
T h e  I(V) data hecanne Illore asylnlnnetric as 
tlne tit.-cluster senaration increased. W e  
cannot at present determine whether the 
nonzero value of QL7 is related to work- 
function tiiifierences hetween tip and cluster 
or to the local che~nical  environment of the 
XYL-ALI cluster nanostructure. 

Gold clusters prepared by the MECS are 
crystalline and have been shown to orient 
I\-ith their ( 1  11) facets parallel to atolnically 
flat substrates 113). If we assume that these , , 

cl~sters  are truncated octahedrons, we can 
estin~ate the resistance of a sinele XYL mol- 
ecule frotnn tneas~~retnents of R ,  for an  ALI 
cluster-XYL SAM-Au substrate nanostruc- 
ture (16). From tlne Coulomb staircase Jata,  
the resistance of a si~ngle XYL molecule is 
estimated to be 18 i 12 megohms. This 
result can be c o m ~ a r e d  with a theoretical 
calculation of the resista~nce of an  XYL mol- 
ecule bonded between ta.o ALI surfaces, in 
which RYYL was found to be 4.5 i 0.50 
megolnms. This resistance was calculated 
from tlne Landauer formula R = (h/2r2)Tr. 
Here, h is Planck's constant a ~ n J  Tr is the 
translnission coefficient throueh an  XYL 

0 

molecule sand\\~icheJ between t\\-o Au sur- 
6aces; we calculated it using an  extended 
Huckel molecular orbital description of the 
molecule (1 8). 
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Filled Skutterudite Antimonides: 
A New Class of Thermoelectric Materials 

B. C. Sales," D. Mandrus, R. K. Williams 

A class of thermoelectric materials has been synthesized with a thermoelectric figure of 
merit ZT (where T is temperature and Z is a function of thermopower, electrical resistivity, 
and thermal conductivity) near 1 at 800 kelvin. Although these materials have not been 
optimized, this value is comparable to the best ZT values obtained for any previously 
studied thermoelectric material. Calculations indicate that the optimized material should 
have ZT values of 1.4. These ternary semiconductors have the general formula RM,X12 
(where R is lanthanum, cerium, praseodymium, neodymium, or europium; M is iron, 
ruthenium, or osmium; and X is phosphorus, arsenic, or antimony) and represent a new 
approach to creating improved thermoelectric materials. Several alloys in the composition 
range CeFe,~,Co,Sb,, or LaFe4_,CoXSbl2 (0 < x < 4) have large values of ZT. 

1 H Grabert and M. H. Devoret, Eds., Single-Charge 
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T h e  coupling bet\\reen heat and electrical 
currents in a solid has fascinated scientists 
slnce the  early experiments of Lenz in 1838. 
He  placed a drop of water o n  the junction 
of Bi and Sh tnetal \\-ires. Passitng an  electric 
current through the junction in olne direc- 
tion caused tlne xater  to freeze, and revers- 
illg the current causeil the ice to tnelt rap- 
idly; a therlnoelectric refrigerator \\-as thus 
created. Tlnts phenomenon re~~nained little 
tnore than a curiosity until the early 1950s, 
\\-hen it \\-as found that doped semiconduc- 
tors could increase the efficiency of thermo- 
electric devices to values that allo\\-ed their 
practical use in specialized applications in 
\vhicln reliability \\-as more ilnportant than 
economy (1) .  Today, portable thermoelec- 
tric coolers can be polvered from a car bat- 
tery for food storage or can be energized 
from a computer p o x r  supply to provide 
active cooling for htgh-density integrated 
electronic chips. A closely related thermo- 
electric effect L3roduces electricity if a tem- 
perature gradlent is established across the  
device. These thermoelectric generators are 
used as po\\-er sources for lnalnv of NASA's 

deep space probes ( 2 )  a~nd are currently of 
interest in the automobile industrv for n o w  , L 

er generatioln from exhaust and engine heat. 
Materials used today in therlnoelectric 

devices-BizTe,-SbzTe, alloys for refriger- 
ation and Si-Ge allovs for Dower generation 
a t  elevated temperatures-were developed 
in the early 1960s. T h e  lnain drawback of 
thermoelectric devices is their efficiency, 
I\-hich depends on tnaterials properties 
through the  dimensionless parameter ZT,  
where T is the temperature and Z = S ' / K ~  
(where S is the thermooo\\-er or Seebeck 
coefficient, p is the electrical resist~vity, and 
K is the  thertual coniiuctivltv). Althoueh " 

many materials have been investigateti1 in 
tlne intervening 35 years, the eff~ciency of 
thermoelectr~c devices has not  improved 
significantly. Ho\vever, theory shows that 
there is 110 fundamental maximum l l tn~ t  to 
Z T  ( 1 ,  2) .  Moreover, several plausible ex- 
trapolations, based o n  the  use of optimum 
values for knoa.n materials, indicate that 
Z T  values of 2 to 4 are possible ( 1 ,  3) .  A 
value of Z T  = 3 I\-ould make thermoelectric 
home refrigerators econolnlcallv cotnneti- 
tlve w t h  traditional compressor-based re- 

