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Thermoelectric (Peltier) heat pumps are capable of refrigerating solid or fluid 
objects, and unlike conventional vapor compressor systems, they can be min- 
iaturized without loss of efficiency. More efficient thermoelectric materials 
need t o  be identified, especially for low-temperature applications in electronics 
and devices. The material CsBi4Te, has been synthesized and its properties have 
been studied. When doped appropriately, it exhibits a high thermoelectric figure 
of merit below room temperature (ZTmax-0.8 at  225 kelvin). At  cryogenic 
temperatures, the thermoelectric properties of CsBi4Te, appear t o  match or 
exceed those of Bi,,SbxTe,,Sey alloys. 

A broad search is under way to identify new 
materials with enhanced thermoelectric (TE) 
properties (1-3). Important applications in- 
clude cooling of electronic circuitry and su- 
perconducting devices. Particularly desirable 
are candidate materials that function well at 
or below room temperature, with perfor-
mance characteristics better than those of the 
well-known Bi,Jb,Te ,_,,Se, alloys (4). 
Until recently, most investigations focused 
on tuning (5) the composition of these alloys, 
doping ( 6 )with other heavy metals, and op- 
timizing device design. Several classes of 
materials are currently under investigation, 
including skutterudites (7), half-Heusler al- 
loys (4, clathrates (9),  and pentatellurides 
(10). 

We have explored materials with more 
complex compositions and structures that 
would likely have complex electronic shuc- 
tures that could give rise to high TE perfor- 
mance (11). Good TE materials require an 
unusual combination of electrical and thermal 
properties. The challenge lies in achieving 
simultaneously high electrical conductivity 
a ,  high TE power S, and low thermal con-
ductivity K,  which define the unitless TE 
figure of merit ZT = ( S 2 a / ~ ) T(where T is 
temperature). All three of these properties are 
determined by the details of the electronic 
structure (band gap, band shape, and band 
degeneracy near the Fermi level) and scatter- 
ing of charge carriers (electrons or holes) and 
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thus are not independent. The total thermal 
conductivity K also has a contribution from 
the phonon thermal conductivity, K,, such that 
K = K, + K,, where K, is the carrier thermal 
conductivity. 

Recently we reported that K2Bi,S13 (12) 
and P-K2Bi,Se13 (13) have promising TE 
properties and particularly low K values (14, 
15). The alkali metals play an important role 
in reducing the total K. When we moved on to 
investigate corresponding Te analogs with 
Cs, we obtained an unexpected result: Instead 
of Cs,Bi,Te,,, we isolated CsBi4Te6. From a 
chemical point of view, this amounts to a 
reduction of a Bi2Te3 unit by a half-equiva- 
lent of electrons. The added electrons, how- 
ever, result in a complete restructuring of the 
Bi,Te, framework so that the new structure 
bears no resemblance to the corresponding 
binary compound. The new compound seems 
to be an outstanding candidate for low-tem- 
perature TE applications. We describe here 
the synthesis, structure, and TE properties of 
CsBi4Te6, which, when doped appropriately, 
achieves a maximum ZT of -0.8 at 225 K, 
making it the best bulk TE material below 
room temperature. 

We first obtained CsBi4Te, by reacting 
Cs2Te and Bi2Te, at 700°C. Subsequently we 
devised a synthesis from the direct stoichio- 
metric combination of the elements at 600°C. 
The material is stable in air and water, and 
melts without decomposition at 545OC. The 
crystals grow with long needle-like morphol- 
ogy (Fig. 1A). The direction of rapid growth 
along the needle axis is also the direction of 
maximum TE performance. 

