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Abstract

*Mixed-layer mechanism’, a new concept in microwave absorption, was observed in mixed-layer transition-metal dichalco-
genides. Two things were observed: first, the strong microwave absorption in the mixed-layer transition metal dichalcogenides,
MM’ _ych, (M=Re, Ru and Os; M'=Nb and Ta; ch=3$ and Se); second, the low microwave absorption in the
nominally-perfect stacking 3R-MoS, and MyM’, _ych, (M =Re, Ru and Os; M' =Nb and Ta; ch =S and Se). © 1997

Elsevier Science S.A.
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1. Introduction

The energy of a microwave is around 0.0001 eV and
the microwave absorption is observed in simple
molecular gases, with the transitions between the
rotational energy levels being responsible for mi-
crowave absorption [1). Three kinds of electromag-
netic wave absorption mechanisms in solid com-
pounds have been considered: (a) dielectric-loss
mechanism [2]: (b) magnetic hysteresis-loss mecha-
nism [3}; and (¢) conduction-loss mechanism [2]. Elec-
tromagnetic absorption by the magnetic hysteresis-loss
mechanism occurs in the low and broad band; the
dielectric-loss mechanism occurs in the high-frequency
band; and the conduction-loss mechanism occurs in
the narrow band.
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The magnetic hysteresis-loss originates in the
motion and friction of the magnetic domain wall, the
dielectric loss in the motion of the ferroelectric do-
main wall and the corduction-loss in the electron
scattering. The typical electromagnetic absorption
materials of the dielectric loss mechanism, the mag-
netic hysteresis loss mechanism and the conduction
loss mechanism are barium titanate, ferrite and
graphite or metal powder, respectively. The graphite
material is the best of the three end absorbs the
microwave of 2.45 GHz 10 times more than the oth-
ers. From the quantum mechanical point of view, the
electron transition between the band gap correspond-
ing to the microwave frequency causcs the microwave
absorption. If there are many non-degenerate energy
levels around the microwave energy, microwave ab-
sorption will occur in the broad band. We have re-
searched such a system in the random-structure-com-
pounds. Recently, we found mixed-layer structure ina
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series of the transition metal dichalcogenides,
RexTa' &xse: and OS‘\‘Ta‘ _‘\-Sez [4].

In the present investigation, the mixed-layer
compounds, RuyNb,_S,, ReyNb,_;S,, Ruy
Nb,_,Se., ReyNb,_,Se,, OsyNb,_,Se, and
Os, Ta, _,Se., were prepared and the microwave ab-
sorption of these mixed-layer compounds were mea-
sured. High microwave absorption was observed in
the mixed-layer compounds, and the correlation
between the mixed-layer structure and the relative
microwave absorption coefficient is discussed.

2. Experimental

2.1. Preparation and simulation of powder X-ray
diffraction

The samples were prepared by the conventional
vacuum sealed method [4] and crystal structures were
analyzed by the Rietveld method with the computer
program RIETAN [S]. The simulations of the powder
X-ray diffraction patterns of mixed-layer structures
were performed with the program SEKITAN [4],

2.2. Measurement of microwave absorption

The microwave absorption measurement of 2.45
GHz was performed with the apparatus shown in Fig,
I, The microwave source is a 300-W magnetron, the
temperature of the sample was monitored with a
pyrometer and the sample is set on the microwave-
transparent silica glass plate. The heating rate of the
sumple is represented by the equation:

T=T,+ %—Fi{l=exp[m%:]} 0}

where T is a sample temperature: 7, is room temper-
ature; p s a relative microwave absorption coeffi-
cient: H is an intensity of the microwave source; a is
thermal radiation: €, is heat capacity; and ¢ is time.
lg the stationary state, Eq. (1) was simplified into Eq.
Q2

. H
7§ﬁ»*%" 2)

The sumple temperature was saturated after a long
duration of 1ime. The divergence at the starting point
was a function of the heat capacity, the intensity of
the microwave source and the relative microwave
absorption coefficient are as shown in Eq. (3):
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Fig. 1. Schematic diagram of apparatus for measuring microwave
absorption.

The relative microwave absorption coefficient was
obtained according to Eq. (3! if the divergence at the
starting point of the sample was compared with that
of the reference material. In the present investigation,
iron powder of 20 mesh was used for the reference
material of the microwave absorption coefficient. The
microwave absorption coefficient of the reference iron
powder was defined as one.

3. Results and discussion
3.1. NbS,~RuS, system

The phase diagram and the microwave absorption
coefficient of the compounds in the NbS,-RuS, sys-
tem are shown in Fig. 2. The mixed-layer phase was
stabilized around 10 mol% RuS,. Two two-phase
regions existed within the composition range.

