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Electrical and magnetic transport properties have been measured on single crystals of the molybdenum 
blue bronze alloy system (Rbr-,CsJO.,MoOs prepared by the temperature gradient flux technique. 
Although the properties of the blue bronze are retained, cesium substitution decreases both p (298 K) 
and the transition temperature observed at 180 K for RbO.,MoOr. Solid-state studies indicate that the 
upper limit of Cs doping is approximately 45%. Attempts are made to correlate the effects of cesium 
substitution with the observed changes in the transport properties. 8 1988 Academic Press, hc. 

Introduction 

The alkali metal molybdenum oxide 
bronzes with general formula A0.jMo03 (A 
= K, Tl, Rb) have been intensively investi- 
gated since the discovery of quasi-one-di- 
mensional metallic properties in K0.3Mo03 
at room temperature (I). Shortly thereafter, 
X-ray diffuse scattering studies on Ko., 
Moo3 and Rb0.3M003 confirmed that the 
metal-semiconductor transition observed 
at 180 K was due to a charge-density wave 
(CDW) instability (2). The appearance of 
nonlinear conductivity at relatively low ap- 
plied dc fields (3, 4), increased ac conduc- 
tivity at low frequencies (5), and memory 
and hysteresis effects (6) have all been at- 

* To whom correspondence should be addressed. 

tributed to charge-transport via a “sliding” 
or moving CDW. The structure of the so- 
called “blue bronzes” consists of infinite 
layers of edge- and corner-sharing Moo6 
octahedra held together by the A cations 
(7-9). Although the bonding is three-dimen- 
sional (3D), the properties are quasi-one- 
dimensional (1D) because the 4d electrons 
are located mainly on the MO sites involved 
in infinite chains of Moo6 octahedra paral- 
lel to the b-axis of the monoclinic unit cell 
(8). 

Recently, Schneemeyer et al. (10) re- 
ported on the alloy systems (K,-,Rb,),., 
Moo3 and K0.~Mot-,W,03. They reported 
dramatic impurity effects on the charge- 
density wave dynamics with substitution of 
these isoelectronic dopants (II, 12). 

For the past few years our group has 
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been involved with preparing single-crystal 
specimens of the molybdenum oxide 
bronzes by a temperature gradient flux 
technique (TGFT) (23, 24). More recently, 
we have been studying the effects of substi- 
tutions on the electrical and magnetic prop- 
erties of these phases. We have examined 
the change in the properties of the low-di- 
mensional purple bronze Li0.9M06017 by 
doping of Na for Li and W for MO, respec- 
tively (15). In addition, we have looked at 
the effects of vanadium substitution on the 
semiconducting, anisotropic bronze, L& 
Mo,-xVxOj (26). 

In this work we describe the substituted 
blue bronze phase (Rbi-,Cs,)0.sMo03. The 
pure blue bronze, CS~.~MOO~, is not known 
to exist, apparently as a result of the large 
size of Cs+. Quite surprisingly, we have 
been able to substitute large amounts of ce- 
sium (-45%) into the Rb,-,3MoOs structure. 
In this paper, we describe the preparation 
of (Rb, -xC~x)0.3M003 single crystals along 
with the structural, electronic, and mag- 
netic properties of these phases. 

Experimental 

Single crystals of (Rbi-,C&.3MoO~ 
were grown by the temperature gradient 
flux technique (TGFT). Stoichiometric 
quantities of the reactants were weighed 
out according to the equation 

n(1 - x)RbzMoOd + nxCszMo04 
+ 2(1 - n)Mo03 + nMo02 

= 2(Rb,-,Cs,),Mo03, 

where 0.3 5 n 5 0.4 and 0 5 x 5 0.75. 
Polycrystalline samples of (Rbi -xCs,)o.3 

Moo3 were also prepared. Samples with x 
< 0.325 were prepared at 550°C (96 hr, 1 
regrinding). Samples with x > 0.325 un- 
dergo partial melting when heated directly 
to 550°C. Therefore, these samples were 
first heated to 505°C (48 hr), reground, and 
heated to 550°C (48 hr). All reactions were 

