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Cubic rare earth tungsten bronzes of the formula M0.1W03 have been prepared where 11.1. stands for the rare earth elements 
Ce, Pr, L-d, Sm, Eu, Gd, Tb ,  Dy, Ho, Er ,  Tm,  Yb, and Lu. The bronzes were obtained by a solid-state reaction at 1100" 
with quenching to room temperature. The lattice parameters a0 were found to decrease from Ceo.1W03 (a = 3.828 A)  to 
L U ~ . ~ W O ~  (a = 3.788 A). The extension of the homogeneity range of the cubic phase of EU,WO3 and Gd,W03 was studied 
by X-ray diffraction methods. Susceptibility measurements were 
carried out on all bronzes between 290 and 80°K. Measurements indicate that  the rare earth ions account for the magnetic 
moment exhibited by these compounds. 

The value of x was found to range from 0.085 to 0.16. 

,411 rare earth ions are present in the trivalent state. 

Introduction 
The term "tungsten bronze" is used to represent 

nonstoichiometric compounds with the general for- 
mula M,'CT.'03 where 1 > x > 0. M can be an alkali 
metal, 1--3 barium, * lead,5 thallium,6 copper,' or silver.* 
Until recently, most of the studies on tungsten bronzes 
have been concerned with the alkali bronzes, especially 
the lithium and sodium bronzes. These bronzes are 
of great interest because of their unusual electrical 
properties, their wide range of homogeneity, and the 
high symmetry of their crystallographic modifications. 
The possibility of growing single crystals easily by 
electrodeposition makes them an ideal subject for 
studies of their semiconductingg and metallic behavior. lo 

However, studies have been hampered by the difficulty 
in obtaining sufficiently accurate analyses of the single 
crystals. 

It was the purpose of this investigation to find sys- 
tems similar to those of Li,WOB and Na,W03, where the 
alkali metal M is replaced by elements which can be 
analyzed accurately using physical methods such as 
magnetic measurements. The rare earths (except Lu) 
were thought to be ideal because they exhibit magnetic 
moments which are high and relatively free from ex- 
ternal influences. Since the ionic radii of the rare earth 
elements compare favorably with those of Li and Na, 
it was likely that these elements might enter the inter- 
stices of the W03 lattice to form the characteristic 
perovskite-type structures. In this paper, the prepara- 
tion of a new group of tungsten bronzes will be de- 
scribed, and the results of the X-ray studies and mag- 
netic measurements will be discussed. 

Experimental Section 
Preparation of Rare Earth Tungsten Bronzes.-Tungstcn 

bronzes M,WOs, where M represents Ce, Pr, Nd, Sm, Eu,  Gd, 
Tb,  Dy, Ho, Er, Tm,  Yb, and Lu, were prepared by thermal 
reaction of the rare earth oxide, tungsten, and tungsten trioxide 
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in the appropriate molar ratio. The carefully ground reagents 
were enclosed in an evacuated, sealed silica capsule and heated 
for a t  least 100 hr a t  1050". To guarantee homogeneity, the 
products were reground and reheated. All samples were cooled 
rapidly to room temperature. X-Ray examination of the prod- 
ucts showed that single-phase compounds had formed. The 
bronzes obtained were blue-violet powders which were not at- 
tacked by hydrochloric acid. 

Single crystals of Tm,W03, approximately 2 mm in length, 
were obtained by  electrolytic reduction of a fused mixture con- 
taining TmsOs and WOs a t  1250'. The electrodeposition was 
carried out for 20 h r  using a crucible of recrystallized AI2O3, Pt  
electrodes, and a cathode current density between 0.15 and 0.20 
amp/cmz. 

Crystals of Gd,W03 (8 mm long) were prepared by  similar 
electrolytic techniques at 1000". The melt was obtained from a 
mixture of GdC13 and WOa. The electrolysis ma.s started after 
an initial period of gas evolution (WOzC12). 

