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The paper reports new measurements of the electrical conductivity, thermoelectric power, 
magnetic susceptibility, and molar volume of liquid Cs-Sb alloys and, partly, Na-Sb and K-Sb 
alloys. From the temperature and composition dependence of the electronic properties it is con-
cluded that typical semiconducting behavior similar to liquid chalgogen based alloy semiconduc-
tors exists over a wide composition range. The change in bonding for 0 . 2 5 ^ Xsb^s 0.5 is qualita-
tively discussed and it is found that these liquid alloys are not essentially ionic in character. 

Introduction 

Among the group of liquid alloy semiconductors 
two main types are currently distinguished: those 
which are based on the chalcogens and those in 
which both components, in the pure liquid state, are 
metallic in character but which change to nonmetallic 
states near some stoichiometric compositions — for 
recent reviews see [ 1 — 4 ] . A common feature of 
such liquid alloys is that for some concentration and 
temperature range the electronic properties are 
similar to semiconductors although a distinction 
from other liquids such as molten salts or molecular 
liquids is rather complex. This directly reflects the 
problem of the nature of chemical bonding in con-
nection with the discussion of the electronic struc-
ture in these liquids which is of much current inter-
est. In the limit of large charge transfer between the 
electropositive and electronegative element — like in 
CsAu — an ionic description seems to be appro-
priate [4 — 9 ] . On the other hand, the structural 
properties of some liquid metal-chalcogen alloys like 
Ag2Te are consistent with a molecular model, i. e. 
the valence requirements may be satisfied within a 
molecule — see e. g. [1 — 3 ] . 

In the case of metal-metal alloys the existing 
structural informations, see e . g . [3, 1 0 ] , led Ender-
by to the suggestion that "all these systems should 
be essentially ionic in character". In general, how-
ever, one may envisage a combination of elements 
where the electronegativity difference is not very 
large and where the electronic configuration of one 
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component approaches e. g. that of a chalcogenide 
element. In this respect a continuous variation be-
tween the extreme limits of an ionic and molecular 
model should be possible and should be taken into 
account for the group of metal-metal alloys itself. 

We think that the alkalimetal-antimony alloys re-
present an example of this type. The results which 
we report here are in support of this view. In the 
solid state these elements form well-known compound 
semiconductors with various stoichiometrics ranging 
from A 3 Sb to A S b (A = alkalimetal) — see e. g. 
[ 1 1 , 1 2 ] . The phase diagrams are characterized by 
well defined maxima of the liquidus curve at these 
compositions and give indications for further com-
pounds stable at different temperatures in the range 
of 0.25 < Z S b ^ 0.70, see e. g. [ 1 3 , 1 4 ] . The melting 
points of the highest melting compounds are: 725 ° C 
(Cs 3 Sb), 812 ° C ( K 3 S b ) , 856 ° C (Na 3 Sb). 

We have continued our previous study of the 
Cs-Sb system [ 1 5 ] for higher antimony concentra-
tions and report new results of the electrical trans-
port properties, the magnetic susceptibility, and the 
molar volume including new measurements of liquid 
Na-Sb and K-Sb alloys. 

Experimental Details 

In the present measurements on liquid alkalimetal-
antimony alloys special care had to be taken of the 
problems of chemical reactivity at high temperatures 
and tight sealing of the liquid containers. Molybde-
num, niobium, and alumina of high purity proved to 
be chemically stable in contact with the alloys up to 
900 C. This was controlled by the reproducibility 
of the measurements on different heating and cooling 
cycles and by inspection of the surface quality of 
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these materials after they had been in contact with 
the alloys at high temperature. Visible attack of 
molybdenum and niobium by antimony was noticed 
at temperatures above 1000 to 1100 °C. Sealing of 
the liquid containers was achieved by mechanical 
squeezing of specially formed niobium parts. Details 
of the different cell constructions are described 
below. All sample preparations were performed 
under purified argon atmosphere inside a glove box. 
Starting materials for alloy preparation were of 
9 9 . 9 5 % total purity (alkali metals, alfa products) 
and 9 9 . 9 9 9 % metal purity (antimony, alfa prod-
ucts) . 