carried out in evacuated silica tubes ac- 
cording to the equation 

0.3(1 - x)RbzMo04 + 0,3xCs2MoO., 
+ l.4MoOj + 0.3Mo02 

= 2tRbl-xCsJo.3Mo03, 

where 0 5 x i 0.45. 
RbzMo04 and Cs2Mo04 were prepared 

by heating stoichiometric mixtures of 
Rb2C03 (AESAR, 99.9%) or C&O3 
(AESAR, 99.9%) and reagent-grade Moo3 
(J. T. Baker) in air at 750 and 850°C respec- 
tively, for -15 hr with at least 1 regrinding. 
MOO* (ROC/RIC) which had a stated purity 
of 99.9% was washed several times with al- 
ternate portions of hot, dilute HCl, water, 
and ammonia to remove traces of molybde- 
num blue. 

The (Rbi-xCsx)0.3M003 crystals were 
dark blue rectangular platelets. Samples se- 
lected for study had typical dimensions 2-4 
x 1 x 0.5 mm3. Cell parameters were ob- 
tained by least-squares analysis of powder 
data obtained with a Scintag PAD V auto- 
mated diffractometer employing monochro- 
matic CuKar radiation. Silicon was used as 
an internal standard. 

Chemical analysis for Rb and MO was de- 
termined by plasma emission spectroscopy. 
Rb and Cs analysis was obtained with 
atomic absorption spectroscopy. The orien- 
tation of selected crystals was determined 
by oscillation photography. Low-tempera- 
ture (between 77 and 298 K) electrical resis- 
tivity measurements were made employing 
a four-probe configuration using ultrasoni- 
cally soldered indium contacts in a conven- 
tional liquid helium cryostat. On average, 
contact resistances at room temperature 
were between 0.5 and 3 0 for current paral- 
lel to b and between 1 and 10 R for current 
perpendicular to b and the (201) cleavage 
plane. Magnetic susceptibility from 4.2 to 
298 K was performed on randomly ori- 
ented single crystals by the Faraday 
method (17). 
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TABLE I 

SUMMARY OF THF. EXPERIMENTAL CONDITIONS AND BRONZE CRYSTAL FORMATION 

W-,WnMoO~ Temperature gradient 

Sample n x To cm (“C) Tf, cm (“C) T,, cm (“Cl Bronze phases 

Rb-I 0.3 0 585 565 535 Only blue bronze crystals 4-6 mm long 
RbCS-I 0.3 0.25 585 569 530 Only blue bronze crystals 3-4 mm long 
RbCs-2 0.3 0.75 569 539 498 Polycrystalline Cs, r,Mo09 and blue bronze 

crystals 0.5-I mm long 
RbCs-3 0.4 0.25 579 565 522 Polycrystalline Cs,,.,rMoO, and blue bronze 

crystals up to 6 mm long 
RbCs-4 0.4 0.50 551 540 503 Only Cs,,,,MoOJ crystals up to 2.5 mm long 
RbCS-5 0.4 0.75 561 545 501 Only CS~.,~MOO~ crystals 3-4 mm long 
RbCs-6 0.4 0.50 568 552 511 Both blue and red bronze crystals up to 5 mm 

long 
RbCs-7 0.3 0.25 608 588 546 Only blue bronze crystals up to 7 mm long 
RbCs-8 0.3 0.50 590 570 526 Only blue bronze crystals up to 4 mm long 
RbCs-9 0.3 0.75 590 570 526 Blue bronze crystals (up to I.5 mm long) with 

some red bronze intergrowth 
RbCs-10 0.3 0.75 583 565 527 Polycrystalline CsO.,,MoOg and blue bronze 

crystals up to I.5 mm long 
RbCs-11 0.3 0.75 568 555 515 Red and blue bronze intergrowth and blue 

bronze crystals OS-2 mm long 

Results 

Crystal Growth 

For the preparation of (Rbl-,Cs,)0.3M003 
blue bronze crystals by the TGFT both the 
nominal composition and the reaction tem- 
perature are of utmost importance. It- was 
reported earlier (14) that the growth of pris- 
tine Rbo.JMo03 is optimized with starting 
stoichiometry Rb,MoOJ (0.30 I n 5 0.35). 
The red bronze, Rbo.uMo03, has never 
been prepared by the temperature gradient 
flux technique. However, large crystals of 
the red bronze, CS~.~~MOO~, are found for 
nominal compositions Cs,Mo03 (0.35 I n 
I 0.40). 