The relative microwave absorption  cocfficient
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Fig. 2. Microwave absorption of the compounds in NbS,-RuS,
system. *Absorption cocfficient is normalized by the reference iron
powder: ML: mixed layer phase.
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Fig. 3. Microwave absorption of the compounds in NbS,-ReS,
system, *Absorption coefficient is normalized by the reference iron
powder; ML: mixed layer phase.

showed a maximum value of 12.1 at the 10 mol%
RuS, and rapidly dropped to nearly zero value above
and below 10 mol% RuS,. The composition of the
maximum microwave absorption coincided with the
composition of the mixed-layer structure.

3.2. NbS ,-ReS, svstem

The phase diagram and the microwave absorption
coefficient of the compounds in the NbS,-ReS, sys-
tem are shown in Fig. 3. The mixed-layer phase was
stabilized in the composition range between 13 mol%
ReS, and 45 mol% ReS,. The mixed-layer structure
in the composition ranged between 13 mol% ReS,
and 36 mol% ReS, was constructed with 2 H-slabs of
30% and 3R-slabs of 70%, while the mixed-layer
structure in the range between 36 mol% ReS, and 45
mol% ReS, was constructed with 2 Hy-slabs of 50%
and 3R-slabs of 50%. Two two-phase regions existed
within the composition rai ge.

The relative microwave absorption coefficient
showed two maximum velues: 30 and 40 at the com-
positions of 10 mol% ReS, and 30 mol% ReS,,
respectively. The highest value was attained by the
mixed-layer phase and the second maximum value
arose from the mixture of the inixed-layer phase and
NbS, phase. However, the values of the reiative mi-
crowave absorption of the samples were higher than
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Fig. 4. Microwave absorption of the compounds in NbSe,~RuSe,

system. *Absorption coefficient is normalized by the reference iron
powder; ML: mixed layer phase.

10 in the mixed-layer phase and rapidly decrease
down to nearly zero in the two-phase region.

3.3. NbSe,-RuSe, system

The phase diagram and the microwave absorption
coefficient of the compouids in the NbSe,~RuSe,
system are shown in Fig. 4, The mixed-layer phase
was stabilized in the composition range between 12
mol% RuSe, and 33 mol% RuSe,. The structure of
the mixed-layer phase in this system was constructed
with 2H-slabs of 30% and 3R-slabs of 70%. Two
two-phase regions existed within the composition
range.

The relative microwave absorption coefficient
siowed a maximum value of 28 at the composition of
12 mol% RuSe, and rapidly dropped to nearly zeto
valuc above and below 12 mol% RuSe,. The composi-
tion of the compound at this maximum microwave
absorption coincides with the composition of the com-
pound of the mixed-layer structure. The mixture of
the mixed-layer phase and NbSe, phase also showed
a high microwave absorption value.

3.4. NbSe,-ReSe, system

The phase diagram and the microwave absorption
coefficient of the compounds in the NbSe,-ReSe;
system are shown in Fig. 5. The mixed-layer phase
was stabilized in the composition range between 12
mol% ReSe, and 50 mol% ReSe,. The structure of
the mixed-layer phase in this system was constructed



328 K. Kayashi et al. / Journal of Alloys and Compounds 262-263 (1997) 325-330

% m -
%
; w0t
A
K
§ 0
0
950 j T T T
Ordered IL
o o M, P
3 . )
P I | rse, |
g )
750 -
650 ] i | ]
0 20 490 60 80 100
NbSe, mol% ReSe,

Fig. S. Microwave absorption of the compounds in NbSe,-ReSe,
system, *Absorption coefficient is normalized by the reference iron
powder; ML: mixed layer phase.

with 2H,-slabs of 30% and 3R-slabs of 70%. The
2H,-ReyNb, _Se, phase appears in the composition
range between 50 mol% ReSe, and 55 mol% ReSe,.
Two two-phase regions existed within the composition
range.

The relative mictowave absorption coefficient
showed two maximum values, 23 and 15 at the compo-
sitions of 20 mol% ReSe, and 50 mol% ReSe,,
respectively. The highest value was attained by the
mixed-layer phase and the second maximum value
was also reached by the mixed-layer phase. The values
of the relative microwave absorption of the samples
were higher than 15 in the mixed-layer phase and
rapidly decreased down to nearly zero in the two-phase
region,

3.5. NbSe,~0sSe, system

The phase diagram and the microwave absorption
coefficient of the compounds in the NbSe,-OsSe.,
system are shown in Fig. 6. The mixed-layer phase
was stabilized in the composition range between 10
mol% OsSe, and 33 mol% OsSe,. There are four
mixed-layer compositions. The first one ranged
between 10 mol% OsSe, and 22 mol% OsSe, and
was constructed with 2 H,-slabs of 30% and 3R-slabs
of 70%. The second composition ranges between 22
mol% OsSe, and 27 mol% OsSe,, with 2 H,-slabs of
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Fig. 6. Microwave absorption of the compounds in NbSe,-OsSe,
system. *Absorption coefficicnt is normalized by the reference iron
powder; ML: mixed layer phase.

