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ionic strengths essentially all the solvent reorganization that 
is required for electron transfer occurs after formation of the 
precursor complex. In contrast, the present findings suggest 
that a sizable solvent contribution to the overall activation free 
energy arises from the formation of the precursor complex 
from the separated reactants, although the estimates of AGW, 
obtained from eq 6 and 6a will be markedly too large if no- 
nadiabatic and anharmonic factors are indeed important. 
Whatever the detailed reasons for the observed behavior, it 
seems plausible that specific solvation factors can play an 
important role in determining the kinetics of cationic redox 
reactions in aqueous solution. The further acquisition of kinetic 
and thermodynamic data, both in solution and at electrode 
surfaces, for redox reactions involving systematic variations 
in ligand structure and thermodynamic driving force should 
provide valuable additional information on this important 
question. 
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KCu4S3, prepared by the high-temperature reaction of copper, potassium carbonate, and sulfur, crystallizes with a unique 
layered structure. Double layers of tetrahedrally coordinated (by S) copper ions are separated by layers of potassium ions. 
Although formally a mixed-valence Cu(1, I, I, 11) complex, all copper ions are crystallographically equivalent. Consistent 
with its Robin and Day class 111 designation, KCu4S3 exhibits electrical conductivity characteristic of a metal. Room- 
temperature compaction conductivities of ca. 4000 Q-l cm-’ increase to ca. 60000 Q-l cm-’ at 20 K. The metallic nature 
of this two-dimensional material is supported by the temperature-independent paramagnetism and the metallic reflectivity 
through the visible and near-ultraviolet region of the spectrum. 

Introduction 
In recent years there has been an intensive search for new 

materials which exhibit high electrical conductivity. Several 
factors motivate research in this area, including the desire to 
find new materials with high superconducting transition tem- 
peratures. This has been approached by both systematic 
modifications of known types of superconducting materials and 
also by the search for new types of superconducting materials, 
particularly the elusive “excitonic” superconductor.2 At a 
more fundamental level, activity in the field has been sustained 
by the discovery of several new classes of conducting materials, 
most specifically the one- and two-dimensional conductors 
which have proven so important in our understanding of the 
electrical properties of solids. 

One class of compounds which have been widely studied are 
the transition-metal chalcogenides, typified by TaS2, which 
crystallize with layer  structure^.^ Although most common 
with the early transition metals, a large number of compounds 
are known which have certain structural similarities, namely, 
strong covalent metalsulfur bonding within a two-dimensional 
sheet and either weak (van der Waals) or ionic interactions 
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between layers. Many of these materials exhibit either metallic 
(TaSJ or semiconducting (MoSJ electrical behavior, and in 
each case the properties are highly anisotropic. For example, 
one crystalline modification of TaS2 exhibits metallic con- 
ductivity in the layers but semimetal or semiconducting be- 
havior perpendicular to the layers, with an anisotropy in the 
resistivity as high as 500 at low  temperature^.^ Many of these 
materials exhibit superconductivity a t  low temperature. 
Several of these compounds are susceptible to chemical 
modification. TaS2, for example, reacts either with organic 
bases such as pyridine (py) or with alkali metals by interca- 
lation. The lattice expands perpendicular to the planes in order 
to accommodate the intercalate between the layers. Although 
the magnitude of the parallel conductivity does not vary greatly 
in such materials, both the anisotropy in the conductivity and 
the superconducting transition temperature do change. Thus, 
the metal sulfides and their ternary intercalates provide a rich 
area for examining high two-dimensional conductivity. 

Although layered structures are relatively common among 
the sulfides of the early transition metals, the later members 
of the transition series such as copper tend to form sulfides 
where three-dimensional interactions prevail. We were in- 
trigued by the report5 that KCu& adopts a layered structure. 
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Moreover, the reported structure appears to be unique in that 
it contains double layers (S-Cu-S-Cu-S) separated by po- 
tassium ions. Since the conductivity was reported to be high 
(40 W-’ cm-’) there appeared to be physical, as well as 
s t ruc tura l ,  similarities to the  sulfides of the early transition 
metals.  On t h e  basis of the  empirical  formulation, KCu& 
is a formally mixed-valence Cu(1, I, I, 11) complex. The 
crystallographic results suggest tha t  all coppers are equivalent, 
thereby placing the material in the Robin and Day6 class IIIB. 
Al though there are relatively few materials which may be so 
designated, they are predicted by theory, and generally found 
by experiment,  to exhibit metallic conductivity. The impor- 
tance of mixed valence in the  design of highly conducting 
materials has been emphasized r e ~ e n t l y . ~  

