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Abstract 

The intercalation of hydrogen into the layered struc- 
ture of MoO3 produces four hydrogen molybdenum 
bronze phases HxMoO3 (0 < x < 2). The correlation 
between the structure and the physical properties of 
these low-dimensional conductors has been investi- 
gated by X-ray diffraction and conductivity measure- 
ments. Powder diffraction studies revealed phase 
transitions as a function of temperature and hydro- 
gen content. A new proton-distribution model 
describes the lattice distortions resulting from the 
intercalation in the whole composition range. Super- 
structure reflections were detected in precession 
photographs of single crystals of the phases I (x = 
0.3) and III ( x =  1.6). A single-crystal structure 
determination was performed for Ho.33MoO3, which 
exhibits a 3a x 6e superstructure at ambient tem- 
perature. Structural and experimental data for this 
particular composition are: p2'l 1, a = 11.70 (1), b = 
14.070 (5), c = 22.40 (2) A, a = 90.0 (1) °, V = 
3687 (8) A 3, Z = 72, Dx = 4.68 (1) Mg m -3, 
A(Mo Ka) = 0.7107 A, /x = 0.593 cm-1, F(000) -- 
4622.6, R (F )=0 .10  for 1223 unique reflections. 
Valence-sum calculations revealed that all the pro- 
tons of Ho.33MoO 3 are  located in periodically 
arranged 6-(OH)-clusters. The long-range proton 
ordering breaks down at Tc = 380 K giving rise to a 
second-order phase transition. The identification of 
this transition as a Peierls distortion explains many 
properties of phase 1: conductivity measurements 
show a metal to non-metal transition at Tc with an 
unusual temperature dependence of o- in the ordered 
phase. The multiplication of the unit cell along the c 
direction as well as Tc depend on the hydrogen 
content x. The critical exponent of the order param- 
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eter/3 = 0.36 is compatible with an incommensurate 
superstructure. Fr6hlich conductivity as a result of 
charge-density-wave depinning is observed in field- 
dependent conductivity measurements. 

Introduction 

The hydrogen molybdenum bronzes HxMoO3 (0 < x 
<2)  have been the subject of intense studies 
throughout the last 20 years. Technical interest in the 
deeply coloured, conducting intercalate phases was 
raised by a great number of possible applications 
(e.g. hydrogen-transfer catalysts, electrochromic dis- 
plays, fuel cells, hydrogen storage, gas sensors). 

Scientific investigations of the molybdenum 
bronzes focused on the electronic and ionic charge 
transport in these mixed low-dimensional conduc- 
tors. An understanding of the correlations between 
the structural modifications by intercalation and the 
distinct changes in the physical properties remained 
rather limited. 

The layered structure of M o O 3  permits the inter- 
calation of protons onto two different types of sites. 
Protons can occupy places in the van der Waals gaps 
between the octahedra layers as well as intralayer 
sites on zigzag chains along the c direction (Fig. 1). 
Among the four resulting bronze phases, three exist 
over wide composition ranges (phase I, 0.23 < x < 
0.40; phase II, 0.85 < x < 1.04; phase III, 1.55 < x < 
1.72). Phase IV, in contrast, proved to be the stoi- 
chiometric compound H2MoO3 (Birtill & Dickens, 
1978). 

Powder data 

Experimental 

Powder samples of phase III were prepared by 
electrochemical intercalation of hydrogen into 
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MOO3. Equilibration of  phase III with the appro- 
priate amount  of  MoO3 powder yielded samples with 
lower hydrogen contents (Birtill & Dickens, 1978). 
The hydrogen content x was controlled by redox 
titrations following Choain & Marion (1963). 

Room-temperature powder data for 34 single- 
phased samples of  phases I-III  were collected in 
the range 10 < 20 < 120 ° (Cu Ka)  with a Siemens 
D500 powder diffractometer. A mylar foil prevented 
the sample from contact with air. 

Thermal expansion data were recorded with a 
Bragg-Bentano powder diffractometer at a Rigaku 
Rotaflex rotating anode (Cu Ka). The samples were 
mounted in an evacuated cryostat. 

Var&tion o f  the lattice constants with x 

Physically, the lattice constants of the different 
molybdenum bronze phases are determined by the 
distribution of protons between the two types of 
intercalation sites (Ritter, Mfiller-Warmuth & 
Sch611horn, 1985). Therefore, measurements of 
lattice constants as a function of  x within the homo- 
geneity ranges of  the individual phases provide a 
check for the contradictory hydrogen-distribution 
models discussed in the literature (Dickens, Birtill & 
Wright, 1979; Ritter, M/iller-Warmuth & 
Sch611horn, 1985; Bamberg, 1987). 