B. C. Sales alid D. Mandrus, s o d  State Dvlson, Oak frigerators, We initial experilnelltal Rdge Natonal Laboratow, Oak Rdge, TN 37831, USA 
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'To wholn correspondence should be addressed. materials are clearly unoptimized, they ex- 

SCIENCE * \;OL. 272  * 3 1  h1AY 1996 1325 



hibit values of ZT comparable to the best 
values previously attained. 

The word "skutterudite" is derived from 
a town in Norwav where minerals with this 
structure, such as CoAs,, were first discov- 
ered. Compounds with the filled skutteru- 
dite structure were discovered by Jeitschko 
and Braun in 1977 (4) and have the general 
formula RM4X12, where R is La, Ce, Pr, Nd, 
or Eu; M is Fe, Ru, or 0s;  and X is P, As, or 
Sb. These com~ounds are cubic with 34 
atoms in the unit cell and space group IM3 
(Fig. 1). This structure consists of square 
planar rings of four pnicogen (group VA) 
atoms (X) with the rings oriented along the 
(loo), (OlO), or (001) crystallographic di- 
rections. The metal (M) atoms form a sim- 
ple cubic sublattice, and the R atoms are 
positioned in the two remaining "holes" in 
the unit cell. X-ray (5) and neutron (6) 
structure refinements indicate that for 
many of the compounds, the R atoms (such 
as La or Ce) tend to exhibit exceptionally 
large thermal parameters, corresponding to 
the "rattling" of these atoms in an oversized 
atomic cage. As shown below, this rattling 
markedly reduces the thermal conductivity 
of these filled skutterudite compounds. A 
similar effect has been observed in crystal- 
line materials in which the local vibration 
of an atom or molecule in the structure 
reduces the thermal conductivity to values 
expected for an amorphous solid of the 
same chemical composition (3, 7). When 
the R atoms are absent from the structure, 
the basic skutterudite structure is formed. 

Since the original papers of Jeitschko 
and Braun, many other variations of mate- 

rials with this structure have been synthe- 
sized (8-10). Because.these com~ounds are 
difficult to synthesize in pure form, the 
solid-state ~ r o ~ e r t i e s  of most of these mate- 
rials are u&nbwn. Those compounds that 
have been successfully investigated, howev- 
er, include several superconductors (I 1 ), a 
heavy-fermion metal (1 2), Kondo-like nar- 
row-gap semiconductors (8), a ferromagnet 
(8), and, in the present case, narrow-gap 
semiconductors with moderate mobilities. 
Although our original motivation for the 
svnthesis of these materials was to investi- 
gate the thermoelectric properties of so- 
called Kondo insulators (1 3), reports on the 
thermoelectric properties of binary skut- 
terudite compounds, such as IrSb,, RhSb,, 
and CoSb, (14-18), shifted our focus to 
more traditional narrow-gap semiconduc- 
tors with the filled skutterudite structure. 

The binary skutterudite antimonides ex- 
hibit excellent electrical transport proper- 
ties, including some of the highest values 
for hole mobilitv ever re~orted for a semi- 
conductor (16). ~ n f o r t u i a t e l ~ ,  the thermal 
conductivities of these binary antimonides 
are much too large for thermoelectric appli- 
cations (1 7). Ternary semiconductors with 
the filled skutterudite structure provide an- 
other degree of freedom in optimizing ther- 
moelectric properties relative to their bina- 
ry counterparts. The electronic conduction 
in these materials appears to occur mainly 
in the Sb orbitals that are spatially separat- 
ed from the rattling atom (19). In these 
materials, the possibility exists to create 
what Slack (3) has termed an "electron 
crystal" and a "phonon glass." In theory, 
such a material would exhibit superior ther- 

Fig. 1. Atomic structural model of the filled skut- 
terudite compounds &Fed-,Co,Sb,, and 
LaFe4-,CoXSbl2. The Sb atoms are depicted in 
blue, Fe or Co atoms in red, and Laor Ce in yellow. 
Only the shortest Sb-transition metal bonds (2.55 
A) are shown for clarity. The relatively large 'atom- 
ic cage" surrounding the rare-earth ion is evident. 
The vibration of the rare-earth ion in this cage 
markedly reduces the thermal conductivity of 
these materials. 