Homogeneity Range of Cubic Eu,W03 and Gd,W03.-The ex- 
tension of the homogeneity range for the cubic phase of Eu,WOa 
and Gd,m'Os was studied by means of X-ray diffraction tech- 
niques. In both, the homogeneity range was found to vary from 
x = 0.086 to x = 0.16. X-Ray diffraction patterns of samples 
with rare earth concentrations lower than x = 0.085 showed 
the presence of a tetragonal phase whereas the X-ray photo- 
graphs of samples with a rare earth concentration higher than x = 
0.16 revealed reflections due to R2(W0&, R,W03, and W02. 
The disproportionation becomes obvious during prolonged heat- 
ing at 1000°. After several days, these phases separated. It 
appears that  for the europium and gadolinium bronzes, the 
values of I cannot exceed 0.16 at the temperature reported for 
their preparation. The possibility exists that  bronzes containing 
higher concentrations of europium and gadolinium may be pre- 
pared if suitable techniques which would allow the rare-earth- 
richer bronzes to  form at lower temperatures were developed. 

X-Ray Investigation.-The X-ray diffraction patterns were 
taken using a Philips 114-mm diameter Debye-Scherrer camera 
along with the standard h-orelco X-ray equipment. Kickel- 
filtered copper radiation or iron-filtered cobalt radiation was 
employed depending on the absorption edge of the rare earth 
elements. The patterns of all M o . ~ W O ~  compounds showed sharp 
diffraction lines corresponding to a simple cubic structure. 
All film patterns were corrected for shrinkage. The lattticc 
parameters ao of the cubic unit cell were obtained by  using the 
extrapolation method described by Nelson and Riley." An at- 
tempt was made, without success, to find X-ray evidence of 
ordering. 

Pycnometric density measurements were carried out on three 
samples (Ceo,lWOs, E U O . ~ W O ~ ,  G ~ o . ~ U ' O ~ )  using doubly distiller1 
water as the immersion fluid. 

Magnetic Measurement.-The magnetic susceptibilities of the 

(11) B. J. Nelson and D. P. Riley, Proc. Phys. Soc. (London), 5'7, 160 
(19 45) .  
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rare earth bronzes were determined a t  various temperatures 
between 290 and 80°K. The measurements were catried out 
with a Faraday-type balance using the horizontal-force method. 
A water-cooled 4-in. electromagnet along with a Varian power 
supply provided field strength in four steps up to 8000 gauss. 
The balance was calibrated with an  Fe(NH&(S0&6H20 SUS- 
ceptibility standard. The calibration was reproducible to better 
than 1%. The observed, susceptibilities were corrected in all 
cases for the values of the silica cup, containing the sample. 

Results 
Table I presents the lattice parameters a. of the 

series of cubic rare earth tungsten bronzes correspond- 
ing to  the composition M0.1W03 along with their atomic 

TABLE I 
CRYSTAL DATA OF CUBIC TUNGSTEN BRONZES 

Lattice 
parameters, Unit cell vol, Calcd 

M.WOa ao, A A3 density, g/cmS 

Ceo.lWOs 3.828 56.09 7.28 
Pr0.1w03 3.827 56.05 7.29 
Ndo .I WOI 3.822 55.83 7 .32  
Smo.lWOa 3.817 55.61 7.37 
EUO.IWOS 3.815 55.52 7.39 
Gdo. 1wo3 3.810 55.31 7 .43  
Tbo.iWOs 3.808 55.22 7.45 
D~o.iW03 3.805 55.09 7.48 
H0o.iWOa 3.801 54.92 7.51 
Er0.1W03 3.797 54.74 7.54 
Tmo.lWOa 3.794 54.61 7.56 
Ybo.iWOs 3.791 54.44 7.59 
Lu0.1WO3 3.788 54.35 7.62 
Euo,os$WO~ 3.808 55.22 7.36 
E~o .nW03  3.823 55.87 7.43 
Euo.15WOa 3.828 56.09 7.54 
Li0.3aW0P 3.720 51.48 7.54 
Na0.3~W03~ 3.813 55.44 7.20 

volumes and their calculated densities. It also lists the 
parameters a0 of four europium tungsten bronzes which 
have varying values of x .  For comparison, the X-ray 
data of Lio.3~W0312 and Nao.32W031 are listed. Table I1 