1. Electrical Transport Measurements 

The cell constructions for the measurements of 
the electrical conductivity and the absolute thermo-
electric power (Seebeck coefficient) are shown 
schematically in Figure 1. Two types of construction 
with different electrode arrangement and liquid con-
tainer have been used. In type (a) the liquid com-
partment for resistance measurement is defined by 
an alumina tubing (1) — length = 35 mm, inner 
diameter = 3.2 mm — which is mechanically sealed 
by niobium cone fittings (2) and is connected with 
a liquid reservoir from molybdenum (3) as drawn 

a) b) 
Fig. 1. Cell constructions for electrical transport measure-
ments. Type (a): alumina tubing (1), niobium cone fittings 
(2). liquid reservoir (3), molybdenum tubing (4), Pt/Pt-
13Rh thermocouples (5). Type (b): molybdenum cylinder 
(1), stainless steel vessel (2) and refluxing capillaries (3), 
thermocouple capillary (4), four bore alumina conductivity 
cell (5), refluxing column for addition of Sb (6). 

in Figure 1 a. The niobium parts are fixed and 
strongly squeezed inside a molybdenum tubing (4) 
whereby the lower niobium cone is electrically in-
sulated via an alumina disc. The tips of two Pt/Pt-
13Rh thermocouples (5) are screwed on the nio-
bium cones. These are used both for temperature 
control and as electrodes for resistance measure-
ment which has been performed with a conventional 
four probe method using both ac and dc techniques. 
For the conductivity determination the cell constant 
was calculated from the dimensions of the alumina 
tubing. In each conductivity experiment ohmic 
characteristics have been checked. The cell was sur-
rounded by two separate resistance heaters mounted 
inside a vacuum vessel. For thermopower measure-
ment different temperature gradients AT up to a 
maximum of 5 deg/cm have been applied. The cor-
responding voltage differences AV have been measur-
ed via the Pt-legs of the thermocouples and the 
thermoelectric power was determined from the slope 
of AV vs. /FT-plots and corrected for the Pt-contribu-
tion. 

Two disadvantages of this cell construction should 
be mentioned. Liquid alloys were prepared by filling 
weight amounts ( i 1 mg accuracy) of the com-
ponent materials into the reservoir and after reac-
tion for several hours above the liquidus temperature 
of the compound with the highest melting point the 
measuring compartment was filled by turning the 
reservoir upwards. However, this procedure in many 
cases did not immediately yield a perfect contact be-
tween the electrodes — probably due to bad wetting 
by the liquid — but only after further heating and 
shaking of the cell reproducible conditions were 
readied. A second difficulty concerns the accurate 
control and reproducibility of the concentration of 
the alloys which was not better than + 0 . 2 a t % Sb. 

In particular this problem in connection with the 
observed steep concentration dependence of the con-
ductivity near stoichiometric Cs3Sb [ 1 5 ] made a dif-
ferent cell construction necessary which is drawn 
schematically in Figure 1 b. This device follows the 
technique used by Pfeifer, Heus, and Egan [16] 
and in principle consists of a large liquid container 
of about 20 cm3 volume into which dips an alumina 
conductivity cell. In the construction used here the 
liquid is contained in a molybdenum cylinder (1) 
inside a stainless steel vessel (2) to which three 
stainless steel capillaries of about 25 cm length (3) 
are sealed by argon arc welding. At the upper cold 
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Fig. 2. Cell construction for magnetic susceptibility mea-
surement: molybdenum cylinder (1), 50 molybdenum-50 
rhenium flange (2), niobium cone fitting (3). 

end these capillaries lead to a vacuum flange where 
the connection with a vacuum furnace is made. One 
capillary contains a thermocouple shielded by an 
alumina tubing closed one end (4) , the second con-
tains the conductivity cell ( 5 ) , and the third capil-
lary acts as a refluxing column (6) and allows ad-
ding of antimony during the experiment is running. 
Thus composition changes in very small steps are 
possible. The conductivity measuring compartment is 
made from a four bore alumina tubing half cut over 
2 cm length at one end and surrounded by a second 
alumina tubing — see the cross sectional view in 
Figure 1 b. Molybdenum wires are used for elec-
trodes. The cell constant for conductivity determina-
tion was calibrated with pure liquid alkali metal. All 
connections at the cold end have been vacuum tight 
and those of the conductivity tubing were flexible so 
that stirring of the liquid alloy was possible in order 
to get a homogeneous mixing in a relatively short 
time. During the experiment the systeem was kept 
under several hundred Torr argon pressure. 