Our data reveal that the changes in the lattice 
constants do not proceed continuously over the com- 
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Fig. 1. Possible intercalation sites for hydrogen in MOO3: • intra- 

layer positions on zigzag chains along the c direction; C) inter- 
layer positions in the van der Waals gaps (ac plane). 

position ranges of  the individual phases. Within 
phase I the lattice constants show a crossover 
behaviour at approximately x = ~ (Fig. 2). Further- 
more, distinct changes in the slopes of  the lattice 
constant versus x curves occur at x = 0.94 (phase II) 
and x = 1.67 (phase III) (see Fig. 3). 

Such dependences of the lattice constants on x 
cannot be explained by the published hydrogen- 
distribution models, which predict a change from 
intralayer to interlayer intercalation at x = 0.85, but 
no further change of intercalation type up to x = 2. 

Our results indicate rather that after an almost 
complete occupation of the intralayer sites (zigzag 
channels), for x > 0.94 additional protons are stored 
in the van der Waals gap sites and for x > 1.67 even 
those protons, which had previously been inter- 
calated on the intralayer sites, move to the interlayer 
sites. Consequently, the interlayer sites are com- 
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Fig. 2. Variation of the lattice constants with the hydrogen 
content x within phase I. In the region 0.23 < x < 0.28, the 
lattice constants are independent of x. The change in the lattice 
constants around x = ~ is connected with a rearrangement of the 
protons (solid line: guideline to the eye). 
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pletely filled in the stoichiometric phase IV (x = 2), 
leaving the zigzag chains empty. 

As will be seen below, the phase transition in 
phase I, for which neutron powder diffraction 
revealed that all the protons reside in the zigzag 
chains (Schr6der & Weitzel, 1977; Dickens, Birtill & 
Wright, 1979), is correlated with a change in proton 
ordering. The redistribution of protons within phase 
III is similarly connected with a breakdown of 
proton ordering. 

Thermal expansion 

Thermal expansion coefficients for MoO3 and the 
bronze phases I-II were determined from the shifting 
of about 15 powder Bragg reflections (20 up to 
118°). Powder patterns of phase III, for which a 
phase transition at 330 K had already been dis- 
covered in the specific heat (Bamberg, 1987), were 
recorded over a wider range of temperatures (130- 
400 K). The room-temperature thermal expansion 
coefficients are listed in Table 1. 

The thermal expansion coefficient a22 =45.9 x 
10 -6  K-1 of M o O 3  along the b direction, in which 
the octahedra layers are linked only by van der 
Waals forces, is five times higher than along the a 
direction with vertex-sharing MoO6 octahedra (all 
= 9.4 x l0  -6  K - 1 ) .  No thermal expansion could be 
detected in the c direction, in which the octahedra 
are connected by common edges. 

Earlier data of Kierkegaard (1964) agree only 
partially with our findings (al, = 9 × 10 -6  K-1, a 3 3  

=0) ,  but give a value for a22 (180 × 10 -6 K-l ) ,  
which is considerably higher. In contrast, the mean 
value a22 = 58 × 10- 6 K-  ~ reported by Deb (1968) 
for the temperature interval 298-773 K is in good 
accordance with our results, if one considers the 
temperature dependence of a. The anisotropy of the 
thermal expansion coefficients corresponds well to 
the anisotropy of the linear compressibility 
coefficients given by Asbrink, Kihlborg & 
Malinowski (1988). 

The thermal-expansion data of the bronze phases 
can only be discussed in terms of a comparison with 
our hydrogen-distribution model, since no other 
reference data are available. The occupation of intra- 
layer sites attenuates the van der Waals attraction 
between the layers resulting in an increase of both 
the lattice constant b and an ,  whereas the intercon- 
nection of the octahedra layers by protons in the van 
der Waals gap has the opposite effect. For the 
monoclinic phases, a23 decreases with increasing 
number of interlayer O---H bonds. In all phases with 
occupied van der Waals sites, all  adopts nearly the 
same low value thus supporting the model of an 
additional interaction along the a direction (Anne, 
Fruchart, Derdour & Tinet, 1988). 

Table 1. Thermal expansion coefficients a u and 
volume expansion coefficient ~ of  MoO3 and the 

bronze phases 

MoO3 Phase I Phase II Phase III Phase IV 
H content x - -  0.3 0.85 1.60 2.0 
a, , (10 ° K  ') 9.4(0.1) 13.3(1.0) 3.3(0.7) 4.6(0.2) 4.2(0.5) 
otn(10 ° K  ') 45.9(0.4) 62.2(0.7) 57.4(0.8) -11 .2 (0 .4 )  45(1)  
a3~(10-°K ~) 0.0(0.3) -27.5(0.8) -5.6(0.4) 8.1 (0.2) -3.3(0.5) 
ot2~(10 °K ') -- -- 23.8(0.2) -3.5(0.2) -5(I) 
,8 (I0 6 K ') 55.3 (0.8) 48 (3) 55 (2) 1.5 (0.8) 46 (3) 

Below Tc, a spontaneous deformation appears in 
all bronze phases (e.g. in phase III, cf. Fig. 4). In 
phase IV, the curvature of the a versus T diagram 
indicates a transition slightly above the decom- 
position temperature. M o O 3  does not show a com- 
parable transition. In the bronze phases Tc 
diminishes with increasing hydrogen content, illus- 
trating the strong correlation of these transitions 
with intercalation. In analogy to the phase transi- 
tions as a function of x we identify the transition in 
phase I with a breakdown of proton ordering. For 
the phases II and IV the transitions represent a 
migration of protons from the zigzag chains to the 
van der Waals gaps or vice versa, and in phase III 
both proton distribution and proton order are pre- 
sumed to change at To. 