Prompted  by the reported properties of KCu4S3, we have 
examined  th is  compound in more detail. The reported 
s t ruc ture  is based on powder da ta ,  and we have carried out 
a complete single-crystal X-ray structure determination. We 
also report  here the magnet ic  and electrical properties of 
KCu4S3, including temperature-dependent four-probe con- 
ductivity studies, magnetic susceptibility measurements, 
electronic spectral  measurements, and  single-crystal conduc- 
tivity measurements.  

Experimental Section 
KCu4S3 was prepared as described in the l i t e r a t ~ r e . ~  Attempts 

to systematically vary this procedure in order to obtain large single 
crystals were generally unsuccessful, and there was no apparent 
correlation between reaction parameters and the quality of the resulting 
product. 

Electrical conductivities for pressed pellets were measured by using 
two different probe geometries. Pellets were generally pressed at ca. 
100 000 psi, although measured conductivities were not sensitive to 
the pressure used in pellet preparation. Room-temperature con- 
ductivities were measured by using a standard in-line four-probe 
technique with pressure contacts.8 Commercial probes (Alessi In- 
dustries) with both 0.67- and 1 .O-mm probe spacings were employed. 
Measured conductivities were corrected for finite pellet thickness. 
Measurements were also made by using the van der Pauw technique.’ 
A locally designed Teflon sample holder with spring-loaded stain- 
less-steel pressure contacts was used for these measurements. Low 
temperatures were obtained by suspending this assembly in the Faraday 
balance shroud of an Air Products Co. Displex CS-202 closed-cycle 
helium refrigerator. Currents were imposed with a Keithley Model 
225 current source and voltages measured with a Keithley nano- 
voltmeter. Single-crystal conductivities parallel to the two-dimensional 
sheets of the crystals employed standard probe configurations. Current 
probes were attached to opposite ends of the crystals by using silver 
print, and voltage probes were placed on the surface of the crystal 
by using joy-stick micromanipulators (The Micromanipulator Co., 
Escondido, CA). Both pressure and silver print contacts were used 
for the voltage probes. 

Magnetic susceptibility data were collected by using a Princeton 
Applied Research Model 155 vibrating-sample magnetometer (VSM) 
which was operated at 10 kOe. The VSM magnet (Magnion H-96), 
power supply (Magnion HSR-1365), and associated field control unit 
(Magnion FFC-4 with a Rawson-Lush Model 920 MCM rotating-coil 
gaussmeter) were calibrated against NMR resonances at 10 kOe, and 
the field set accuracy was found to be better than 0.15%. The 
magnetometer was initially calibrated against HgCo(NSC)4,’0 and 
the calibrations were checked against a sample of (NH4),Mn(S- 
04)2.6H20.” The results using these two standards agreed to within 
2% which represents the upper limits to the uncertainty in the 
measurements. Powdered samples of the calibrants and compounds 
used in this study were contained in precision-milled Lucite sample 
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Table I 
Crystal Data for KCu,S, 

tetragonal system z= 1 
systematic absences: fw = 389.46 

none V =  140.8 (1) A 3  
space group: P4/mmm, 

P422, Pg2m 
a = b = 3.899 (4) A 
c = 9.262 ( 6 )  A 

p(ca1cd) = 4.590 g ~ m ‘ ~  
p(found) = 4.59 (2) g cm-3 

(pycnometrically in xylene 
at 20 “C) 

Data Collection 
cryst dimens: 0.152 X 0.149 x 0.150 mm 
p(Mo K a )  = 170.56 cm-* 
reflctns: 311 symmetry-independent reflctns for 2 < 28 G 50” 

holders. Approximately 150 mg of each was used. Diamagnetic 
corrections for the constituent atoms were made by using Pascal’s 
constants, and a correction for temperature-independent paramag- 
netism was estimated from tabulated data.lz-14 

Specular reflectivity measurements were made at room temperature 
with a Unicam SP700 spectrophotometer equipped with an SP735 
reflectance attachment. About a dozen of the small platelike crystals 
were cemented to a matt-black background to make a reflecting surface 
3-4 mm’. Reflectivity was determined with respect to a polished 
aluminum disk. 

