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Electrical transport properties of some two-dimensional isostructural compounds KCu&, RbCu&, 
and CsCu,S, and a one dimensional conductor NaQ& have been investigated. Conductivities have 
been measured on pelletized materials in the temperature range 300 to 150 K. All of them behave as 
metallic conductors. The room temperature conductivities of these compounds are KCu&. 1600 
R-l cm-‘; RbCu&, 1400 R-t cm-‘; CsCu&, 1250 0-t cm-l; Na$Zu&, 700 n-t cm-‘. The observed 
trend in conductivities among the isostructural compounds may be rationalized either on the basis of 
shortest Cu-Cu distances or on the carrier charge concentrations per unit volume. All of these 
compounds behave as Pauli paramagnetic materials. 

Introduction 

The relationship of structural properties in 
transition metal chalcogenides is a subject 
of interest to physicists and chemists. Con- 
siderable attention has been paid in deter- 
mining electrical and magnetic properties of 
these materials (l-5). So far as copper 
chalcogenides are concerned, their electri- 
cal transport properties vary from semicon- 
ducting to metallic and magnetic properties 
vary from diamagnetism to temperature in- 
dependent paramagnetism. Low T, super- 
conducting transitions have been reported 
for a number of copper pyrite dichalco- 
genides CuX, (X = S, Se, Te) (6-8). 

About 30 years ago Rtidorff et al. (9) dis- 
covered a series of ternary sulfides of cop- 
per and alkali metals whose composition in- 
dicated formal mixed valence state of 
coppers. X-ray structural studies of the iso- 
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typic series KCu& (9, IO), RbCu& (9), 
and CsCu& (11) have revealed that a crys- 
tallographic differentiation between cop- 
per(1) and copper(I1) sites is not possible. 
These compounds are characterized by a 
layered structure in which the copper at- 
oms occupy double layers of tetrahedral 
sites built up by sulfur atoms and these two 
layers are separated by another layer of al- 
kalimetal atoms. Another ternary sulfide, 
Na3Cu4S4 (12), contains copper-sulfur ar- 
rays that form one dimensional strands in 
which the copper atoms have coordination 
number three. The equivalence of copper 
atoms coupled with short Cu-Cu distances 
place these compounds in the class 3B of 
the Robin and Day classification of mixed- 
valence compounds (13), as a result they 
are expected to show metallic conductivity. 
However, recent X-ray photoelectron spec- 
troscopic studies (XPS) on a number of 
copper sulfides, including KCu& ( 14) and 
Na3Cu4S4 (15>, have demonstrated that in 
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all these compounds copper is present ex- 
clusively in monovalent state. It has been 
suggested (14, 16) that the deficit of elec- 
trons is present as holes in the sulfur 3p 
valence band giving rise to p-type metallic 
conduction and weak, essentially tempera- 
ture independent paramagnetism. 

In fact Rtidorff et al. (9) reported consid- 
erably high room temperature conductivi- 
ties for KCu& (40 S1-‘cm-i) and RbCu& 
(60 R-‘cm-‘). During the course of this 
study Brown et al. (10) have investigated 
structure, electrical, and magnetic proper- 
ties of KCu&. Their reported values for 
pressed pellets is 4100 Q-‘cm-‘, and for 
single crystals is 3000 0-‘cm-l at 300 K. 
After the completion of this work we noted 
a recent publication by Peplinski et al. (I 7) 
in which they reported electrical transport 
properties of Na3Cu& The bulk conduc- 
tivity reported for the pelletized specimen 
is 300 LR-‘cm-i at room temperature, 
whereas for single crystals ~II is 15,000 
fl-‘cm-‘. We report here the electrical and 
magnetic properties of KCu& , RbCu& , 
CsCu& , and Na3Cu&. 

Experimental 

Preparation of Compounds 

The methods for preparation of KCu& 
(9), RbCu& (9), CsCu& (II), and Na3 
Ct.& (12) are described in the literature. 
In obtaining these compounds some modifi- 
cation has been made of these procedures. 