60% and 3R-slabs of 40%. The third one ranged
between 27 mol% OsSe, and 33 mol% OsSe,, with
2 H,-slabs of 90% and 3R-slabs of 10%. The fourth
composition, the disordered 2H,-OsNb,_\Se,
phase, constructed with the 2H -slabs of 100% lay in
the composition range between 33 mol% OsSe, and
35 mol% OsSe,. In addition to the four composition
ranges, there was also an unknown phase, possibly a
new mixed-layer phase, which appeared in the compo-
sition range between 35 mol% OsSe, and 60 mol%
OsSe,. Two two-phase regions existed within the com-
position range.

The relative microwave absorption coefficient
showed a maximum value of 37 in the composition of
16 mol% OsSe, and rapidly dropped to neatly zero
value below and over this value. The composition of
the compound of this maximum microwave absorption
coincided with the composition of the compound of
the mixed-layer structure. The mixture of the mixed-
layer phase and NbSe, phasc also showed a high
microwave absorption value.

3.6. TaSe,~OsSe, system

The phase diagram and the microwave absorption
coefficient of the compounds in the TaSe,-OsSe,
system are shown in Fig. 7. The mixed-layer phase
was stabilized in the composition range between 10
mol% OsSe, and 31 mol% OsSe,. There were three
composition ranges. The first one ranges between 10
mol% OsSe, and 15 mol% OsSe, and was con-
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Fig. 7. Microwave absorption of the compounds in TaSe,-OsSe,
system. *Absorption coefficient is normalized by the reference iron
powder; ML: mixed layer phase.

structed with 2 H-slabs of 20% and 3 R-slabs of 80%.
The second composition ranged between 15 mol%
OsSe, and 31 mol% OsSe,, with 2H,-slabs of 50%
and 3R-slabs of 50%. The third one, the disordered
2H,-0s, Ta, ., Se, phase constructed with 2 H,-slabs
of 100%, lay in the composition range between 31
mol% Os8e, and 33 mol% OsSe,. Two two-phase
regions existed within the composition range.

The relative microwave absorption coefficient
showed two maximum values: the high maximum value
of 32 at the composition of 10 mol% OsSe, and the
low maximum value of seven at the composition of 80
mol% OsSe,. This coefficient rapidly dropped to
nearly zero value above and below the high maximum
value. The composition of the compound of the high
maximum microwave absorption coincided with the
composition of the compound of the mixed-layer
structure, The low maximum absorption value was
from the mixture of the disordered 2H,-Os yTa, . y Se,
phase and OsSe, phase. However, the values of the
microwave absorption of the mixed-layer phase were
higher than those of the two-phase.

3.7. d°=d’ dichalcogenide system

The NbS,-ReS, system and the NbSe,-ReSe, sys-
tem are summarized as the d°-d” dichalcogenide
system.

The composition range of the mixed-layer phase of

the d°-d’ dichalcogenide system was generally wide
and lay between approx. 10 mol% d’-dichalcogenide
and approx. 50 mol% d’-aichalcogenide. The mi-
crowave absorption coefficient showed two maximum
values with the high maximum value being attained by
the mixed-layer phase. The microwave absorption co-
efficient of the mixed-layer phase was generally higher
than that of the other phase.

3.8. d°-d® dichalcogenide system

The NbS,-RuS, system, the NbSe,-RuSe, system,
NbSe,-OsSe, system and the TaSe,-OsSe, system
are summarized as the d°-d® dichalcogenide system.

The composition range of the mixed-layer phase of
the d°-d® dichalcogenide system was narrower than
that of the d*-d’ dichalcogenide system and lay
between approx. 10 mol% d®-dichalcogenide and
approx. 33 mol% d®-dichalcogenide. The microwave
absorption coefficient showed generally one maximum
value, this value being attained by the mixed-layer
phase. The microwave absorption coefficient of the
mixed-layer phase was generally higher than that of
the other phase.

4. Conclusions

The relative microwave absorption of 2.45 GHz is
cstimated by measuring the rising sample-tempera-
ture during radiation, with iron powder being used as
a standard substance. The microwave absorption of
the nominally-perfect stacking 3R-MoS, is very low
and undetectable. The microwave absorption of the
mixed-layer compounds, Re,,sNb,,Se; and
08,10 Nby 4 Se,, is high. However, that of the normal
stacking compounds, Re,sNb,:Se, and 0Os;
Nb,,;Se,, is as low as that of the standard iron
powder. The microwave absorption of the 2 H,-NbSe,
and the 3R-NbSe, is as low as that of the MoS,.
These results suggest that tie microwave absorption
of the transition metal dichalcogenides depends on
the layer stacking. The microwavé absorption in-
creases as the disorder of the layer stacking of the
compounds increases while that of the perfect-stack-
ing compounds is very low and undetectable.

These transition metal dichalcogenides show the
behavior of metals or semiconductors. The mixed-layer
minerals are insulators and show the lower microwave
absorption coefficients.

In conclusion, the microwave absorption of the
layered compounds is strongly dependent on the crys-
tal structure, especially layer stacking. The electrical
conductivity of the layered compounds is also an
important factor for inducing microwave absorption.

The present results indicate that the mixed-layer
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