Collection and Reduction of Diffraction Data. KCu4S3 crystallizes 
as square platelets, several of which were mounted along an edge. 
Preliminary cell dimensions were obtained from Weisenberg and 
precession photographs of the crystals taken with Cu Ka (A = 1.5418 
A) radiation. With use of these approximate cell dimensions from 
the film measurements, 18 reflections with 30’ 5 20 5 40’ were 
accurately centered in the counter window of a Seimens AED qua- 
ter-circle automated diffractometer. A least-squares procedure was 
used to obtain a best fit between the observed and calculated values 
of x, $, and 20 for these reflections. The cell parameters and relevant 
crystal data are presented in Table I .  As the photographs showed 
no systematic absences, the space groups P4, P4, P4/m, P422, P4mm, 
P42m, P4m2, and P4/mmm must be considered. The space groups 
P4 and P4mm proved to be inconsistent with the unit-cell contents. 
while P4 is inconsistent with the observed intensities for (hkO) reflection 
with 1 + k = odd which appear very weak. Of the remaining space 
groups, P4/mmm was chosen initially as the highest symmetry group 
which contains the other space groups of the 4/mmm Laue symmetry 
as subgroups. Subsequent successful refinement of the structure in 
this space group and the failure of refinements in lower symmetry 
groups to improve the discrepancy factor confirmed the choice of space 
groups. The equivalence of F(hk / )  and F ( k h / )  and the statistical test 
for centricity confirmed the choice of Laue symmetry 4/mmm rather 
than 4/m. 

Intensity data were collected on a Seimens AED automated dif- 
fractometer using Mo Koc radiation filtered through zirconium foil. 
A scan speed of lo/min was employed in measuring each reflection 
by the moving-center/moving-crystal (w/20) scan method with a scan 
range of 1.6’ in 20. A five value measurement was performed on 
each reflection in the following fashion: the angles were set to the 
center of the reflection which was then scanned through 0.8” toward 
negative 8 and the count I ,  was recorded; the background was measured 
for 1.6 min and recorded as I,; the reflection was scanned through 
1.6’ toward positive 0 and the count I3  was recorded; the background 
I ,  on the second side of the peak was counted for 1.6 min; and finally, 
the peak was scanned back through 0.8” and the count I ,  was recorded. 
Since the counting times t 2  + t4 = t ,  + t3 + t 5 ,  the net count is given 
by the relationship I(net) = ‘/2[(11 + I 3  + I,) - ( I ,  + I,)]. The 
intensities of three standard reflections used to monitor diffractometer 
and crystal stability fluctuated by f l  .O% over the period of the data 
collection. 

The observed intensities were corrected for background, Lorentz, 
polarization, and absorption effects. Only reflections with I > 2.58a(I) 
were included in the refinement. The observed data were not corrected 
for secondary extinction. 

( 1  2) Figgis, B. N.; Lewis, J .  In  “Modern Coordination Chemistry”; Lewis, 
J . .  Wilkins, R. G., Eds.; Interscience: New York, 1960; Chapter 6, p 
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Table 11. Final Positional and Anisotropic Thermal 
(X 10“) Parametersaib 

Table 111. Internuclear Distances, Polyhedral Edge 
Lengths, and Bond Angles 

Cu 0.5000 0.0000 0.1603 (2) 27.9 (7) 20.7 (6) 24.6 (5) 
K 0.0000 0.0000 0.5000 25.6 (12) 25.6 17.3 (15) 
S1 0.0000 0.0000 0.0000 18.2 (11) 18.2 12.2 (14) 
S2 0.5000 0.5000 0.2944 (3) 18.0 (8) 18.0 12.1 (10) 
a Estimated standard deviations are given in parentheses. The 

vibrational coefficients relate to the expression T = exp[-2?. 
(U, l t i za*2  t U2,k7b*2 t U,,l’c*’ t 2U,,hka*b* t 2U,,kla*c* t 
2U,,klb*c*)]. U,, = U,, = U,, = 0.0 for allatoms. 

Figure 1. Atom-labeling scheme and the 50% thermal ellipsoids for 
KCu4S3, illustrating the position of the K+ layers relative to the Cu-S 
double layers. 