Listed in Table I is a summary of the ex- 
perimental conditions for the preparation of 
mixed bronze crystals of composition 
(Rbl-rCSrhMo03. Noteworthy observa- 
tions are (1) for n = 0.3 only blue bronze 
crystals are found (even for x = 0.75); (2) 
for n = 0.3 and x = 0.75 the amount of 

polycrystalline CS,-,~~MOO~ increases with 
decreased reaction temperature; (3) when n 
= 0.3 and x = 0, 0.25, and 0.50 the crystal 
size is markedly larger than when x = 0.75; 
(4) if n = 0.4 and x = 0.75, only red bronze 
crystals are formed; (5) for n = 0.4 and x = 
0.25 small blue bronze crystals are present; 
and (6) for n = 0.4 and x = 0.5 both blue and 
red bronze crystals form with the former 
favored with increasing temperature. 

Chemical Analysis 

Table II gives the results of chemical 
analysis on selected blue bronze crystals. 
The reliability of rubidium analysis by 
plasma emission spectroscopy was checked 
by examining unsubstituted Rb0,JMo03 for 
Rb and MO content. As shown in Table II a 
value of Rb0.2P4M003 was obtained which is 
within the expected 2% experimental error. 
The results obtained for Rb and Cs analysis 
by atomic absorption spectroscopy are 
listed under the weight percentage formula. 
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TABLE II 

CHEMICAL ANALYSIS RESULTS FOR SELECTED BLUE BRONZE CRYSTALS 

Sample 

Atomic absorption spectroscopy 

Weight % formula Standard formula 

Plasma emission 

(0.3 - Rb content = Cs content) 

Rb-1 
RbCs-3 
RbCs-6 
RbCs-I 
RbCs-8 
RbCs-11” 

Rbo.mMoO, 
- 
- 

Rbo.dhwMo03 
Rho mcso I2SMoO3 

- 

Rbo.WoO3 
- 
- 

(Rbo.883%1do 3MoO3 

Wo ~&~0.360)0.3M003 

- 

a Not pure, red bronze intergrowth. 

Consistently high alkali metal content is ob- 
served, e.g., Rb0.323M003 instead of Rbo.j 
MOO+ Normalized data (total alkali metal 
content equal to 0.3) is tabulated under 
standard formula. The normalized results 
follow the same trend as plasma emission 
analysis with the total alkali content as- 
sumed to be 0.3. 

Dumas et al. (18) recently reported that 
crystals of Ko.~MoO~ grown by a flux tech- 
nique have higher alkaline concentration 
then electrolytically grown samples based 
on microprobe analysis. However, plasma 
emission on TGFT-prepared Rbo.3M003 in- 
dicates little, if any deviation from ideal 
stoichiometry. It is apparent, as will be dis- 
cussed subsequently, that 45% of the ru- 
bidium can be replaced with cesium while 
maintaining the integrity of the blue bronze 
structure. 

Cell Parameters 

Unit cell parameters for the (Rb, XCs,)O.i 
Moo3 single crystals and polycrystalline 
samples were calculated by least-squares 
analysis of 20 to 30 selected reflections be- 
tween 5 and 45” 20. 

Table III and Fig. 1 indicate that the up- 
per limit for Cs doping is -45%. The cell 
volume changes little for larger substitution 
levels. Above 45% substitution, there are 
other phases present in addition to the Rb- 

Cs blue bronze (e.g., CS,-,.~~MOO~). Also, the 
monoclinic b axis remains nearly constant 
for all amounts of cesium substitution. 

Attempts to calculate cell parameters for 
red bronze crystals prepared by the TGFT 
were unsuccessful. It was difficult to ascer- 
tain from the data whether Rb was replac- 
ing Cs in CS~.~~MOO~. There was little, if 
any, decrease in the cell volume and the 
standard deviations were quite large. This 
avenue was not pursued further. 