RbCu& was prepared essentially in the 
same way as described in the literature. A 
mixture of copper powder, sulfur powder, 
and alkali metal carbonates taken in a ratio 
of 1: 6 : 6 was placed in a porcelain crucible 
and covered with a lid. This in turn was 
contained in two basins of increasing 
diameters equipped with snuggly fitted cov- 
ers. The assembly was heated in an electric 
furnace in an atmosphere of nitrogen. The 
temperature and time periods for heating 
were KCu&: 8Oo”C, 1 hr; CsCu&: 7Oo”C, 
1.5 hr; Na3Cu4S4: 6Oo”C, 1 hr. The melt was 
furnace cooled and then digested in a mix- 
ture of 1 : 1 ethanol-water bath. Crystals 
were collected by filtration, washed repeat- 
edly with ethanol-water mixture, and fi- 
nally with acetone. 

The compounds were analyzed by de- 
composing with HN03-HCl mixture. Cop- 
per was estimated gravimetrically as 
CuSCN (18). Alkali metals were estimated 
gravimetrically as their sulfates (18) after 
electrolytic deposition of copper from a so- 
lution containing sulfuric acid (18). For es- 
timation of sulfur the compounds were dis- 
solved in a mixture of HN03, HCl and 
bromine, and the oxidized sulfur was gravi- 
metrically estimated as BaS04 (18). Analyt- 
ical data are provided in Table I. 

Electrical Conductivity Measurement 

Bulk conductivities of the specimens 
were measured in the form of pellets which 
were of 13.5 mm diameter and of about 2 

TABLE I 

ANALYTICAL DATA 

Compound 

% Alkali metal % Copper 

Found Calcd. Found Calcd. 

% Sulfur 

Found Calcd. 

KC@, 9.6 10.02 66.0 65.29 25.1 24.67 
RbCu& 20.2 19.62 57.8 58.39 21.6 22.04 
CsCu& 26.8 27.52 52.1 52.59 20.1 19.87 
Na3Cu4S4 15.7 15.28 55.8 56.31 28.9 28.41 
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mm thickness. Compaction of the materials 
were achieved by applying a pressure of 10 
metric tons/cm2. A linear four probe dc con- 
ductivity measurement technique due to 
Valdes (29) was adopted. A spring loaded 
cell holder made of teflon with stainless 
steel pressure contact probe was used for 
measurements. Conductivity measure- 
ments at subambient temperatures (up to 
150 K) were made by inserting the sample 
holder in a locally fabricated cryostat. Tem- 
perature measurements were made with a 
calibrated copper-constantan thermocou- 
ple. Current was applied on the two termi- 
nal probes by a MP-1026A regulated cur- 
rent source unit (Mckee Pedersen 
Instruments, Calif.). The voltage drop at 
the two central probes was measured by a 
Leeds-Northup Type K-4 potentiometer in 
conjunction with a Keithley-155 mi- 
crovoltmeter/null detector. 

Magnetic Measurement 

A PAR Model 155 vibrating sample mag- 
netometer in combination with Walker/ 
Magnion L-75 electromagnet and a PAR 
(Walker/Magnion) Power Supply Control 
unit was used for magnetic susceptibility 
measurements. The magnetic field was var- 
ied in the range 7.5-9.5 kOe. Calibration of 
the magnetometer was made with 
HgCo(SCN)4. About 350 mg of powdered 
specimen contained in a screw-capped 
polyacrylate sample holder was used. 
Diamagnetic corrections were made with 
data available in literature (20). 

Results and Discussion 

From initial experiments it turned out 
that maintenance of an inert atmosphere 
and an overpressure of sulfur yields com- 
pounds of desired stoichiometry. The three 
crucible arrangement assembly has been 
useful in this respect. The purity of the 
compounds were checked by chemical 
analysis and also from powder diffraction 

T(K) 
FIG. 1. Conductivities of M’Cu4S3 compounds as a 

function of temperature. A, KCu&; 0, RbCu&; 0, 
CsCu&. 

data. In all cases compounds were obtained 
in crystalline form but they were not large 
enough for reliable single crystal transport 
property measurements. Ohm’s law was 
veritifed for each specimen during conduc- 
tivity measurement. 