3 770 

I 3.768 

3766 

14.00  

¢.~ 
• ,-, 1 4 9 8  
I:: 

13 .96 
(D 
t-- 
o 13 9 4  
o 

4 0 5 4  
o . P  
• ,-. 4 . 0 5 0  

4 . 0 4 6  

~. 94 O0 
o) 

93.90 
"o 
d 93.80 

93 70 

c1 , 1  ! 

- • • 

. ~  • 

- : ~  
I I I I I I 

150 200 250 300 350 400 

T (K) 

Fig. 4. Temperature dependence of the lattice constants in a 
powder sample of phase III (x = 1.60), revealing a phase transi- 
tion at Tc = 335 K (solid line: fitted curve). The difference 
between the solid line and the dotted line corresponds to the 
spontaneous deformation. 
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Single-crystal data 

Experimental 

Single crystals of M o O 3  have been converted into 
homogeneous single crystals of the phases I-III  for 
X-ray investigations and conductivity measurements. 
The procedure which involves a modified spillover 
process and reduction in a solid-state electrochemical 
cell has been described elsewhere (Adams, Ehses & 
Schwitzgebel, 1991). 

The homogeneity of the crystals was confirmed by 
precession photographs. A comparison of the single- 
crystal lattice constants with our calibration curves 
from powder diffraction (see Fig. 2) enabled us to 
determine the hydrogen content without destruction 
of the sample. 

A single-crystal structure analysis was carried out 
for a n  Ho.33MoO 3 single crystal (0.42 × 0.10 x 
0.025 mm) on an automatic single-crystal diffrac- 
tometer (AED, Philips): Mo Ka radiation, lattice 
constants determined from 25 reflections up to 0 = 
39 °, 3314 observed reflections with I >  o- from two 
data sets (20-0 scan). Data set I: 754 'strong' main 
reflections and 366 'weak' main reflections (cf. Fig. 5) 
up to sin0/A = 1.08 A-1,  576 satellite reflections up 
to sin0/A = 0.62 ,~-~; data set II: 1150 'strong' and 
468 'weak' main reflections up to sin0/A = 0.76 A -  
(same crystal, but extended counting time for the 
weak reflections). An absorption correction was per- 
formed with the program D A T A P H  (Coppens, 
1968). No extinction correction was made. 

Starting atomic coordinates for the refinement of 
the mean structure were taken from Wilhelmi (1969) 
and scattering factors f ' ,  f "  from International Tables 
for X-ray Crystallography (1974, Vol. IV). 
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Fig. 5. Idealized precession photograph of the hOl plane in 
Ho.33MoO 3. • main reflections, allowed in Cmcm. © weak 
reflections, not allowed in Cmcm. x satellite reflections, dis- 
playing a 3a x 6c superstructure. 

Least-squares calculations were performed with 
the program BLFLS,  which is based on ORXFLS3 
(Busing, Martin & Levy, 1974). Refinement pro- 
ceeded until the following residuals were obtained 
(all refinements based on F): R = 0.066, wR = 0.069 
for the mean structure from 485 unique 'strong main 
reflections' (Rln t = 0.063); R = 0.10, wR = O. 13, S = 
1.65 for the modulated structure (largest shift in final 
cycle < 0.06tr). 

Proton ordering in phases I and III 

Precession photographs of our phase I single crystals 
(Fig. 5) show the assignment of the space group 
Cmcm, as given in the literature, to be incorrect 
(Wilhelmi, 1969). Numerous weak reflections (open 
circles in Fig. 5) violate the integral extinction rule of 
Cmcm, but are compatible with the space group 
P2~/bll (No. 14). This non-standard setting of P2~/c 
preserves the choice of axes in the host structure 
MOO3. A deviation of the monoclinic angle a from 
orthogonality was not detected. 