2. Magnetic Susceptibility Measurement 

For the magnetic susceptibility measurement the 
Faraday method has been used. A typical construc-
tion of the liquid container used is shown sche-
matically in Figure 2. It consists of a thin walled 
molybdenum cylinder (1) made from vacuum mol-
ten molybdenum of high purity and has the follow-

ing dimensions: outside diameter = 1 1 mm, inside 
diameter = 10.6 mm, lenght = 20 mm. A flange (2) 
from 50 molybdenum — 5 0 rhenium is electron beam 
welded to this cylinder. Sealing is done by a nio-
bium cone fitting (3) as sketched in Figure 2. The 
magnetic susceptibility of the alloys was determined 
from the difference of two measurements of the 
filled and empty cell, respectively. The cell was seal-
ed either under vacuum or purified argon atmo-
sphere. For further details of the apparatus and 
technique used see references [7, 17 , 1 8 ] . 

3. Density Measurement 

For the density measurements of liquid cesium-
antimony alloys an apparatus designed by Kempf 
and Schmutzler [19] has been used. The liquid 
alloy is contained in a closed molybdenum tube. In 
principle the density of the liquid is determined 
from the balance of the torque of the the measuring 
cell. For details of this construction and the neces-
sary evaluation procedure reference is given to the 
original paper [ 1 9 ] . 

Experimental Results 

The results of the electrical conductivity, a, of 
liquid Nai_ z Sb x and Csi_ z Sb x are plotted in Fig. 3 
versus mole fraction of antimony for different tem-
peratures above the corresponding liquidus temper-
atures up to 900 °C. For the sodium system data 
have been obtained in two separate runs with the 

Fig. 3. Electrical conductivity, a, of liquid Nai-sSb^ and 
Csi-^Sbz. 
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Fig. 4. Absolute thermoelectric power, S, o f liquid Csi-^Sb^. 

conductivity cell type (b) and have been reproduced 
for a concentration near Na 3 Sb and the compound 
composition N a S b with the cell type ( a ) . In the case 
of the cesium system all data have been measured 
with the cell type ( a ) . With exception of the con-
centration range near Na 3 Sb and Cs 3 Sb the maxi-
mum relative error is estimated to be ± 3 0 % , 
whereas the reproducibility of the minimum value 
of o for Na 3 Sb taken with the reflux cell was not 
better than ± 8 0 % and it is given as 5 Q - 1 c m - 1 

at 900 ° C . For Cs 3 Sb the minimum observed value 
at 800 ° C is 2 Q - 1 c m - 1 with a large absolute un-
certainty corresponding to the steep concentration 

dependence of o at this composition. The data of 
the pure alkali elements plotted in Fig. 3 have been 
taken from the literature [ 2 0 ] . 

The absolute thermoelectric power, S, of liquid 
C s i _ z S b z is represented in Fig. 4 for different tem-
peratures up to 900 ° C and concentrations up to 
Xgb = 0.5. The main error contribution in these data 
is due to the uncertainty in AT. Typical error bars 
are indicated in Fig. 4. The values of pure cesium 
have been taken from [ 2 1 ] . 

In Fig. 5 the experimental results of the molar 
magnetic susceptibilities, % m , of N a ^ S b * , 
K i . s S b * , and C s i _ x S b x are summarized. The data 
represent the average obtained in different separate 
runs — different cells, different fillings — and have 
been reproduced e. g. for liquid Na 3 Sb in three dif-
ferent experiments to better than ± 1 • 10~6 emu g-
atom - 1 . The maximum absolute error of the results 
is estimated to be ± 2 • 1 0 - 6 emu g-atom - 1 . Thus a 
disagreement remains between our value of — 1 7 • 
10~6 emu g-atom - 1 for Na 3 Sb at 900 ° C and that re-
ported by Hackstein et al. [22] of ^ - 2 5 - 1 0 ~ 6 

emu g-atom_ 1 . A s for the susceptibility of pure po-
tassium it has to be noticed that here the repro-
ducibility was not satisfactory and that deviations 
between different fillings of about 1 0 % have been 
observed. This may be due to oxygen impurities, a 
problem which has been pointed out before by Flynn 
and Rigert [ 2 3 ] . 

Fig. 5. Molar magnetic susceptibility, %m , of liquid Ai-^Sb^-alloys (A = Na, K , Cs). 
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Fig. 6. Molar volume, V m , — left scale — and molar excess 
volume — right scale — of liquid Csi-^Sba; at 800°C. 

The molar volume, V m , together with the molar 
excess volume of liquid C s i ^ S b j ; at 800 °C is given 
in Figure 6. The error analysis of these data follows 
the discussion of [ 1 9 ] and the maximum error 
relative to the molar volume of pure cesium [20] 
which has been used for calibration is estimated to 
be ±2°/o. 