Electrical Resistivity 
The electrical transport properties were 

measured on a large number of (Rb,-,Cs,)O,3 
Moo3 crystals. As has been noted (19), 

0 0.2 0.4 

X !n(Rb,-xCs,),,,MoO~ 

FIG. 1. Variation of the cell volume as a function of 
Cs content in (Rb, ..Cs,),~MoO-,; 0, temperature gra- 
dient flux grown crystals (solid line): 0, solid-state 
reactions (dashed line). 
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TABLE III 

CELL PARAMETERS FOR (Rbl-,Csx),,.,MoOl PHASES 

Sample Composition 
Space 
group a (A) b 6% 

Single” 
crystal 

Rb-1 
RbCs-3 
RbCs-7 
RbCs-6 
RbCs-8 
RbCs-11 

1 
18A 
2 
3 
9 

14B 
15B 
16B 
19A 

TGET Crystals 

C2lm 18.635 7.5550 
C2lm 18.646(7) 7.545(4) 
C2lm 18.739(3) 7.557(2) 
C2lm 18.734(4) 7.559(2) 
C2lm 18.892(6) 7.560(2) 
C2lm 18.917(4) 7.565(2) 
C2lm 19.004(15) 7.571(5) 

Solid-state reactions 
CWm 18@9(5) 7.561(4) 
C2lm 18.722(5) 7.561(2) 
C2lm 18.808(6) 7.554(2) 
C2lm 18.823(4) 7.560(2) 
C2lm 18.848(5) 7.562(2) 
C2lm 18.898(8) 7.556(3) 
C2lm 18.936(6) 7.568(4) 
C2lm 19.015(6) 7.567(2) 
C2lm 18.990(7) 7.559(3) 

10.094 
10.098(3) 
10.136(2) 
10.133(2) 
10.210(2) 
10.226(2) 
10.290(9) 

10.094(3) 
10.127(2) 
10.186(5) 
10.178(2) 
10.182(3) 
10.217(4) 
10.249(4) 
10.281(2) 
10.279(3) 

118.842 
118.87(2) 
119.13(l) 
119.08(2) 
119.57(3) 
119.60(2) 
119.78(5) 

118.84(2) 1246.8(5) 
119.14(2) 1252.1(4) 
119.39(3) 1261.0(5) 
119.39(2) 1261.8(4) 
119.42(2) 1264.0(4) 
119.50(3) 1269.8(7) 
119.8q4) 1274.5(9) 
119.89(2) 1282.6(5) 
119.92(2) 1278.9(6) 

1244.8 
1244.0(7) 
1253.8(3) 
1254.1(4) 
1268.4(6) 
1272.4(5) 
1285.01(11) 

a From Ref. (8). 
b Not pure, red bronze intergrowth. 

samples prepared by the TGFT have 
broader transitions than those grown elec- 
trolytically. Presumably, this behavior is 
due to a large concentration of impurities 
and/or defects introduced during crystal 
growth. 

Three general trends have been ob- 
served. As more cesium is incorporated 
into the structure the metal-semiconductor 

transition temperature (T,,,,) decreases 
slightly (Table IV). Rb0.3MoOj has T,,,s - 

180 K, whereas (Rbo.623Cso.377)o.3MoO~ has 
T - 168 K (Fig. 2). With increased Cs 
clment, for current along 6, p (298 K) de- 
creases (Table IV). The ratio of p (298 K) 
perpendicular to b and (201) to p (298 K) 
parallel to b increases with cesium content. 

The behavior observed shows a strong 

TABLE IV 

RESISTIVITY AT 298 K FOR SEVERAL (Rb1-,Csx)0.3M003TGFT CRYSTALS 

Sample % cs pb (fl cm) Tm W 

Rb-1 
RbCs-3 
RbCs-7 
RbCs-8 
RbCs-11” 

0 3.00 x 10-Z 1.30 40 180 
11.3 1.40 x 10-Z - - 174 
16.7 1.00 x 10-2 0.90 90 172 
37.7 0.18 x 1O-2 0.54 168 

(58.7) (0.33 x 10-Z) (2.02) (ii) - 

LI Not pure, red bronze intergrowth. 
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FIG. 2. p-IdpldT versus temperature for Rho lM~Ol 
(solid line) and (Rho 621Cso 377)0 3Mo0, (dashed line) for 
current parallel with h between 298 and 77 K. 

sample dependence. Even for samples from 
the same preparation there are differences. 
All samples show semiconducting behavior 
below 180 K. Some samples display in- 
creasing resistance with decreasing temper- 
ature starting at room temperature. In addi- 
tion, several samples have transitions that 
are so broad that a transition temperature 
cannot be unambiguously determined from 
a p-ldpldT plot. 