Conductivities of KCu&,RbCu&, and 
CsCu& as a function of temperture are 
shown in Fig. 1. The room temperature 
conductivity values for these compounds 
are KCu&: 1600 !X’ cm-i; RbCu&: 1400 
R-l cm-‘; CsCu&: 1250 0-i cm-‘. It may 
be noted that the conductivities of these 
materials increase rapidly with decrease in 
temperature. In Fig. 2 resistivities are plot- 
ted against temperature. In the case of sim- 
ple metals resistivity is a linear function of 
temperature, whereas for molecular metals 
resistivity varies with square of tempera- 
ture (21). Good straight line fits of p vs Tin 
all three compounds clearly indicate their 
metallic behavior. The slopes of these lines 
being approximately parallel indicate a sim- 
ilar conduction mechanism in these com- 
pounds. 

Rtidorff et al. (9) reported room tempera- 
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FIG. 2. Resistivities of M’Cu& compounds as a 
function of temperature. A, KCu&; 0, RbCu&; 0, 
CsCu&. 

ture conductivities of 40 W1 cm-’ for 
KCu&, and 60 rll-’ cm-’ for RbCu& in 
the form of pellets. Brown et al. (10) ob- 
tained an average value of 4.1 ? 1.1 x lo3 
W1 cm-’ for pressed pellets of KCuqS3, but 
the average value for the same material 
measured on single crystals was 3 x lo3 W1 
cm-l. The general relation between the av- 
erage conductivity, (a) and the conductiv- 
ity, cri measured in a particular crystallo- 
graphic axis is 

w=+. 
Therefore (~11 values of these two dimen- 
sional conductors would be considerably 
greater than bulk conductivities obtained 
with pelletized specimens. If our ((T) for 
KC&, 1.6 x lo3 R-’ cm-’ is compared 
with ~11, 3 x lo3 R-’ cm-’ as reported by 
Brown et al. (IO), a consistent relationship 
is obtained. 

The metallic conductivity of these com- 
pounds may be thought to originate from 
the mixed-valence states of copper atoms. 
If the sulfur atoms are considered to be 
present as S*- ion, MCuqS3 may be formu- 

lated as M+CU~CU~+(S-)~, However, the 
occurrence of mixed-valence states is not 
an essential criterion for metallic conduc- 
tivity. For example, CuS2, a copper(I1) 
compound which constains S:- anion (7), 
has a room temperature conductivity of 
6.67 X lo3 W’cm-’ (6, 7). Similar high 
room temperature conductivities are ob- 
served with apparently copper(I) sulfides, 
viz. Cu2S (22), IO2 R-*cm-‘, and BaCu& 
(2.9, 5 R-‘cm-‘. Another way to account 
for metallic conductivity is to invoke the 
criterion of critical internuclear distance of 
metal ions due to Goodenough (24). Ac- 
cording to this model when metal-metal 
distance falls below a critical value, the in- 
teraction between metal atoms would cause 
collective electrons behavior to set in, as 
against localization. For a copper(H) sulfide 
this critical distance is estimated to be 3.1 A 
(IO), which is well above the copper-cop- 
per distances observed in these compounds 
(Table II). This model becomes inadequate 
in the case of CuS2 where the metal atoms 
are too far apart -4 A (7), yet the material 
shows metallic conductivity. 

The observed trend in conductivities of 
the three isostructural compounds at any 
particular temperature is KCuqS3 > Rb- 
Cu& > CsCu&S3. It may be noted from Ta- 
ble II that in these compounds there are 
four equivalent copper-copper distances of 
a given type which are short, and there is 
one of the longer type. The trend in the 
shorter copper-copper distances is Cs 
C&S3 > RbCu4S3 > KCuqS3. Thus, on the 
basis of extent of metal ion interactions (13) 
the observed trend in conductivities is in 
conformity with expectation. 