Solution and Refinement of the Str~cture . ’~ A sharpened Patterson 
map was computed by using the corrected data. The map was con- 
toured and solved for the positions of the copper atom and one sulfur 
atom (I? = 32%). The positional coordinates were used to produce 
a set of phased structure factors for a difference Fourier synthesis 
which revealed the positions of the potassium and sulfur atoms. The 
positional and anisotropic thermal parameters of the atoms were refined 
by a least-squares method for six cycles, leading to convergence at  
0.062 and 0.074 for the discrepancy factors Rl = CllFol - IFcll/CIFol 
and R2 = (Cw(lFol - IFc1)2/~wIFo12)1/2,  respectively, where the 
weights, w, were taken as l/a*. Scattering factors for the zerovalent 
Cu, K, and S atoms were taken from ref 16. 

Results. The final positional and thermal parameters for KCu4S3 
are given in Table 11. The pertinent bond lengths and angles are 
given in Table 111. Figure 1 provides the atom labeling scheme and 
shows the 50% probability ellipsoids for an isolated CuS, tetrahedron. 

As indicated by the unit cell composition, the atoms must sit a t  
special positions in the cell. The four copper atoms in the cell are 
located in positions of fourfold multiplicity (Wyckoff position i in 
P4/mmm). The single K atom must sit a t  a position possessing the 
full symmetry of the space group, Wyckoff position b in the reference 
space group, as must S1, which was located a t  Wyckoff position a. 
The S2 atoms are a t  Wyckoff positions g. 

Although the empirical formula suggests a species which formally 
contains both Cu” and Cu2+, all copper coordination sites are 
equivalent, with the copper enjoying distorted tetrahedral coordination 

(15) The crystallographic programs used in the structure solution and re- 
finement were those compiled in the 1972 version of the X-ray system 
described by: Stewart, J. M.; Fruger, G. J.; Ammon, H. L; Dickinson, 
C.; Hall, S. R. Technical Report TR-192, University of Maryland, 1972. 

(16) “International Tables for X-Ray Crystallography”; Kynoch Press: 
Birmingham, England, 1952; Vol. 111, pp 202, 204. 

(i) Interatomic Distances, Aa, 
Cu-Sl(2) 2.4506 (9) Cu-K(4) 3.701 (1) 
Cu-S2(2) 2.312 (2) K-S2(8) 3.351 (2) 
Cu-Cu(4) 2.7570 K-K(4) 3.899 
Cu-CU(1) 2.970 (2) s2-s2 3.808 (4) 

(ii) Polyhedral Edge Distances, A 
s1-s1 3.899 S1-S2 3.878 (2) 
s2-s2 3.899 

(iii) Bond Angles, Deg 
CU-Sl-Cu 68.46 (2) CU-S~-CU 73.22 (7) 

105.41 (4) S1-Cu-S1 105.41 (6) 
111.54 (2) Sl-Cu-S2 109.00 (4) 
180.00 (7) S2-Cu-S2 114.99 (11) 

74.59 (4) 114.99 (14) 

a The number of equivalent bonds of a given type is indicated in 
parentheses. Standard deviations are given in parentheses. 

0 0 0 

0 Q 0 

Figure 2. Schematic representation of a portion of adjacent double 
layers showing the octahedral holes. The shaded circles represent 
Cu positions, the open circles S, and the crossed circles K. 

Figure 3. View down the c axis of the edge and vertex-sharing 
tetrahedra that comprise a Cu-S layer. 

to the sulfur atoms. The overall structure may be described in terms 
of double layers built of CuS4 tetrahedra, the layers being interleaved 
with K+ ions surrounded by eight S2 atoms at the vertices of a cube. 
Figure 2 illustrates the double layers of CuS, tetrahedra, generated 

\ 
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Figure 4. Temperature dependence of the compaction conductivity 
of KCu4S3. Units of conductivity are Q-' cm-'. 

by the sharing of five edges and four vertices by each CuS, tetrahedron. 
This diagrammatic representation reveals an unusual feature of the 
structure, the absence of Cu density at the octahedral sites generated 
by the sulfur atom packing. A schematic representation of a single 
layer viewed parallel to the c cell axis (Figure 3) shows the edge sharing 
of CuS4 tetrahedra with four tetrahedra adjacent in the same layer 
and the sharing of vertices with two additional polyhedra. A fifth 
edge is shared with a tetrahedron in the second layer. Sulfur atoms 
S2 are shared by four tetrahedra, while each sulfur of the central layer, 
S1, participates in eight polyhedra, with the adjacent Cu atoms at  
the corners of a cube, at  a distance of 2.4506 (9) A. 

