.067 eV; 130-40 K, 0.046 eV; and 40 to 26 
K, 0.035 eV. This shows that it is ndive to 
expect the (R ,R ‘)2M0207 solid solutions to 
behave as the corresponding well-ordered 
R2M0207 phases. The same observation 
was made in a study of the magnetic prop- 
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FIG. 5. Electrical resistivity versus temperature for 

erties of the La,Yi-, solid solutions where 
all of these materials exhibit spin-glass-like 
behavior, even the compositions L~o.~Y~.~, 
L~o,~Y~.~, and L~,JJ~Yo.~~ which have the 
same lattice constants as the ferromagnetic 
Gd, Sm, and Nd compounds (3,5). Appar- 
ently, the disorder on the rare-earth site is a 
sufficient perturbation on the MO-O rr* 
subsystem to induce localization, probably 
through a mechanism such as that sug- 
gested by Anderson (22). 

At this point, it is worth noting again the 
correlation between magnetic and electrical 
properties. Among the known R2M0207 
compounds all of the metallic phases are 
ferromagnetic and the semiconducting 
phases show spin-glass-like or cluster- 
glass behavior. We have pointed out previ- 
ously that in pyrochlore-structure materials 
with only short-range, nearest neighbor an- 
tiferromagnetic interactions, that spin- 
glass-like properties can be expected (4). In 
metallic systems long-range coupling via 
the conduction electrons can exist, giving 
rise to three-dimensional ferromagnetic or- 
der. 

Finally, the properties of the RZMo207 
pyrochlore series can be compared with 
those of the RTi03 perovskites, which have 
been the subject of recent, intensive inves- 
tigation in our laboratory (23). In both se- 
ries the high-temperature electrical and 
magnetic properties are determined by the 
transition metal-oxygen sublattices which 
are topologically similar, consisting of 
three-dimensional networks of corner- 
shared MO6 octahedra. The R3+ ions inter- 
act with the M-O network in two ways. In 
the RTi03 series the Ti-0-Ti bridging an- 
gle between two octahedra varies with the 
size of R from 155” (R = La) to 140” (R = 
Y). For the RzMoz07 phases, the detailed 
structures are not known but the Mo-O- 
MO angle should lie near 130”. Little change 
in this angle with R is anticipated. In both 
cases, there will be an “inductive” effect, 
as discussed earlier, where R3+ competes 
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with the transition metal ion and withdraws 
electron density from the M-0 r bonding 
network. The magnitude of the inductive 
effect increases as the size of the R3+ ion 
decreases. There occurs in both series a 
metal to semiconductor transition as R3+ 
decreases in size. For the RTi03 com- 
pounds the metal/semiconductor boundary 
is between Ce and Pr while for the R2M0207 
group it is found between Gd and Tb. For 
the pyrochlores the metal-semiconductor 
transition is due purely to the inductive ef- 
fect while for the perovskites it is difficult 
to separate this from the geometric effect. 
It is also worth noting that similar behavior 
has been seen in pyrochlores based on Ru4+ 
(22, 23). Here the phase Bi2Ru207 is metal- 
lic while those pyrochlores with a rare earth 
on the large cation site are semiconducting. 
It has been argued that the Bi 6s levels are 
involved in the conduction band of BizRu2 
07. 

There also exists a continuous transition 
between ferromagnetic and antiferromag- 
netic net magnetic exchange as a function 
of R in the two series. In the perovskite 
series the members with large R3+ show an- 
tiferromagnetic behavior on the Ti-0 sub- 
lattice, R = La, Ce, and Pr, while ferro- 
magnetism appears for small R3+, R = Gd 
-+ Yb. The reverse is true for the molybde- 
num pyrochlores with ferromagnetism for 
R = Nd + Gd and predominantly antiferro- 
magnetic interactions for R = Tb + Y. 
These differences may be due in part to the 
electronic configurations of the two transi- 
tion metal ions involved. Ti3+, 3d*, and 
Mo4+, 4d2, but a detailed explanation is not 
presently available. 
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