T w l  
Fig. 2 Transport properties of &Fed-,CoXSbl2 
alloys: (A) resistivity p versus temperature T for 
alloys with dierent Co concentrations; (B) ther- 
mopower S versus T for the same set of alloys as 
in (B). 

moelectric performance. The work dis- 
cussed below represents our efforts toward 
creating such a material. 

We prepared the compounds CeFe4-x- 
Co,Sb12 and LaFe,-,Co>b,, by melting stoi- 
chiometric quantities of the highest purity 
elements in carbon-coated, sealed, evacuated 
silica tubes at temperatures of 1000" to 
1100°C for 24 to 48 hours. The reactive rare- 
earth elements (99.99% pure electropolished 
rods) were added to the silica tubes in a 
helium dry box to avoid the formation of the 
rare-earth oxide. The silica tubes were re- 
moved from the furnace at high temperature 
and quenched in a water bath. The samples 
were then annealed at 700°C for several days. 
The  rer reacted material was ball-milled to a 
f i e  -powder and hot-pressed into a dense 
polycrystalline solid. Depending on the exact 

-4.45 1 I I 
0.0014 0.00145 0.0015 0.00155 0.0016 

l/r (K-'1 

Fig. 3. (A) Plot of p versus T data for a 
CeFel,Co2,5Sb12 alloy; (B) natural logarithm of p 
versus I/Tfor the high-temperature data shown in 
(4. These data indicate a semiconducting trans- 
port gap of 0.43 eV. 

I I "--I., ' I 

-sa-------- 
t-aF%CoSb~z 

............. ...-A , ......................... 
- f A 

CeFesCoSb12 A\ - 
V i u s  silica 

I I I I I 

Fig. 4. Lattice thermal conductivity data for 
LaFe3CoSb12, CeFe3CoSb12, and CoSbs. The 
Wiedemann-Franz law has been used to subtract 
the electronic contribution to the thermal conduc- 
tivity. The thermal conductivity values shown cor- 
respond to zero porosity. Also shown for compar- 
ison is the thermal conductivity of vitreous silica 
(triangles). 

SCIENCE VOL. 272 31 MAY 1996 



conditions used in die synthesis process, sin
gle-phase solids with densities between 75 and 
95% of the theoretical x-ray density were 
obtained. The lattice constants of these com
pounds were linear with the Co concentration 
x, although at high Co concentrations the 
x-ray patterns indicated incomplete filling of 
the rare-earth site. 

The electrical resistivity and ther-
mopower for a family of CeFe4_xCoxSb12 

compounds, respectively, are shown in Fig. 
2, A and B. The composition given corre
sponds to the starting composition. The mo
tivation for replacing Fe by Co is due in part 
to our earlier experimental work on the dop
ing of CoSb3 semiconductors {17). Because 
Co has one more outer electron than Fe, it 
should fill the holes in the relevant valence 
band, resulting in a semiconductor with a 
gap similar to that of CoSb3 (0.5 eV). This 
simple picture is complicated, however, by 
the tendency of this structure to reject part 
of the Ce from the R sites with increasing Co 
content. Nevertheless, the data shown in 
Fig. 2 tend to qualitatively validate this sim
ple picture. As Co is substituted for Fe, both 
the resistivity and the thermopower increase, 
corresponding to the filling of valence band 
holes and the lowering of the carrier concen
tration. At a Co concentration of x = 2.5, 
semiconducting behavior is clearly observed 
in the resistivity (Fig. 3A). Analysis of the 
high-temperature portion of the resistivity 
data [p = A exp(E„/2T), where A is a con
stant and Eg is the semiconducting gap], 
shown in Fig. 3A indicate Eg = 0.43 eV, a 
value close to that found by us and others for 
CoSb3 (Fig. 3B) {14, 17). For alloys with 
values of x greater than 2.5, the ther
mopower becomes negative as electrons be
gin to fill the conduction band. Hall data 
taken on these samples are consistent with 
this model. The description should not be 
taken too literally, however, because these 
compounds have 34 atoms per unit cell, and 
band structure calculations from similar ma

terials indicate numerous relevant bands 
near (and in one case through) the semicon
ducting gap (19). Many more experiments 
and calculations are required before a clear 
understanding of these interesting materials 
will emerge. For this initial set of samples, a 
Co concentration corresponding to x = 1 
had the largest value of ZT (-0.7 at 800 K). 
If the rare-earth valence is the normal value 
of +3, this composition (CeFe3CoSb12 or 
LaFe3CoSb12) should formally be isoelec-
tronic with semiconducting CoSb3. 