CsBi4Te, has a layered anisotropic struc- 
ture (I6) '  It is of anionic [Bi4Te6] 
slabs alternating with layers of Cs' ions (Fig. 
1B). The addition of one electron per two 
equivalents of Bi2Te, is not topotactic and 
does not produce a formal intercalation com- 

pound, but causes a complete reorganization 
of the bismuth telluride framework to pro- 
duce a new structure type. The added elec- 
trons localize on the Bi atoms to form Bi-Bi 
bonds that are 3.238 ? 0.001 A long. The 
presence of these bonds is unusual in bismuth 
chalcogenide chemistry, and it is not clear 
whether they play a role in the enhanced TE 
properties of the material (1 7). The [Bi4Te6] 
layers are strongly anisotropic, as they con- 
sist of one-dimensional (ID) [Bi4Te,] lath- 
like ribbons running parallel to the b axis. 
The width and height of these laths is 23 A by 
12 A (Fig. 1 C). The laths arrange side by side 
and are connected via the Bi-Bi bonds men- 
tioned above. This structural feature is re- 
sponsible for the strongly 1D needle-like ap- 
pearance of the CsBi4Te, crystals. The Bi 
atoms are octahedrally surrounded either by 
six Te atoms or by five Te atoms and one 
other Bi atom. The degree of distortion 
around the Bi atoms is relatively small. The 
longest and shortest Bi-Te bonds are 3.403 2 
0.001 A and 2.974 + 0.001 A, respectively, 
with an average distance of 3.18 A. The Cs- 
ions lie between the [Bi4Te6] layers, and their 
atomic displacement parameters are 1.6 times 
those of the Bi and Te atoms, which suggests 
that they undergo considerable "rattling" mo- 
tion (18). Such a dynamic motion in the 
lattice can be responsible for strong scattering 
of heat-carrying phonons and leads to low K 

values (see below) (19). The immediate en- 
vironment of Cs is a square prismatic ar-
rangement of Te atoms. 

As obtained directly from the synthesis 
(with no deliberate attempt at doping), crys- 
tals of CsBi4Te6 have high room-temperature 
a values, ranging from 900 to 2500 S/cm (20) 
(Fig. 2A), and S values from 90 to 120 kV/K 
(21) (Fig. 2B). At lower temperatures, S typ-
ically exhibits a maximum of 120 kV/K at 
-240 K and then slopes toward zero at 0 K. 
The K measurements on a large number of 
pressed pellets (>97% theoretical density) or 
oriented ingots (22) show values between 
1.25 and 1.85 Wlm-K, for lightly and heavily 
doped samples, respectively. These values 
give rise to relatively high room-temperature 
ZT values of 0.2 to 0.5; these figures of merit 
suggest that the material is an excellent can- 
didate for further optimization via chemical 
manipulation (such as doping, solid solution, 
and crystal growth). On the basis of the max- 
imum values of S, the band gap of CsBi4Te, 
can be estimated from the formula Eg -
2Srnax.Trnax(23) to be between 0.05 and 0.11 
eV. 

Because of the promising properties of 
CsBi4Te,, we pursued doping studies of this 
material with various chemical doping 
agents. We investigated SbI,, BiI,, and 
In,Te, in amounts varying from 0.02 to 4 
mole percent. These dopants were chosen for 
the purpose of placing halide atoms in the Te 
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sites (to produce n-type doping) and In atoms 
in the Bi sites (to produce p-type doping). 
Doping with these agents does occur, but we 
currently do not know what sites in the crys- 
tal structure are being occupied. Surprisingly, 
doping with SbI, and BiI, produces p-doped 
rather than n-doped samples. This observa- 
tion is not consistent with iodine atoms oc- 
cupying Te sites but instead suggests Sb and 
Bi atoms on Te sites. The Sb and Bi atoms, 
having only five electrons, introduce holes in 
the Te-based valence band. However, In2Te3 
can produce n-type samples (see below). De- 
pending on the type and degree of doping, 
room-temperature S values between + 175 
pV/K and -100 pV1K were observed. 
CsBi4Te6 is amenable to considerable doping 
manipulation, much like Bi2Te3, and thus 
higher ZT values may be obtainable. 