Photographs with long exposure times (ca 7 d) 
showed additional satellite reflections (crosses in Fig. 
5). For a crystal with x = ~ the modulation represents 
a 3a x 6c superstructure. Crystals with the slightly 
lower hydrogen content x = 0.30 exhibit a higher 
multiplication of the lattice constant c (c' = 6.7 × c). 
The superstructure reflections vanish in a second- 
order phase transition at Tc = 380 K (Fig. 6). The 
proton ordering below Tc causes the spontaneous 
lattice deformation found in the thermal expansion 
measurements (see above). Those 'weak' reflections 
that are inconsistent with Cmcm are extinguished 
above Tc. It is noteworthy that a second-order transi- 
tion from Cmcm to P21/bll is forbidden according 
to Landau theory. 

* A list of structure factors has been deposited with the British 
Library Document Supply Centre as Supplementary Publication 
No. SUP 71274 (23 pp.). Copies may be obtained through The 
Technical Editor, International Union of Crystallography, 5 
Abbey Square, Chester CH1 2HU, England. 
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Satellite reflections have also been detected in pre- 
cession photographs of phase III single crystals, 
where they display the existence of a 2a × 2c super- 
structure. No indications of a superstructure were 
found for crystals of phase II. 

Structure analysis of H o . 3 3 M o 0  3 

The three classes of reflections reveal different 
aspects of the structure. The 'strong' main reflec- 
tions, i.e. those reflections that are allowed in Cmcm, 
determine the mean structure of the subcell. The 
'weak' main reflections, which violate the extinction 
rules of Cmcm, describe the small deviations of all 
atoms from the cancelled mirror plane at x = 0. 
Finally, the satellite reflections contain information 
about the modulation of the atomic positions in the 
3a x 6c superstructure. 

In a first step we only considered the 485 'strong' 
main reflections with sin0/A < 1.08 A -1. Assuming 
the space group Cmcm, a refinement of these data 
[wR(F) = 0.069] yielded virtually the same atomic 
parameters as the earlier single-crystal structure 
determination by Wilhelmi (1969) and the two 
neutron powder studies (Schr6der & Weitzel, 1977; 
Dickens, Birtill & Wright, 1979). But like these 
authors we found unreasonably high formal tem- 
perature factors, which we ascribed to a projection of 
the structure modulation into the subcell. From the 
refinement of anisotropic temperature factors we 
concluded that the structure modulation should pre- 
dominantly affect the x coordinate of the Mo atoms 
and the y coordinate of the 0(2) atoms. 

The inclusion of the 'weak' main reflections and of 
the satellite reflections then permitted a refinement of 
the modulated structure (see Table 2). 

Thereby, the formal temperature factors were 
reduced by a factor of up to 3 compared to the mean 
structure (Table 3). Moreover, the differences 
between the temperature factors for the O atoms, the 
values of which ranged from B = 0.45 to 2.66 ,~2 in 
Wilhelmi's refinement (1969), narrow significantly. 

As only first-order satellites of the type h _+ 1 k l___ 1 
were found, the refinement was restricted to the 
phases ~o and amplitudes A of the structure modula- 
tions, which were taken as sinusoidal (see Table 4). 

For all types of atoms the atom numbers 7-12 
(13-18) mean a shift of ~ (2) in their x coordinate 
compared to the atoms 1-6. The introduction of an 
additional displacement 8 for the mean x values of 
Mo(7-12) and - 8  for Mo(13-18), which are inter- 
related by symmetry, considerably improved the 
refinement. Thus, the applied modulation function 
for the Mo atoms i = 7-12 runs 

x(Mo,i) = X(Mo) + (1 + 8) 

+ A(Mo).sin [2rrz(Mo,i) + ~0]. (1) 

Table 2. Atomic coordinates of the 
H0.33MoO 3 structure 

x y z x 
Mo(l) 0.0112 0.1034 0.0417 O(2,1) 0.1680 
Mo(2) 0.0179 0.1034 0.2083 0(2,2) 0.1680 
Mo(3) 0.0155 0.1034 0.3750 0(2,3) 0.1680 
Mo(4) 0.0063 0.1034 0.5417 0(2,4) 0.1680 
Mo(5) -0.0004 0.1034 0.7083 0(2,5) 0.1680 
Mo(6) 0.0021 0.1034 0.8750 0(2,6) 0.1680 
Mo(7) 0.3431 0.1034 0.0417 0(2,7) 0.5013 
Mo(8) 0.3364 0.1034 0.2083 0(2,8) 0.5013 
Mo(9) 0.3388 0.1034 0.3750 0(2,9) 0.5013 
Mo(10) 0.3480 0.1034 0.5417 O(2,10) 0.5013 
Mo(ll) 0.3547 0.1034 0.7083 O(2,11) 0.5013 
Mo(12) 0.3522 0.1034 0.8750 O(2,12) 0.5013 
Mo(13) 0.6696 0.1034 0.0417 O(2,13) 0.8346 
Mo(14) 0.6629 0.1034 0.2083 O(2,14) 0.8346 
Mo(15) 0.6653 0.1034 0.3750 O(2,15) 0.8346 
Mo(16) 0.6745 0.1034 0.5417 O(2,16) 0.8346 
Mo(17) 0.6812 0.1034 0.7083 O(2,17) 0.8346 
Mo(18) 0.6787 0.1034 0.8750 O(2,18) 0.8346 