It should be emphasized that these structural results are in virtually 
exact agreement with those obtained nearly 30 years ago from powder 
diffraction data.5 

Conductivity 
Room-temperature electrical conductivities were measured 

for six different preparations of KCu& by using pressed 
pellets and four-probe techniques. Measurements were made 
by using both in-line probes and the van der Pauw technique. 
In each case, pressure contacts were used. Values of the 
conductivity obtained by using the in-line probes have been 
corrected for pellet Measurements were considered 
acceptable only after determining that each sample exhibited 
ohmic behavior. The average value of the room-temperature 
conductivity, determined from 1 1 separate experiments, was 
found to be Q = (4.1 f 1.1) X IO3 C2-I cm-'. 

The temperature dependence of the conductivity is that of 
a metal, the resistivity decreasing with decreasing temperature. 
Figure 4 shows the variation in a with temperature in the 
interval 20-300 K. Although not shown in Figure 4, mea- 
surements at  lower temperatures exhibit a continuing smooth 
variation. A t  20 K the conductivity has risen by a factor of 
approximately 15 from its room-temperature value to CT N 6 
x io4 3 - I  cm-l. 

Measurements of the in-plane single-crystal conductivity 
had a high scatter. This may probably be attributed to the 
difficulty in obtaining single crystals large enough for accurate 
placement of electrodes and the difficulty in measuring crystal 
dimensions. Crystals were always formed as extremely thin 
fragile plates (ca. 0.03 mm) and were rarely as large as 1 mm2 
on the surface. Average values of the conductivity (1 3 crystals) 
within the two-dimensional sheets were found to be a E 3 X 
io3 3 - l  cm-I a t  room temperature. 

Magnetism. The magnetic susceptibility data for KCu& 
in the temperature range 4.2-65 K are shown in Figure 5 ,  
where it may be seen that the magnetic susceptibility is largely 
constant from high temperatures to below 30 K, at which point 
it begins to increase rather rapidly. When plotted as x-' vs. 
temperature, the data below 15 K follow a Curie-Weiss law, 

0.0012 

0.0009 - 
P) - 
.E , 
- 2 
x 

0 .  0883 

a .  I 
8 . 8  15.0 30 .0  45.0 6 8 . 8  75 .0  

TIKI 
Figure 5. Magnetic data for KCu4S3. 

x = C / ( T  - e), with C = 0.00477 and 0 = 0.16. This 
behavior is characteristic of the susceptibility of a metallic 
system with the presence of a low concentration of para- 
magnetic sites. At  high temperature the measured suscepti- 
bility is the sum of the Pauli temperature-independent para- 
magnetism and the Curie-Weiss paramagnetism, while at  low 
temperatures the Curie paramagnetism is dominant. If g is 
taken to be 2.1, a reasonable value for copper(II), the most 
likely contaminant, then the percent impurity can be estimated 
from the Curie constant to be 1.4. The Curie-Weiss portion 
of the paramagnetism calculated from the expression given 
above was substracted from the measured magnetic suscep- 
tibility to give a constant value of 72 X emu/mol in the 
temperature range 40-65 K. 

Discussion 

Although a large number of copper-sulfide phases are 
known (Table IV), KCu& and its analogues are unique. Most 
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Table IV. Copper-Sulfide Lattices 
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compd copper coordination description of overall structure bond lengths, A ref 

3-D network, two-thirds of 2.19 (Cul-S); 2.32 (Cu2-S) Cul, trigonal planar, C u S  