Magnetic Susceptibility 

The magnetic susceptibility of randomly 
oriented crystals of unsubstituted Rbo.J 
MOOJ and (Rbo.623Cs0.)77)0.3Mo03 have been 
measured by the Faraday method (17). The 
data are presented with the Curie contribu- 
tions substracted out. The transition ob- 
served in x is sharper in RbO.lMoOJ than 
in the cesium substituted sample (Fig. 3). 
In addition to the broadened transition, 
(Rb0.623Cs0.377)0.~Mo0, has a decreased tran- 
sition temperature compared to unsubsti- 
tuted rubidium blue bronze: -168 K versus 
180 K, respectively. Both samples show a 
paramagnetic signal with a smah tempera- 
ture dependence from room temperature to 

-200 K (Fig. 3, inset). Rb0.3MoOJ becomes 
diamagnetic near 164 K whereas the 37.7% 
Cs-doped sample is diamagnetic below 180 
K. This result is due to the larger dia- 
magnetic contribution associated with Cs 
as compared to Rb. The magnetic behavior 
is similar to that found for Tlo.~Mo03 (18) 
and Ko.~MoO~ (20). The anomaly some- 
times observed near 50 K is of unknown 
origin. 

IE3cussion 

The TGFT has been used to prepare 
large single crystals of the substituted 
blue bronze (Rbl-,Cs,)O.XMoO+ Since the 
amount of Cs substitution is difficult to con- 
trol by the TGFT, solid-state preparations 
have been carried out to determine the up- 
per limit of Cs doping. Although pure Cs0.3 
Moo3 is not known to exist, it is possible to 
dope large amounts of cesium (45%) into 
the rubidium blue bronze. 

The blue bronze structure consists of 
slabs of Mood octahedra that edge- and cor- 
ner-share along the [OIO] and [102] direc- 
tions (7-9). The alkali metal ions lie be- 
tween the slabs holding them together. 
There are three crystallographically unique 

4r--l---1T--7--r I 

-11 loo 140 I80 220 

Temperature (K) 

FIG. 3. dx/dT versus temperature for Rb,, ,MoO, (0, 
solid line) and (Rbo&so &, ,MoO, (X , dashed line) 
between 220 and lo0 K. Inset: xx versus temperature 
for RbO 1Mo03 (solid line) and (Rb” 6J30 ,,,),,,Mo03 
(dashed line). 
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molybdenum sites. Although structurally 
three-dimensional, the blue bronzes are 
electronically one-dimensional with the 4d 
electrons being primarily located on the 
MO(~) and MO(~) sites. These sites are in- 
volved in the infinite chains of cornerledge- 
sharing Moo6 octahedra along the b di- 
rection. In one-dimensional conductors a 
coupled instability of 2kf of the conduction 
electrons and phonons leads to the forma- 
tion of a CDW (21). It is well-established 
that the metal-semiconductor transition 
observed in the blue bronzes at 180 K is due 
to the formation of a CDW (2). The de- 
crease in the magnetic susceptibility below 
-180 K results from the loss of Fermi sur- 
face by the formation of gaps associated 
with the CDW transition. 

Schneemeyer et al. (IO) reported that the 
effects of alkali disorder on the transport 
properties of (K,-,RbJo.,MoOj are small 
since the conduction band is made up of a 
combination of MO dtzx and 0 pr orbitals. 
Substitution on the alkali sites should have 
little effect on the orbital overlap along the 
b direction in these quasi-one-dimensional 
compounds. For example, in changing 
composition from Rbo.3MoOj to (Rbo.s 
K&o.~Mo03 the transition temperature 
changes only about 12” (decreasing from 
180 to -168 K, respectively). This decrease 
is observed from both p -‘dpldT and dXJdT 
plots. 