The low-temperature thermal conductiv
ity data for LaFe3CoSb12 and CeFe3CoSb12 

are compared to data from CoSb3 and vitre
ous silica in Fig. 4. Relative to CoSb3, the 
filled skutterudites exhibit a remarkable de
crease of one order of magnitude in KL, the 
lattice thermal conductivity, and reach a 
value at room temperature equivalent to that 
of vitreous silica (7). At room temperature, 
the ratio of KL to Ke, the electronic thermal 
conductivity, is —2.5 for the filled skutteru-
dite as compared with 17 for CoSb3. These 
thermal conductivity values are comparable 
to those recently obtained by others on sim
ilar filled skutterudite materials (9, 12). 
Such low values for KL are primarily a result 
of the effectiveness of the rattling rare-earth 
ions in scattering phonons (3, 9, 12). At 
temperatures near 50 K, the thermal conduc
tivity of the Ce compound is significantly 
lower than that of the La compound. Most of 
this difference is caused by the proximity of 
the Ce level to the Fermi energy {20). This 
additional magnetic scattering mechanism 
may be useful if these materials can be tai
lored for refrigeration applications near liq
uid N2 temperatures (77 K). 

Above room temperature, the thermal 
conductivity of CeFe3CoSb12 is slightly low
er than that of LaFe3CoSb12, but the larger 
thermopower of LaFe3CoSb12 more than 
compensates for this difference and results in 
a value of ZT near 1 (0.9 ± 0.2) at 800 K 
(Fig. 5D). This value is comparable to the 

highest value obtained for any thermoelec
tric material. The resistivity, thermopower, 
and thermal conductivity for LaFe3CoSb12 

are also shown in Fig. 5, A through C. The 
thermal conductivity data from 300 to 400 K 
are accurate to ±2% {2l)\ the thermal con
ductivity data from 400 to 800 K were de
termined from thermal diffusivity measure
ments made with a commercial {22) laser-
flash instrument and are accurate to —10%. 
Both the resistivity and the thermopower 
data are accurate to —10%. The peritectic 
decomposition of LaFe3CoSb12 at —1050 K 
precludes the use of this material at extreme
ly high temperatures. 

Hall data at room temperature and at 
liquid N2 temperature were obtained on sev
eral CeFe3CoSb12 and LaFe3CoSb12 sam
ples. The apparent carrier concentrations 
were in the range from 1 X 1020 to 5 X 1021 

cm - 3 with mobilities between 2 and 30 cm2 

V - 1 s_1. In all cases, the mobilities increased 
with decreasing temperature, which suggest
ed that thermal vibrations of the lattice pro
vide the dominant scattering mechanism for 
carriers. The mobilities also increased signif
icantly as the carrier concentration was re
duced, which implies that larger values of 
ZT can be attained at lower temperatures. 
Controlling the carrier concentrations in 
these materials by means of our synthesis 
method is difficult. For example, a 1% 
change in the rare-earth concentration 
translates into a change in carrier concen
tration of 0.7 X 1020 cm - 3 . However, assum
ing scattering by acoustic phonons, parabolic 
bands, and modeling of the transport prop
erties by means of the Boltzmann approxi
mation [see (I), pp. 58-63], we estimate that 
a maximum ZT value of 1.4 can be obtained 
at 1000 K with a properly optimized (that is, 
correct carrier concentration) LaFe3CoSb12 

sample. Preparation of single crystals of these 
materials by a flux growth technique or 
through laser ablation appears to be a more 
promising approach, both for understanding 
the physics and for producing samples with 
higher ZT. 
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Crystal Structure of the Dual Specificity 
Protein Phosphatase VHR 

Jirundon Yuvaniyama, John M. Denu, Jack E. Dixon, 
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Dual specificity protein phosphatases (DSPs) regulate mitogenic signal transduction and 
control the cell cycle. Here, the crystal structure of a human DSP, vaccinia HI-related 
phosphatase (or VHR), was determined at 2.1 angstrom resolution. A shallow active site 
pocket in VHR allows for the hydrolysis of phosphorylated serine, threonine, or tyrosine 
protein residues, whereas the deeper active site of protein tyrosine phosphatases (PTPs) 
restricts substrate specificity to only phosphotyrosine. Positively charged crevices near 
the active site may explain the enzyme's preference for substrates with two phospho- 
rylated residues. The VHR structure defines a conserved structural scaffold for both DSPs 
and PTPs. A "recognition region," connecting helix a1 to strand PI, may determine 
differences in substrate specificity between VHR, the PTPs, and other DSPs. 