The a and S data were used to calculate 
the power factors, S2a, for each dopant ver- 
sus temperature and doping concentration. 
The best results in this study were obtained 
with SbI,. The evolution of power factor as a 
function of SbI, addition is shown in Fig. 3A. 
From these data, the optimal concentration 
seems to lie at 0.05% SbI,. This sample 
achieved a maximum power factor of -5 1.5 
pW/cm.K2 at 184 K. The temperature depen- 
dences of a and S of the best sample are 
shown in Fig. 3B. The S maximum was found 
at -250 K. The total K of the doped samples 
of the material, - 1.48 W1m.K (Fig. 3C) (24), 
is considerably smaller than that of Bi2Te3 (at 
- 1.85 W1m.K) and more comparable to that 
of the optimized Biz-,Sb,Te3,Sey alloy (at 
1.56 W1m.K) (25). The approximate electron- 
ic contribution to K was estimated using the 
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Wiedemann-Franz law (26) for metals as 
K, - 0.7 W1m.K. This result suggests that the 
measured total K of this material is almost 
equally composed of the lattice and electronic 
contributions. Perpendicular to the growth 
axis (b axis), K was sharply lower (-0.6 
W/m.K), which reflects the highly anisotro- 
pic nature of CsBi4Te6. 

The ZT for this sample (0.05% Sb1,- 
doped CsBi4Te6) and that of the optimized 
commercial Biz-,SbxTe3 are compared as a 
function of temperature in Fig. 3D. Along the 
growth axis, the computed ZT values for 
CsBi4Te6 reach a maximum of 0.82 at 225 K 
and 0.65 at room temperature. In contrast, 
optimized Bi2-,SbxTe3 p-type alloy has a 
peak of ZT - 0.95 at room temperature, 
whereas at 225 K, its ZT drops to 0.58. Both 
ZT curves are similar in shape, but that of 
CsBi4Te6 is shifted (by -70 K) to lower 
temperatures. Because the CsBi4Te6 samples 
reach optimum performance at a much lower 
temperature than does Bi2-,SbxTe3, we ex- 
pect that this new material could be exploited 
for low-temperature applications, particularly 
in the temperature range where Bi2-,Sb,Te, 
alloy is ineffective. Recent optimization work 
on p-type Bi2-xSbxTe3-ySey alloys claimed 
low-temperature (-210 K) ZT,, values of 
0.64 (27). 

Preliminary Hall-effect measurements for 
Sb1,-doped CsBi4Te6 samples show that car- 
riefs concentrations are on the order of 3 X 
10 to 1019 cmP3 for samples doped at 0.1% 
and 0.2% SbI, (Fig. 4). Hole mobilities calcu- 
lated from the electrical conductivity and Hall 
data show exponentially decreasing mobility as 
the temperature increases. The hole mobilities 
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Bi-Bi bond 
Fig. 1. (A) Typical oriented ingot of CsBi4Te,. The growth axis is along the b axis. (8) The structure 
of CsBi4Te6 looking down the b axis. The Bi-Bi bond is indicated by the arrow. (C) Individual [Bi4Te6] 
lath (or ribbon) viewed in two different orientations. The laths are joined side by side via Bi-Bi 
bonds at 3.238 + 0.001 A. 

Fig. 2. (A) Typical electrical conductivity data 
of single-crystal CsBi4Te6 (undoped, as pre- 
pared) as a function of temperature. The mea- 
surement is along the needle direction. The 
electrical conductivity was measured using a 
computer-controlled, four-probe technique. (B) 
Typical thermopower of single-crystal CsBi4Te6 
along the needle axis direction (6 axis). 
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in doped CsBi,Te, samples range between 700 
and 1000 cm2N.s at room temperature. These 
are substantially greater than those typically 
found in the optimized p-type bismuth telluride 
alloy (-380 cm2N.s) (28). At low tempera- 
tures, the mobilities soar to >5000 cm2N.s. 
The very high hole mobilities could be due to 
the 1D character of CsBi,Te, and the lack of 

atomic disorder in its crystal lattice. The carrier 
concentration shows a weak dependence on 
temperature, with values decreasing as the tem- 
perature is lowered. The carrier concentration 
tends to diminish as the doping increases away 
from 0.05% SbI,, the material with the highest 
power factor. For these samples, the carrier 
concentration data could be correlated with the 
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power factor data; the results showed that the 
power factor decreased as the carrier concen- 
tration moved away from lOI9 cm-3 (Fig. 3A). 