TABLE I1 
POWDER DIFFRACTION DATA OF E U ~ . ~ W O ~  

3,820 S 0 0 1  3.815 
2.698 S 0 1 1  2.698 
2.203 m 1 1 1  2.203 
1.907 S 0 0 2  1.908 
1.706 vs 0 1 2  1.706 
1.557 vs 1 1 2  1.557 
1.348 S 0 2 2  1.349 
1.272 S 3 0 0  1.272 
1.206 S 0 1 3  1.206 
1.150 W 1 1 3  1.150 
1.101 W 2 2 2  1.101 
1.058 m 0 2 3  1.058 
1.020 S 1 2 3  1,020 
0.954 W 0 0 4  0.954 
0.925 vs 0 1 4  0.925 
0.899 S 0 3 3  0,899 

dobsd I hkl dcalod 

presents the indexing of the powder diffraction pattern 
of E U ~ . ~ W O ~  which is representative for all M,WOa com- 
pounds with cubic crystal symmetry. 

(12) M. J .  Sienko and T. B. N. Truong, J .  A m .  Chem. Soc., 83,3939 (1961). 
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Figure 1.-Reciprocal susceptibility ws. temperature diagram of 
Gdo.lWO3 and E T ~ . ~ W O ~ .  

Crystalline transformations from cubic to tetragonal 
were observed when the rare earth concentratioxi was 
decreased below x = 0.085 or when the bronzes were 
slow-cooled rather than quenched from 1050'. 

Pycnometric density measurements of Ceo.lW03, 
EII,,.~WO~, and Gdo.lWOs gave the values of 7.25, 7.38, 
and 7.42 g/cma, respectively. The measured densi- 
ties are in good agreement with the densities calculated 
from the X-ray data. 

All rare earth tungsten bronzes were found to be 
paramagnetic. The susceptibility values did not 
show any field dependency. Except for Euo.lW03 
and Smo.lW03, the susceptibilities of the compounds 
were found to obey the Curie law. The plot of 1/x vs. 
T is  illustrated for two representative samples, Gdo.,W03 
and Er0.1W03, in Figure 1. 

Table I11 presents the susceptibilities (x, and xmol) 
of the R0.1W03 compounds a t  290'K. The effective 
magnetic moment of the rare earth bronzes correspond- 
ing to  the formula R0.1W03 is listed for comparison 
along with the moments of the trivalent rare earth 
ions. 

TABLE 111 
MAGNETIC DATA OF RARE EARTH TUNGSTEN BRONZES AT 290 OK 

R,WOs 1OOXg l O ~ r m o l  1O-lpeff  pug+ 

Ceo 1 W 0 3 ~  1 .08  265 6 2 5  2 .6  
Pro 1W08a 2.23 548 6 3 . 6  3 .6  
Ndo.iWOa" 2 46 606.0 3 8  3 .7  
S ~ O . ~ W O ~ ~  1.11 274 1 1 .6  1 . 6  
EUO iWOab 1 .95  481 9 3 4  3 5  
Gdo iWOP 10.6 2624.7 7 9  7 9  
Tbo.iWOs" 15.9 3940.2 9 6  9 7  
DYO iwos" 19.1  4740.0 10.6 10 6 
HOO iWOP 18 9 4695.0 10 6 10.6 
Ero 1 W 0 ~ 5  15 .6  3878.8 9 5  9 . 6  
Tmo lWOP 9 . 7  2413 5 7 5  7 6  
Yb0.iW03~ 3 45 859.8 4 5  4 5  
LUo iWOsa 0.04  . . .  . . .  0 

p e f f  independent of temperature. peff  dependent upon 
temperature. 
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Discussion 
The structure data on the rare earth tungsten bronzes 

indicate that these compounds have a perovskite-like 
structure and crystallize with a moderate range of 
homogeneity isomorphous to the alkali-richest phases of 
LizW03 and Na,W03. The data confirm observations 
made by previous authors13 that the metal atoms M of 
the tungsten bronzes M,W03 generally stabilize highly 
symmetrical arrangements of the WOS octahedra. 
(Tungsten trioxide has a distorted ReOs-type lattice of 
low symmetry.) It can be seen from Table I that the 
parameter of the cubic unit cell decreases linearly from 
Ceo 1 W 0 3  (a0 = 3.828 A) to LUO 1W03 (a = 3.788 A) as a 
result of the lanthanide contraction. Table I also 
lists the lattice parameters of a number of cubic 
europium tungsten bronzes of different composition. 
The data give evidence that a. changes significantly with 
a variation of the value of x. 