T h e  protein encoded by the HI open read- 
ing frame in vaccinia virus was identified as 
the first dual specificity protein phos- 
phatase (DSP), capable of hydrolyzing 
phosphate monoesters from peptides con- 
taining either phosphotyrosine or phospho- 
serine (1). The p80CDC25 protein, which is 
necessary for regulating the M phase tran- 
sition during the cell cycle (2), showed 
limited sequence identity to the vaccinia 
phosphatase (3) .  The p80CDC25 protein has 
intrinsic phosphatase activity and activates 
the p34CDC2-cyclin protein kinase complex 
by dephosphorylating adjacent residues 
Thr14 and Tyr15 (4). 

More than 20 mammalian DSPs have 
now been identified. Two of them, MKP-1 
(5) and PAC-1 ( 6 ) ,  regulate mitogenic sig- 
nal transduction by dephosphorylating both 
ThrlE3 and TyrlE5 residues on the mitogen- 
activated protein (MAP) kinase (5, 7). A 
vaccinia HI-related phosphatase (VHR) 
was identified in humans and shown to be a 
DSP (8). VHR can hydrolyze phosphoty- 
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rosine and phosphothreonine residues on 
peptides derived from MAP kinase (9) and 
can activate maturation promotion factor 
when injected into Xenopus oocytes (10). 
Mutagenesis of CyslZ4 abolished all phos- 
phatase activity, which suggests that the 
enzyme contains a single active site (8). 
Recombinant VHR is the archetypal phos- 
phatase used in studies designed to eluci- 
date the catalytic mechanism of the DSPs 
(1 1-14). 

To understand the structural determi- 
nants of specificity and function of this 
enzyme family, we solved the tbree-dimen- 
sional structure of VHR to 2.1 A resolution 
by x-ray crystallography (15) (Table 1). A 
typical example of the "omit" electron den- 
sity map is presented in Fig. 1. VHR con- 
sists of a siagle a+P-ppe domGn of dimen- 
sions 50 A by 40 A by 32 A. The loop 
between the P8 strand and a5 helix (resi- 
dues 123 to 131) (Fig. 1, also Fig. 4A) 
contains the consensus active-site sequence 
His-Cys-X-X-Gly-X-X-Arg-(Ser or Thr) 
(16) with the catalytic CyslZ4 thiol at its 
center (X is any amino acid). In the crystal 
structure, the competitive inhibitor sulfate 
is bound at the active site (Fig. 1). The 
oxygen atoms of sulfate form hydrogen 
bonds to the main chain amides of the 
active site loop and to the Arg130 side 
chain, mimicking the corresponding inter- 
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actions between the phosphate oxygens on 
a phosphoprotein substrate. 

To explore the structural basis for how 
VHR can bind and dephosphorylate either 
phosphotyrosine, phosphothreonine, or 
phosphoserine residues, we compared the 
active sites of VHR and those of two pro- 
tein tyrosine phosphatases (PTPs), Yersinia 
PTP (17, 18) and human PTPlB (19, 20). 
The specificity of PTPlB for phosphoty- 
rosine, and not for phosphothreonine, is 
determined primarily by the depth of the 
active site cleft (20). Although the active 
site loop, termed the P-loop in the Yersiniu 
enzyme, is structurally conserved among 
both PTPs and DSPs, cross sections of the 
VHR and the Yersiniu PTP active sites re- 
vealed a disparity in the depth of the active 
site clefts (Fig. 2). p e  active site pocket of 
VHR is at most 6 A deep and is surrounded 
by side chains mainly from the P-loop itself. 
In contrast, the depth of the Yersiniu PTP 
and PTPlB (20) active site cleft is about 9 

Fig. 1. VHR catalytic site with the P-loop (magen- 
ta) containing the catalytic CysiZ4 and a bound 
sulfate anion (yellow) (33). Hydrogen bonds are 
shown in dashed lines. The main chain amides of 
the P-loop make six additional hydrogen bonds 
(not shown) with the three sulfate oxygens. Con- 
toured at 2.30 (dark green) is a 2.1 A resolution 
"omit" map in which the P-loop atoms and sulfate 
were not included in the simulated-annealing re- 
finement before map calculation. Portions of the 
structure are similarly colored in all figures: the 
general acid loop (residues 88 to 98) between p7 
and a4 is blue, the a1 -p l  or "recognition region" 
(residues 19 to 29) is green, and the "variable 
insert" between p3 and p7 (residues 62 to 82) is 
orange. Red shows Argq5%. 
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