Discussion 

For a rough classification of the liquid phase 
region into metallic and nonmetallic states a con-
sideration of the magnitude of the electrical con-
ductivity o gives a first rather direct survey. In 
the current discussion of metal-nonmetal (M-NM) 
transitions in disordered systems three transport 
regimes are distinguished in general — see e .g . [1 , 
2 4 - 2 6 ] : 

i) metallic transport should prevail if o > 2000 
c m - 1 , i. e. if the electron mean free path is 

greater than the mean interatomic distance; 
ii) diffusive transport is expected for 2000 Q - 1 

cm""1 ^ o > 300 c m - 1 , where the density of 
states should become a dominating factor for the 
electron transport; 

iii) for lower a-values nonmetallic conduction 
should set in due to the occurrence of a mobility 

gap-
According to this approximate division the liquid 

alkalimetal-antimony alloys behave nonmetallic over 
most of the concentration range, roughly speaking 
for 0.15 < XSb < 0.85 - see Figure 3. On the 
alkali metal rich side a o-value of « 2000 cm - 1 

around -Xgb ~ 0.15 coincides with a change in sign 
— from negative to positive — of the temperature 
dependence of o. This seems to be a general charac-
teristic of the lower end of the metallic transport 
regime and is observed during the M-NM transition 
in such different liquid systems like metal-chalcogen 
alloys [1] or expanded fluid alkalimetals [ 2 7 ] , see 
also [28]. A transition to clearly nonmetallic states 
is demonstrated by the extremely sharp conductivity 
drop at the compound composition A 3 Sb and by the 
behavior of the electronic properties on the anti-
mony rich side of this composition. 

In view of the questions raised in the introductory 
section the following observations are particularly 
noteworthy which give some evidence for semicon-
ducting characteristics in the antimony based alloys 
similar to metal-chalcogen systems. This classifica-
tion is based on the following features: 

i) The strong concentration dependence of o near 
the compound composition A 3 Sb and the pronounced 
asymmetry of the isotherms about this composi-
tion are directly comparable with systems containing 
either Te or Se as one component — see e. g. [ 1 ] — 
and are not consistent with the observed behavior in 
predominantly ionic alloys like the Cs-Au system 
— see e. g. [4, 5 ] . 

ii) The same conclusion must be drawn from the 
absolute thermoelectric power S as a function of 
composition — see Fig. 4. The observed inversion 
in sign of S for > 0.25 is typical of a number of 
liquid alloy semiconductors which are not charac-
terized by an essentially ionic structure. It is in-
dicative of both electron and hole contributions to 
S. This finding together with the monotonic increase 
of S towards relatively large positive values for the 
Sb-rich alloys may imply a continuous change in the 
electronic structure between the boundaries given 
by the compound compositions A 3 Sb and ASb, re-
spectively. 

iii) Particularly striking is the strong positive 
temperature dependence observed in the electrical 
properties for A g b > 0 . 2 5 , see Fig. 3 and Figure 4. 
This again shows a close similarity with a number 
of chalcogen alloys. In addition, clear indications for 
thermally activated transport processes are found 
— see also [ 1 5 ] . This is demonstrated in Fig. 7 

for the example of the compound composition ASb. 
Over a limited temperature range of about 150 K 
above the melting point a T d e p e n d e n c e of In o is 
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Fig. 7. Logarithmic plot o f electrical conductivity, a, vs. 
reciprocal temperature for alkali-antimony alloys with 
compound composition ASb (A = Na, K , Cs) in the solid 
and liquid state. 

found with activation energies AE of comparable 
magnitude both in the solid and liquid state. The 
observed deflexion of the In o vs. T~l curves for 
higher temperatures and for o-values approaching 
100 . . . 200 Q " 1 cm - 1 is reminiscent of the behavior 
found in pure fluid Se [29] and some chalcogen 
based systems [ 1 ] . 