The crystalline transformation from cubic to tetrag- 
onal rare earth bronzes was found to be much the 
same as with the well-investigated sodium tungsten 
bronzes.14 However, the x values, corresponding to 
the crystalline transformation, differ substantially in 
the system of Na,W03 and R,W03. For sodium 
bronzes, prepared by a quenching technique similar to 
that used for the preparation of the rare earth bronzes, 
the crystallographic change occurs between x = 0.25 
and x = 0.30, whereas studies on Eu,W03 and Gd,W03 
indicate that these bronzes have the structural change 
near x = 0.085. The values suggest that the crystal- 
line transformation is not dependent upon the number 
of metal atoms, inserted into the WOd lattice, but on a 
certain concentration of quasi-free electrons. Since 
three sodium atoms are necessary to provide the same 
number of electrons as one rare earth atom, one may 
expect the crystallographic change for an x value ratio 
of 3 : 1. It may be men- 
tioned a t  this point that recent studies on U1”,W03 
showed that the transformation from cubic to tetrag- 
onal uranium bronzes occurs between x = 0.075 and 
x = 0.078.lj 

The magnetic moments of the rare earth bronzes are 
in excellent agreement with the moments of the tri- 
valent rare earth ions (Table 111). Although the 
formula of the rare earth tungsten bronzes implies that 
W has a valency between 5 and 6, i t  is evident that 
there is no magnetic contribution by the W ions. The 

This was, indeed, observed. 

(13) A. Magnili ,  Acta Chem. Scand., 5,  570 (1951). 
(14) A. S. Ribnick, B. Post, a n d  E. Banks, Advances in Chemistry Series, 

(15) C. V. Collins and W. Ostertag, unpublished. 
No. 39, American Chemical Society, Washington, D. C., 1963, Paper 23. 

data listed in Table I11 indicate that the rare earth ions 
account for the magnetic moment exhibited by these 
compounds. For the computation of the magnetic 
moment of the rare earth tungsten bronzes, all W ions 
were assumed to be hexavalent, and the valence elec- 
trons of the rare earths were regarded as quasi-free. 
This model may be justified since it was observed that 
the cubic rare earth bronzes have metallic behavior.16 
The magnetic moment of the rare earth bronzes was 
calculated considering (a) the paramagnetism of the 
trivalent rare earth ions, (b) the diamagnetism of the 
increments of the rare earth, tungsten, and oxygen 
ions, and (c) the weak, temperature-independent para- 
magnetism of the conduction electrons. 

Theeffective moments of the trivalent rare earthswere 
employed as calculated by Van Vleck.” The values 
used for the diamagnetic increments are those listed 
in Selwood’s “Magnetochemistry. A molar sus- 
ceptibility of -51 X was calculated for all rare 
earth tungsten bronzes of the formula &.1W03. The 
paramagnetic susceptibility of the electron gas was 
computed according to the equation XE = 1.25 X 
10-6n”3V1/“3,1g where n is the number of the valence 
electrons and I/ is the volume available to these elec- 
trons. A value of 59 X was obtained. 

It may be noted that both the diamagnetism of the 
increments and the temperature-independent para- 
magnetism of the electron gas nearly cancel each other. 
This explains that the moments calculated for the rare 
earth tungsten bronzes are practically identical with 
those of the trivalent rare earths only. 

Except for the samarium and europium compounds, 
the moments of all rare earth bronzes are independent 
of the temperature. The temperature dependence of 
the moments of Eu,W03 and Sm,W03 is caused by the 
multiplet width in Sm3+ and Eu3+ which is comparable 
to kT. Along with Lu,WO3, which exhibits no moment, 
Sm,WOs and Eu,W03 may therefore be excluded 
from any application of magnetic techniques for analyti- 
cal reasons. However, the high and distinct moments 
of the other rare earth tungsten bronzes give rise to 
very accurate quantitative analyses of the rare earth 
content by means of susceptibility measurements. 
ivagnetic techniques are particularly sensitive if the 
measurements are carried out a t  low temperature. 

(16) Resistivity measurements were carried out  on a single crystal of 
Tmo.iWO8. T h e  value obtained a t  room temperature was 5 X 10-4 ohm 
cm,  which increased when the  temperature was raised. 
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