0(1,1) -0.0025 0.0655 0.1250 O(3,1) 0.0081 
O(1,2) -0.0025 0.0655 0.2917 0(3,2) 0.0050 
0(1,3) -0.0025 0.0655 0.4583 0(3,3) 0.0061 
0(1,4) -0.0025 0.0655 0.6250 0(3,4) 0.0104 
O(I,5) -0.0025 0.0655 0.7917 0(3,5) 0.0136 
O(1,6) - 0.0025 0.0655 0.9583 0(3,6) 0.0124 
O(1,7) 0.3308 0.0655 0.1250 0(3,7) 0.3438 
O(1,8) 0.3308 0.0655 0.2917 0(3,8) 0.3469 
O(1,9) 0.3308 0.0655 0.4583 O(3,9) 0.3457 
O(1,10) 0.3308 0.0655 0.6250 O(3,10) 0.3414 
0(I,11) 0.3308 0.0655 0.7917 0(3,11) 0.3383 
0(1,12) 0.3308 0.0655 0.9583 0(3,12) 0.3394 
0(1,13) 0.6642 0.0655 0.1250 0(3,13) 0.6771 
0(I,14) 0.6642 0.0655 0.2917 0(3,14) 0.6802 
0(I,15) 0.6642 0.0655 0.4583 0(3,15) 0.6791 
0(1,16) 0.6642 0.0655 0.6250 0(3,16) 0.6748 
0(1,17) 0.6642 0.0655 0.7917 0(3,17) 0.6716 
0(1,18) 0.6642 0.0655 0.9583 0(3,18) 0.6728 

modulated 

y 2 

0.0834 0.0417 
0.091 0.2083 
0.0883 0.3750 
0.0778 0.5417 
0.0702 0.7083 
0.0730 0.8750 
0.091 0.0417 
0.091 0.2083 
0.091 0.3750 
0.091 0.5417 
0.091 0.7083 
0.091 0.8750 
0.0778 0.0417 
0.0702 0.2083 
0.0730 0.3750 
0.0834 0.5417 
0.0911 0.7083 
0.0883 0.8750 

0.2212 0.0417 
0.2212 0.2083 
0.2212 0.3750 
0.2212 0.5417 
0.2212 0.7083 
0.2212 0.8750 
0.2212 0.0417 
0.2212 0.2083 
0.2212 0.3750 
0.2212 0.5417 
0.2212 0.7083 
0.2212 0.8750 
0.2212 0.0417 
0.2212 0.2083 
0.2212 0.3750 
0.2212 0.5417 
0.2212 0.7083 
0.2212 0.8750 

Table 3. Final anisotropic temperature factors (A 2) 
and standard deviations (in parentheses) as obtained 

from the least-squares refinement 

U~ U22 U33 U~2 U~3 U23 
Mo 0.0099 0.0091 0.0048 - 0.0013 - 0.0001 - 0.0002 

(0.0004) (0 .0003)  (0 .0004)  (0 .0004)  (0 .0004)  (0.0003) 
0(I )  0.0210 0.0130 0.0045 0.0061 -0.0021 -0.0008 

(0.0027) (0.0024) (0.0029) (0.0083) (0.0115) (0.0026) 
0(2) 0.0174 0.0150 0.0142 0.0018 0.0062 0.0007 

(0.0033) (0 .0038)  (0 .0042)  (0 .0178)  (0 .0145)  (0.0038) 
0(3) 0.0169 0.0129 0.0133 -0.0040 0.0026 0.0005 

(0.0033) (0 .0024)  (0 .0036)  (0 .0034)  (0 .0042)  (0.0029) 

A separate modulation amplitude for the y coordi- 
nate of the 0(2) atoms 7-12 refined to zero with the 
mean value oscillating around the maximum y co- 
ordinate for the other rows of 0(2) atoms. Therefore, 
y[O2(7-12)] was restricted to this value in the final 
refinement cycles. 

Fig. 7 shows an ORTEPII plot (Johnson, 1976) of 
the refined superstructure for H0.a3MoO3. The 
transversal displacements of the Mo a t o m s i n  the 
Mo--O(1)  chains [Ax(Mo)=0.11 /~] result in the 
formation of four regions with enlarged Mo- -O(2 ) - -  
Mo distances along the a direction (Fig. 8a). The 
modulation in the y coordinate of the affected 0(2) 
atoms [Ay(O2) = 0.15/k] reduces the 0(2) - -0(2)  dis- 
tances along the zigzag chains (2.72-2.94 A in these 
regions compared to the normal value of 3.17 A) 
because of hydrogen bonds between these atoms 
(Fig. 8b). 
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Table 4. Refined parameters with e.s.d.'s in paren- 
theses (values without e.s.d. 's not refined) 