Cu, S, hexagonal form 

Cu, S, monoclinic form 

CU1.96 s 
Cl.,S 

“4 a, s, 
(3B5S8 

NH4CuMoS4 

B = A l  
B = I n  

CuB,S4 
B = Cr 
B =  Ti 
B = V  

CuAsS 

CuAgS 
CuSbS, 

Sb14S13 

Cu,AsS, I 
I1 

Cu3vs4 

CuFe, S, 

Cu5FeS4 
CuFeS, 

Cu, FeSnS, 

KCuS 

KCu3 s, 
BaCu, S, 

KCu4S3 

G 2 ,  ktrahddral 
Cul, trigonal planar, 

Cu2, tetrahedral, 
Cu3, linear 

trigonal planar 

trigonal planar 

tetrahedral 
tetrahedral 

trigonal 

tetrahedral 

tetrahedral 

tetrahedral 

trigonal planar 
tetrahedral 

Cul,  trigonal planar, 
Cu2, tetrahedral 

tetrahedral 
tetrahedral 
tetrahedral 

tetrahedral 

tetrahedral 
tetrahedral 

tetrahedral 

square planar 

tetrahedral 

trigonal planar, 
tetrahedral 

tetrahedral 

S atoms present as S,2- 

close-packed S framework 
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copper sulfides form stoichiometric phases containing, formally, 
a single oxidation state of copper. The major exception to this 
generalization is the system Cu2-3, 0 I x 5 0.2, where a range 
of nonstoichiometric, and formally mixed-valence, phases are 
known. By contrast, KCu4S3 forms as a discrete mixed-valence 
system, with no apparent variability in composition, under a 
variety of experimental conditions. (A different mixed-valence 
phase, K3CuSS6, forms a t  higher temperatures.) Under con- 
ditions comparable to those used in the preparation of KCu4S3, 
silver forms the singly valent species K2Ag4S3.42 

Although KCu4S3 is formally a mixed-valence (nonintegral 
oxidation state) compound, it is clear from the structural 
results that all copper ions are equivalent. The material is thus 
a Robin and Day class IIIB mixed-valence system and as such 
should have certain predictable physical properties. As dis- 
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cussed below, its conductivity, magnetism, and spectral 
properties are consistent with this classification. 

The three-dimensional structure of KCu4S3 is significantly 
different from those previously reported for copper-sulfide 
phases of varying compositions. A common feature of the 
copper-sulfide and more complex phases presented in Table 
IV is the formation of three-dimensional networks; the oc- 
currence of the double-layer structure appears to be unique 
to KCu4S3 and R ~ C U ~ S ~ . ~  

The two independent Cu-S distances are similar to those 
observed previously for tetrahedral Cu-S lattices, which range 
from 2.13 to 2.59 8, (see Table IV). In addition to the four 
sulfur neighbors, each copper enjoys close contacts with four 
coppers at 2.757 8, in the same layer and with one copper at 
2.970 (2) 8, in the adjacent layer; these copper-copper in- 
teractions are similar to those observed in N H 4 C ~ 7 S 4 2 4  where 
there are four neighbor Cu atoms at 2.83 8, and at 2.94 8,. 

As a class IIIB mixed-valence solid, KCu4S3 is expected to 
exhibit metallic conductivity. Indeed, our initial interest in 
this material was aroused by the report that a compaction of 
the material exhibited a room-temperature conductivity of 40 
Q-k cm-I. Our work shows that the conductivity is two orders 
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of magnitude higher. I t  is probable that the original mea- 
surements used a two-probe technique, and for such a highly 
conducting material contact resistances would dominate. As 
expected, the temperature dependence is that of a metal, the 
conductivity increasing with decreasing temperature. The 
conductivity exhibits a linear 1/T dependence in the tem- 
perature range examined. 

Although measured with only low precision, the single- 
crystal conductivity, ul 1, is comparable to the bulk conductivity. 
Assuming highly anisotropic electrical properties, as suggested 
by the structure, u l l  should be larger than the compaction 
c o n d ~ c t i v i t y . ~ ~  The relatively low value for u l l  may reflect 
experimental difficulties in measurements on these single 
crystals, or it may suggest that the electrical properties are 
not so highly anisotropic as expected from the structure. 
Alternatively, the compaction value may be artifically high 
as a consequence of preferential alignment of these platelike 
crystals. The fact that bulk conductivities show no significant 
differences for thoroughly ground samples and direct-crystal 
compactions suggests that preferential alignment is not a 
dominant factor. 