In the light of recent XPS studies (14, 15) 
on binary and ternary copper sulfides the 
notion of mixed-valence copper, however, 
is no longer valid. Inasmuch as there is no 
evidence for the presence of copper 
sites or intermediate oxidation states, the 
compounds MCuqS3 should be reformu- 
lated as M+CU:(S~-)~S-, and Na3Cu& as 
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TABLE II 

STRUCTURAL PARAMETERS, CONDUCTIVITIES AND MAGNETIC SUSCEPTIBILITIES OF MTu& COMPOUNDS 

Compound Lattice constant” 
cu-cu 

distance (A) 

Carrier 
concentration 

(cm-‘) 

300 K 

(anicmmi) (emu/mole) 

KCu& a = 3.899 A, c = 9.262 A 2.757,b 2.970c 7.1 x IO-” 1600 110 x 10-h 
RbCu& a = 3.920 ii, c = 9.41 A 2.78,b 2.98’ 6.9 x lo-*’ 1400 100 x 10-G 
CsCu& a = 3.975 A, c = 9.689 A 2.81,b 2.922’ 6.5 x IO-” 1250 60 x 10m6 

a Tetragonal unit cell. 
b Four equivalent bonds of a given type. 
c Single bond. 

Na:Cu:(S2-)$-, according to the scheme 
of Folmer and Jellinek (14). In these com- 
pounds the Fermi level falls within the sul- 
fur 3p band which is placed higher than 
copper 3d level. It should be noted, how- 
ever, that they may still be regarded as 
class 3B mixed-valence sulfur compounds 
(13) since S*- and S- sites are not distin- 
guishible in XPS spectra and there is likeli- 
hood of a valence fluctuation (with a fre- 
quency below lOI set-‘) involving all the 
sulfur atoms (14). 

The conductivity is related to the mobil- 
ity by 

where N is the number of atoms per unit 
volume, pa is Bohr magneton, an l r is the 
Fermi energy. The relation between the 
Fermi energy and the carrier concentration 
(N/V) is 

ii2 3r2N 213 

EF=2m v ... t-1 (4) 

where m is the mass of electron. From Eqs. 
(3) and (4) the susceptibility should be in- 
versely proportional to carrier concentra- 
tion. Contrary to the expected trend we find 
that the susceptibility values have de- 
creased in the order of KCu& - RbCu& 

(a) = ne (p) . . . (2) > CsCu& . It is not clear at this stage how 
this anamolous trend arises, due to uncer- 

where n is carrier concentration, and e the 
charge of carrier. For isostructural com- 
pounds it is reasonable to believe that the 
average mobility of the carrier will be same. 
This means that conductivity will depend 
primarily on carrier concentration. MCu& 
compounds contain a single hole per mole- 
cule, and there is one formula unit per unit 
cell. The carrier concentrations (Table II) 
of these compounds follow the trend ob- 
served in conductivities. 

The room temperature susceptibilities of 
these compounds (Table II) indicate their 
Pauli paramagnetic behavior. For a free 
electron gas, the susceptibility (25) is 

tainty in the magnetization measurements. 
From structural point of view Na3Cu& 

(11) should act as an one-dimensional con- 
ductor. Figure 3 shows the increase in con- 
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(3) FIG. 3. Variation in conductivities of Na3Cu& with . . . 

temperature. 
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FIG. 4. Variation in resistivities of Na$u& with 
temperature. 

ductivity of the pressed material with de- 
crease in temperature. In Fig. 4 the straight 
line relationship between resistivity and 
temperature again shows its metallic behav- 
ior. The room temperature conductivity of 
Na3Cu&, 7 x IO* R-‘cm-i, is considerably 
lower as compared to the other two-dimen- 
sional conductors. It may be pointed out 
that Peplinski et al. (17) obtained somewhat 
lower conductivities 290-350 Wlcm-l at 
room temperature for pelletized specimens. 
Their conductivity values parallel to the 
needle axis, which corresponds to the di- 
rection of the one-dimensional [CU&]~ 
column, vary in the range 12,500-18,700 
R-‘cm-’ at 300 K. The room temperature 
susceptibility of this compound, 170 x 10e6 
emu/mole, as measured by us is slightly 
greater than the reported value, 150 x lO-‘j 
emu/mole ( 17). 
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