7x-(Mo) 0.00879 (0.00006) 
y(Mo) 0.10341 (0.00004) 
z(Mo,0 [0.25000 +(i  - 1)](1/6) 
x(Ol) -0.00250 (0.00046) 
y(Ol) 0.06546 (0.00037) 
z(OI,0 [0.75000 + (i - !)1(1/6 ) 
x(O2) 0.16796 (0.00046) 
~(O2) 0.08063 (0.00047) 
yfO2(7-12)1 0.09108 =max. [y(O2)l 
z(O2,0 [0.25000 + (i - 1)](1/6) 
E(O3) 0.00926 (0.00050) 
y(03) 0.22120 (0.00043) 
z(03,0 [0.25000 + (i - l)](l/6) 

Ampl i tudes  o f  the modu la t ions  
Ax(Mo) 0.00948 (0.00008) 
Ay(02) 0.01082 (0.00088) 
Ax(O3) -0.00445 (0.00069) 

Add i t iona l  d isp lacement  in the x coord ina te  o f  the chains 
O(1,7-12), O(2,7-12), O(3,7-12) 
O(1,13-18), O(2,13-18), O(3,13-18) i 
Mo(7-12) J + 0.00342 (0.00020) 
Mo(13-18) I - 0.00342 (0.00020) 

Phases ~o (°) o f  the modu la t ions  for  z = 0 in the chains  
Mo(l-6) 0 
0(2,1-6), 0(3,1--6) 0 
Mo(7-12), Mo(13-18) 180 
0(2,13-18) 180 
0(3,7-12), 0(3,13-18) 180 

Localization of protons 

A direct determination of the proton intercalation 
sites by neutron diffraction was impossible, because 
homogeneous single crystals of phase I with the 
required dimensions could not be grown. 

The proton intercalation sites were deduced 
indirectly from the distortion of the host structure by 
means of  the empirical bond-length-bond-strength 
relation for M o - - O  bonds 

s ( M o - - - O ) = [  1"882A ] 6 
R(Mo- -O)  ' (2) 

where R -- bond length, s = bond strength (Brown & 
Wu, 1976). This relation is valid for Mo atoms with 
valence states from Mo n to Mo w (Bart & Ragaini, 
1979). Thus, it can be applied to the hydrogen 
molybdenum bronzes, where the valence of the 
individual Mo in the superstructure is a priori 
unknown, but surely within the allowed range. 

The calculation of valence sums W(O), 

W(O) = F.s(Mo--O), (3) 

for all O atoms confirms earlier findings from N M R  
and neutron powder diffraction studies that all the 
protons of H0.33MoO3 occupy intralayer sites along 
the O(2)-zigzag chains and that none of the 0(2)  
atoms is directly bound to more than one proton (no 
H20 groups!). In contrast to the published powder 
structure refinements (Dickens, Birtill & Wright, 
1979; Schr6der & Weitzel, 1977), we found that the 
distribution of protons on the intralayer sites is not 
random. 

Fig. 7. ORTEPII plot of the 3a x 6c superstructure of Ho.33MoO3 
with the different modulations of the Mo (@) and O atoms 
(0). 
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Fig. 8. (a) Modulation of the Mo atoms in one of the two ac 
planes. (b) Modulation of the 0(2) atoms in the bc plane. The 
numbers indicate the site occupancy of the protons in the cluster 
according to valence-sum calculations. 
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Deviations from a statistical proton distribution in 
phase I had in fact been noticed earlier in powder H 
N M R  studies, but were interpreted as a short-range 
ordering, namely the preferred formation of pairs of 
OH groups (Slade, Halstead & Dickens, 1980) or 
clusters of 3 OH groups (Ritter, Miiller-Warmuth, 
Spiess & Sch611horn, 1982). 

The bond-length-bond-strength approach applied 
here reveals a long-range ordering of the protons 
consisting of a periodic arrangement of 6-(OH)- 
clusters. As shown schematically in Fig. 8(a), two of 
every three neighbouring zigzag chains within the 
same MoO3 layer are half filled with proton clusters 
at their maximum separation, while the third chain 
contains no protons. 

The number of protons localized in the four 
6-(OH)-clusters per unit cell accounts for the total 
hydrogen content x. Thus, the protons in H0.33MoO3 
are completely ordered. 

From the 0(2)---0(2) distances (Pimentel & 
McClellan, 1960) and the application of a bond- 
length-bond-strength relationship for O - - H  bonds 
(Brown, 1981), the O---H bond distance can be 
roughly estimated at 1.05/k in accordance with the 
result of Dickens (1.09/~), but considerably smaller 
than the value given by Schr6der (1.3 A). 