The value of the conductivity is similar to that of other 
known metallic materials with layer structures. Thus, u l l  for 
various crystalline modifications of MX2 (M = Nb, Ta; X = 
S, Se) is typically 5000-10000 V 1  ~ 1 1 3 - l . ~ ~  

G o o d e n ~ u g h ~ ~  has defined a critical internuclear separation, 
Do(n,l), which is dependent on the electronic configuration 
of the metal and the identity of bridging ligands. When metal 
ion separations are below this critical distance, high mobility 
collective electrons should be present, and metallic behavior 
should result. For a d9 Cu2+ complex with sulfide ligands, this 
distance is predicted to be approximately 3.10 8,. KCu4S3, 
with four Cu-Cu separations of 2.76 8, and one of 2.97 A, 
clearly satisfies the Goodenough criterion, and, consequently, 
its metallic properties are consistent with the theory. Because 
Cu”, with a d’O electronic configuration, should give rise only 
to filled bands, metallic conductivity is not expected for ma- 
terials containing only that oxidation state. Although several 
Cul+ systems are known (NH4Cu7S4, KCuS, KCu3S2, 
BaCu,S3) which satisfy the Goodenough criterion, electrical 
properties are  apparently known only for B ~ C U ~ S ~ . ~ ~  This 
material has a high conductivity (ca. 5 3-l cm-I) which is 
largely temperature independent. There are apparently no 
known simple Cu2+ sulfides. Covellite, CuS, has a nominal 
Cu2+ formulation but is found to contain the ion S22- (e& 
CuS = Cu2S.CuS2). Although the oxidation states of copper 
are distinguishable in that case (Robin and Day class 11), the 
material is metallic. KCu4S3 might be predicted to be metallic 
either as a result of its mixed-valence nature or as a conse- 
quence of the Goodenough relations. Apparently neither 
criterion is sufficient, since Cul,g6s is obviously mixed-valent 
and has Cu-Cu separations of 2.64 and 2.97 8, yet exhibits 
semiconducting behavior. It is clear that the relationship 
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between structure and electrical properties in copper sulfides 
requires further examination. 
Magnetism 

The Pauli spin magnetization of the conduction electrons 
in a free-electron gas metal is given47 by eq 1 .  Because the 

ki = 3NpZB/2kBTF (1) 

magnetic field induces a diamagnetic component, the total 
magnetization of a free-electron gas is 

(2) M = Np2B/kBTF = N p 2 B / E ,  

where p is the Bohr magneton (0.921 X erg/Oe), B is 
the magnetic field intensity, kB is the Boltzmann constant, TF 
is the Fermi temperature, and EF is the Fermi energy. EF may 
be estimated from eq 3 where m is the mass of the electron 

E F  = ( h 2 / 2 m ) ( 3 x 2 N / U 2 1 3  ( 3 )  
and N / V  is the conduction electron concentration. For 
KCu4S3, with a single hole in the d-orbital manifold, we expect 
one carrier per formula unit. Knowing the molar volume 
(84.85 cm3), N / V  is then 7.1 X lo2’ ~ m - ~ ,  and the Fermi 
energy is calculated as EF = 2.19 X erg. The predicted 
magnetic susceptibility is then x p  = 23.3 X emu/mol. 
Since interaction effects tend to increase the susceptibility and 
since the model assumes the free electron mass, this prediction 
agrees reasonably well with the oberved susceptibility of x = 
72 X emu/mol. 
Reflectivity 

In line with their metallic appearance, the reflectivity of 
KCu4S3 crystals in the visible and near-ultraviolet regions was 
high and almost independent of frequency. There was no sign 
of a plasma edge over the spectral range studied (roughly 1-4 
eV). The simple free-electron band picture predicts a plasma 
edge given by eq 4. Again assuming the free-electron mass, 

x0 = 2 ~ [ r n c ~ / 4 x ( N / V ) e ~ ] ’ / ~  ( 4 )  
the lack of a plasma edge over the spectral region examined 
indicates a carrier density greater than about ~ m - ~ .  This 
is in reasonable agreement with our expectations of 7.1 X lo2’ 
~ m - ~ ,  given the formal electronic configurations (d’O, d’O, d’O, 
d9) of the four Cu ions. 
Conclusion 

KCu4S3 is a structurally unique material with high (met- 
allic) electrical conductivity. As with other layered conductors, 
chemical modification by intercalation may be possible, and 
we are currently pursuing such studies. KCu& appears to 
be only one member of a series of mixed-valence alkali copper 
sulfides, and it is likely that other reported examples-e.g., 
RbCu4S3, K3CuSS6, etc.-will exhibit highly anisotropic 
metallic conductivity. We  will report on these materials a t  
a future date. 
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