As expected, tungsten substitution has a 
strongly perturbing effect on the transport 
properties in the alloy system &.,Mo,-, 
W,Oj (10). W disrupts the MO dtz,-0 pn 
overlap causing a large increase in the resis- 
tivity, a significant lowering of the transi- 
tion temperature at low doping levels, and a 
pronounced broadening of the peaks in the 
derivative resistivity and magnetic suscep- 
tibility plots. By 3% tungsten doping, only 
semiconducting temperature dependence is 
observed (IO). 

Similar effects should be observed in the 
(Rb~-xWd4003 and (Rbl-,Kx)0.3M003 
systems since presumably only disorder in 

the alkali sublattice is being introduced. As 
the concentration of Cs is increased, T,,,, 
decreases at a rate similar to (Rb,-,K,)o.J 
MOO+ A crystal with 37.7% Cs shows a 12” 
decrease in the resistive T,,,s compared to 
Rbo.JMoOj (168 K versus 180 K, respec- 
tively) (Fig. 2). The differential magnetic 
susceptibility displays the same decrease in 
T,, upon Cs substitution (Fig. 3). 

It is surprising that the resistivity at room 
temperature decreases by roughly an order 
of magnitude with -40% Cs substitution 
(Table IV). Although there is about a 20% 
error in the resistivity values due to uncer- 
tainty in crystal size and the finite size of 
the voltage contacts this cannot account for 
the large decrease in p (298 K). These 
results have been confirmed by the mea- 
surement of -20 different crystals of vary- 
ing cesium composition. Samples selected 
for measurement were usually cleaved and 
examined for impurities. The most common 
impurity found was CS~.~~MOO~. If this 
compound were present p would be ex- 
pected to increase since CS~.,~MOO~ has p 
(298 K) - 10’ R cm (22). Only “pure” crys- 
tals were measured. A final note is that 
there was no mention of an enhancement of 
the conductivity in (Rbi _ rKr)0.3M~O) crys- 
tals (10). 

It appears that cesium could change the 
transport properties of Rbo.,MoOj through 
its large size. The d-spacing for the 201 re- 
flection increases from 8.31 to 8.55 A for 
Rbo,3Mo03 and (Rbo.55Cso.4s)o.3MoO3, t-e- 
spectively. As Cs replaces Rb, the distance 
between the Moo6 octahedral slabs in- 
creases. As expected, a, c, /3, and the cell 
volume increase (Table III, Fig. I). The 
monoclinic b axis remains essentially un- 
changed. As the Cs content increases, the 
“electronic isolation” of the MO-O sheets 
seem to be larger. It is plausible that this 
effect will increase the low-dimensionality 
of the system. An increase in charge carri- 
ers along b would result in decreased resis- 
tivity. The increase in the-ratio of p (298 K) 
perpendicular to b and (201) to p (298 K) 
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parallel to b with increasing Cs content 
lends some support for this hypothesis. 
Hall measurements on oriented crystals 
along these two directions might clarify this 
issue. Since b remains nearly constant, bet- 
ter orbital overlap along this direction can- 
not be used to argue for the increased 
conduction. The resistivity in the per- 
pendicular direction actually shows a slight 
decrease with increasing Cs content (Table 
IV). However, the configuration of the 
electrode contacts for this measurement in- 
creases the likelihood of current leakage 
along b which could lead to the observed 
trend in the resistivity. 

In summary, the results of substitution in 
the (Rbl-xCsx)0.3M003 system are compara- 
ble to that found for (Rbl-,KJ0.3Mo03 ex- 
cept for the decreased resistivity exhibited 
by the former. The origin of this effect is 
presently unclear. A study of the tempera- 
ture dependence of x in several crystallo- 
graphic directions would be useful in fur- 
ther attempting to clarify the behavior 
observed in (Rb1-,Cs,)o.3Mo03. Oriented 
magnetic measurements on K0.~Mo03 (20) 
show a susceptibility anisotropy approxi- 
mately a factor of 1.1 in the (201) plane and 
a factor of 2.5 between these planes. It 
would be of interest to see if the increased 
anisotropy found in the resistivity for 
(Rbl-,Cs,)0.3M003 crystals is also present 
in the susceptibility. 
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