The calculation of valence sums for the Mo atoms 
indicates that the electron of the H atom is essen- 
tially transferred to the adjacent Mo atom with the 
elongated Mo--O(2) bond. This electron localization 
seems remarkable, since calculations by Travaglini & 
Wachter (1983) predict the formation of a one- 
dimensional conduction band by d,~-p~, orbital over- 
lap as a result of the short bond distances along the 
Mo--O(1) chains. 

Peierls transition in phase I 

Regarding phase I as a quasi-one-dimensional con- 
ductor provides an explanation for the observed 
physical and structural properties. At low tempera- 
tures one-dimensional metals are unstable against a 
periodic lattice distortion that opens an energy gap 
at the Fermi level (Peierls, 1955). The amplitude of 
either the structural modulation or the band gap can 
be chosen as the order parameter 77. 

The period c' of the structural modulation 
depends on the number of electrons in the conduc- 
tion band of the metallic high-temperature phase 

c' = (2/n) x c, (4) 

where n is the number of electrons in the conduction 
band per energy level and c is the lattice constant of 
the undistorted structure. 

Generally, c' is incommensurate to the underlying 
lattice. The weak interactions of neighbouring chains 
in layered structures lead to two-dimensional super- 

structures with commensurate cell multiplications 
perpendicular to the chains, while the new lattice 
constant in the chain direction follows equation (4). 

For phase I this equation yields the crystallo- 
graphically observed lattice constant c'. 

c' = (2/0.33) x c = 6 x c, (5) 

if one supposes a complete electron transfer from the 
H atom to the conduction band (n = x); a lower 
hydrogen content results in higher cell multiplica- 
tion, as seen in our precession photographs (see 
above). 

Conductivity measurements 

Direct evidence for the existence of a Peierls transi- 
tion in phase I comes from conductivity measure- 
ments that reveal a metal to semiconductor 
transition for powder as well as single-crystal 
samples (Fig. 9). The a.c. conductivity measurements 
were performed in an evacuated cryostat. Single 
crystals were contacted along their c direction with 
silver paint. 

The conductivity remains nearly constant in the 
temperature interval between the transition tempera- 
ture and the decomposition temperature (=420 K). 
Below To, the conductivity rapidly decreases. Tc was 
found to decrease with increasing hydrogen content 
of the sample from 415 to 375 K. Because of a small 
loss of hydrogen in the heating run, T~ is slightly 
increased in the subsequent cooling run. 

Assuming that the ordered phase I is a normal 
semiconductor, the temperature dependence of the 
thermal activation energy d E  (energy distance 
between Fermi level and conduction band) can be 
calculated from our measurements according to the 
Arrhenius equation 

or = tro exp ( - dE/k 7) (6) 

(¢f. Fig. 10). 
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semiconduc to r  rnet~ 

3~0 3~0'3~0'3~0'3~0'4~0 ,~0 
t empera tu re  ( K ) 

Fig. 9. A.c. conductivity (u = 1 kHz, 0 = 200 mV) of a powder 
sample of phase I (x=0.3), illustrating the metal-to- 
semiconductor transition. 
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At lower temperatures the temperature depen- 
dence of the conductivity tr deviates from an 
Arrhenius-type behaviour (Barbara, Gammie, 
Lyding & Jonas, 1988). A more appropriate descrip- 
tion is achieved by a power law, 

t r -  T", (7) 

with an exponent m = 7. 
This subactivated behaviour, which has previously 

been observed in several other charge-density-wave 
(CDW) systems (Horn & Guidotti, 1977), is attri- 
buted to electron-hopping processes between bound 
solitons. With decreasing temperature the contri- 
bution of this hopping process to the total conduc- 
tivity becomes more and more important (Kivelson, 
1982; Su, Schrieffer & Heeger, 1980). 

In incommensurate CDW systems a sinusoidal 
CDW has no preferred position with respect to the 
lattice. Thus, no activation energy is needed for 
charge transport by a collective motion of the CDW 
(Fr6hlich, 1954). In real systems the CDW's are 
localized at pinning centres, particularly at lattice 
defects. 

An increase of the conductivity at ambient tem- 
perature as a result of CDW depinning is observed 
for phase I single crystals when the external electric 
field E exceeds a threshold value E T =  500- 
700 mV cm-~ (Fig. 11). ET depends on the tempera- 
ture, the quality of the samples and on contact 
preparations. Application of low-frequency a.c. volt- 
age ( u =  l kHz) prevents a decomposition of the 
sample, which causes a conductivity drop at high 
voltages in the d.c. experiments. 

The specific excess conductivity trCDW follows an 
empirical relationship given by Mihfily, Beauch6ne, 
Marcus, Dumas & Schlenker (1988): 

O'CDW ~ O'normal (ET /E) [ (E /Er ) -  1] a. (8) 

The uncertainty in the measured conductivity is 
mainly a result of oscillations in the current 
response to a voltage change. After the external field 
has been switched off, several hours are required 
until the conductivity returns to its initial value. Both 
effects are ascribed to transitions among the 
metastable states in which a CDW can be pinned 
(Schlenker, Dumas, Escribe-Filippini & Guyot, 1989; 
Fleming & Cava, 1989). 