With this background some conjectures on the 
change of the chemical bonding are possible whereby 
the results reported here and the further informa-
tions discussed below suggest a continuous variation 
in the electronic and the local molecular structure 
going from the A 3 Sb to the A S b compound composi-
tions. Concerning the solid compounds A 3 Sb these 
are not predominantly ionic in character. This may 
be derived from the crystalline structures — see e. g. 
[ 1 1 , 12] - and from several NMR studies [30, 
3 1 ] . So a description of the solid by s-p-hydridized 
bonds [32, 33] or by a covalent partial lattice [33] 
has been suggested. In the liquid state an essentially 
ionic bonding may be excluded by a simple con-
sideration of the magnitude of the magnetic sus-
ceptibility y jn at the diamagnetic minimum at Agj, = 
0.25 — see Figure 5. For mainly ionic interaction 
between A + and S b 3 - ions the estimated ionic sus-
ceptibilities [7, 15] in comparison with the cor-

responding experimental values near liquidus tem-
perature — given in brackets — are: Na3Sb, —24 
( - 1 7 ) ; K 3 Sb, - 3 1 ( - 1 7 ) ; Cs3Sb, - 4 5 ( - 2 0 ) ; 
(all numbers in units of 1 0 - 6 emu g-atorn"1). Al-
though this consideration is highly qualitative the 
distinct deviations cannot be reconciled with an 
ionic model. There might be a trend towards slight-
ly larger charge transfer in Na3Sb relative to Cs3Sb 
which might lead to more stable Na3Sb compounds. 
This assumption fits in with the trend in the melting 
points of the A3Sb compounds and might also ex-
plain the trend in the ^-dependence of ym around 
A'sb = 0.25 which is smallest for the Na-alloys. In 
relation with a possible change of bonding or the 
amount of charge transfer during melting it is in-
teresting to note that both ym and o do not vary 
discontinuously for concentrations JŶ b = 0.25 i (5 
(<5 small) but only the slope of 0(7") changes. This 
is in contrast to the behavior found around the 
stoichiometric composition ASb, see Figure 7. In 
summary we suggest that the bonding near the 
compound composition A3Sb is determined by an 
ionic-covalent mixed bonding and not by an essen-
tially ionic interaction. This description is also con-
sistent with a recent thermodynamic investigation of 
liquid Cs-Sb alloys [34] . 

We shall now consider the antimony-rich alloys 
up to the concentration range of the ASb com-
pounds. If one remembers that S b - is isoelectronic 
with Te it is not surprising that the electronic prop-
erties reported above are closely similar to the 
chalcogenide systems. Thus the formation of co-
valently bonded Sb-Sb chain structures has to be 
taken into account. This view is in good agreement 
with the published thermodynamic properties of 
these liquid alloys [35] and recent NMR-studies 
[36] . A direct experimental evidence for the exis-
tence of a covalently bonded antimony chain 
structure has recently been given by a neutron dif-
fraction study of liquid Cs-Sb alloys for Agi, ^ 0.5 
[37] . For Asb = 0.35 and 0.5, respectively, the pair 
distribution function shows a peak at 2.8 A which 
directly correlates with the covalent Sb-Sb bond 
distance of the Sb-spiral chains in the corresponding 
solid ASb compounds. These have either monoclinic 
or orthorhombic structures, see e . g . [ 1 2 ] . In con-
nection with these complex structures the large 
negative excess volume presented in Fig. 6 is not too 
unusual. On the other hand, this is the first example 
to our knowledge where such a rare volume con-
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t ract ion h a s b e e n o b s e r v e d f o r a l i q u i d a l l o y semi-

c o n d u c t o r w h i c h is not essent ia l ly i o n i c in character . 

T h e v o l u m e s h r i n k a g e of a b o u t 40°/o f o r 0 . 2 5 

X$ h 0 . 5 is of s i m i l a r m a g n i t u d e as in l i q u i d C s - A u 

a l l o y s [ 1 9 ] . C o m m o n l y l a r g e n e g a t i v e excess vol-

umes h a v e b e e n a s s o c i a t e d w i t h a l a r g e i o n i c i t y . 

In c o n c l u s i o n w e m a y state that the l i q u i d alkal i-

m e t a l - a n t i m o n y s y s t e m s s h o w m a n y of the character-

istics t y p i c a l l y f o u n d in l i q u i d c h a l c o g e n b a s e d semi-

c o n d u c t o r s . F o r a d i s c u s s i o n of the e lec tronic struc-

ture of these a l l o y s the c o n s e q u e n c e s of this sug-

ges t ion a r e o b v i o u s . W e th ink that in c o m p a r i s o n 

with a r i g i d b a n d m o d e l t y p e d e s c r i p t i o n which is 

s u c c e s s f u l in the C s - A u s y s t e m an a p p r o a c h s i m i l a r 

to the b o n d o r b i t a l m o d e l p r o p o s e d b y C u t l e r [ 1 ] 

is m o r e a p p r o p r i a t e . 
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