A complete TE cooling device needs 
both a p-type and an n-type version of a 
material to operate. Thus, an important is- 
sue to be addressed in future studies with 
CsBi,Te, is whether n-type doping is pos- 
sible. We have been able to show that 
In,Te, doping leads to n-type charge trans- 
port. Not only is n-type behavior achiev- 
able, but the maximum TE power of - 100 
kV/K occurs at -160 K (Fig. 4, C and D), 
a temperature with important implications 
for the development of even lower temper- 
ature TEs. Although optimum levels have 
not yet been reached, we believe additional 
improvements in TE performance in this 
material are possible with further explora- 
tion of doping agents and the investigation 
of solid solutions such as CsBi ,-,x Sb.yTe,, 
CsBi,Te,+,Se,x, and Cs, _xRbxBi,Te,. The 
latter could result in substantially lower thermal 
conductivities (as much as 30 to 50% lower), 
giving projected values of ZT > 1.5. Band 
structure calculations for CsBi,Te, should pro- 
vide further insight into the electronic proper- 
ties of this material (29). 
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Iron is thought to be the main constituent of 
Earth's solid inner core and liquid outer core. 
However, the bulk properties of Fe at such 
extreme physical conditions remain uncer­
tain, including (i) the Fe melting temperature 
Tm at the pressure of the ICB (330 GPa) 
(1-6); (ii) the density of liquid Fe at Tmi 

which is needed to determine whether ele­
ments lighter than Fe are present in the outer 
core (7-10); and (iii) the elastic behavior of 
solid Fe close to the melting line (11-14). 

The Fe melting temperature at high pres­
sures has been determined by diamond anvil 
cell (DAC) and shock wave experiments ( i -
6). Recent DAC estimates of the melting line 
extend to 190 GPa (3) and agree with each 
other (5, 6) within 500 K. Shock wave-based 
estimates are available at —240 GPa, but 
these result in a wider range of possible 
melting temperatures of 5800 K (1), 6700 K 
(2), and 6350 K (4). All of the shock wave-
based estimates for Tm are inconsistent with 
the extrapolation of the Fe melting line from 
static DAC experiments (3), which predict a 
Tm of -4000 K at 240 GPa. 

We calculated the properties of Fe by a 
method that combines first-principles and clas­
sical molecular dynamics (MD) simulations. A 
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correct account of the electronic structure of Fe 
at the ab initio level is fundamental for an 
accurate and reliable description of the proper­
ties of Fe at Earth's core conditions (13, 15-
17). Our calculations were based on a finite-
temperature extension of density-functional 
theory within the gradient-corrected local den­
sity approximation (GC LDA) (18) and on a 
pseudopotential description of the valence elec­
tron interaction with the ion core (nucleus plus 
Is, 2s, and 2p atomic core states) (19). The 
calculated low-temperature pressure-density 
curve for hexagonal close-packed (hep) Fe 
agrees with the x-ray data (20) (first-principles 
densities are —1% smaller than experimentally 
determined densities at all pressures). 

First-principles quality information on the 
high-temperature properties of Fe (melting 
properties, elasticity, diffusion, and Hugoniot 
equation of state) was obtained in this work by 
constructing classical potentials with an explicit 
dependence on the thermodynamic pressure-
temperature (P-T) condition, exactly mimick­
ing the first-principles MD at that P-T point. 
The potential, which includes non-two-body 
terms (21, 22) and angular forces (22), is opti­
mized by matching the classical and first-prin­
ciples forces and stresses with a self-consistent 
iterative procedure (23). Thermodynamic prop­
erties at that P-T condition are then extracted 
from classical MD simulations. The optimal 
potential (OP) constructed in this way will not 
be transferable to a different P-T condition, 
where a different potential must be constructed. 
Our approach is thus different from previous 
attempts to estimate the melting temperature 
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The bulk properties of iron at the pressure and temperature conditions of Earth's 

core were determined by a method that combines first-principles and classical 

molecular dynamic simulations. The theory indicates that (i) the iron melting 

temperature at inner-core boundary (ICB) pressure (330 gigapascals) is 5400 

(±400) kelvin; (ii) liquid iron at ICB conditions is about 6% denser than Earth's 

outer core; and (iii) the shear modulus of solid iron close to its melting line is 

140 gigapascals, consistent with the seismic value for the inner core. These 

results reconcile melting temperature estimates based on sound velocity shock 

wave data with those based on diamond anvil cell experiments. 
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