The field dependence of the conductivity yields a 
possible explanation for peaks below Tc in our A E  
versus T curves (see Fig. 10). The amplitude of the 
voltage was fixed to 200 mV in the temperature- 
dependent conductivity measurements to avoid a 
CDW depinning. When E r  decreases below this 
value in the vicinity of To, the excess conductivity 
as a result of moving CDW's simulates a sudden rise 
of dE. 

Critical behaviour at Tc 

The critical exponent fl of the order parameter r/ 
provides a further criterion for the existence of an 
incommensurate superstructure. The Landau theory 
for second-order phase transitions yields f l--0.5,  
whereas the three-dimensional X Y  model, which 
often applies to incommensurate phases, gives fl = 
0.345. 

The critical exponent fl can be determined from 
our measurements in three independent ways. The 
integrated intensity of the satellite reflections in the 
ordcrcd low-temperature phase is proportional to 72. 
A log-log representation of the integrated intensity 
versus the reduced temperature t = (Tc - T)/Tc in the 
vicinity of the phase transition of phase I exhibits the 
slope 2fl = 0.72 ___ 0.03 (Fig. 12). 

An analogous diagram for the relationship 
between the spontaneous deformation (from our 

I - I I ' I I ' l ' I 
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Fig. 10. Temperature dependence of the thermal activation energy 
AE calculated from conductivity measurements in a powder 
sample of  phase I (x = 0.3) with the transiton to the semicon- 
ducting state at Tc = 410 K. The dip at 370 K is discussed in the 
text. 
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line above Ur represents a fit of  the excess conductivity accord- 
ing to equation (7). 
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Fig. 14. The temperature dependence of the gap energy AE in 
phase I is determined by a critical exponent 2fl = 0.75 ± 0.05. 

powder data) and the reduced temperature corro- 
borates this result also for phase III, which 
we suppose to be a two-dimensional Peierls system 
(Fig. 13). 

Finally, the temperature dependence of the band 
gap energy, known from the conductivity measure- 
ments in the ordered phase, yields 2fl = 0.75-+ 0.05 
(Fig. 14). 

Conclusions and prospects 

The discovery of additional phase transitions as a 
function of temperature and hydrogen content 
demonstrates the complexity of the phase diagram 
for the hydrogen molybdenum bronzes. The deter- 
mination of the complete phase diagram is a priority 
task to elucidate the inter-relationships between the 
two classes of phase transitions. 

The description of phase I as a quasi-one- 
dimensional conductor, susceptible to a Peierls dis- 
tortion, adequately explains the structural and 
physical consequences of hydrogen intercalation. 

In phase III, where the protons partly occupy the 
van der Waals gap (ac plane), the Mo--O distances 
along both the a and c direction fulfil the Travaglini 
criterion for electron delocalization (Travaglini & 
Wachter, 1983). A similar situation is assumed for 
phase IV. Such two-dimensional conductors, which 
remain metallic below their Peierls transition, are 
candidates for superconductivity (Wilson, Di Salvo 
& Mahajan, 1975; Whangbo & Canadell, 1989, 
Escribe-Filippini, Beille, Boujida, Marcus & 
Schlenker, 1989). 

The electronic properties of H x M o O 3  resemble 
those of the diverse alkali molybdenum bronzes, 
among which are several 'classical oxide super- 
conductors', despite the considerable structural 
differences (Greenblatt, McCarroll, Neifeld, Croft & 
Waszczak, 1984; Raub, 1988). 

The availability of single crystals, in which the 
dimensionality of electronic as well as ionic conduc- 
tion can be adjusted by the hydrogen content, allows 
the hydrogen molybdenum bronzes to serve as model 
systems for the investigation of low-dimensional 
conductors. 

We thank G. Schwitzgebel, H. Schmitt and J. 
Aschenbach for their valuable cooperation. The 
financial support of the Deutsche Forschungs- 
gemeinschaft is gratefully acknowledged. 
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Abstract 

Difference electron densities for the structurally 
isomorphic title compounds have been measured 
using 0.9 and 0.7 A synchrotron radiation as well as 
MoKce (A =0.71069A) radiation. The merits of 
using synchrotron radiation for such accurate elec- 
tron density studies are confirmed. The noise level in 
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the 0.9 A K2SiF 6 Ap maps is low, and justifies con- 
fidence in physical properties predicted from the 
one-electron density. Similar zip features are present 
in both compounds. The redistribution of electron 
density indicated by the zip maps, which mainly 
reflects the effect of exchange interactions, does not 
support simple predictions from ionic and orbital 
.models for the bonding in these structures. (I): 
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