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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, 
MxM' loxch  z (M = Re, Ru and Os; M' ~Nb  and Ta; c h - S  and Se); second, the low microwave absorption in the 
nominally-perfect stacking 3R-MoS: and M x M ' ~ x c h z  (M = Re, Ru and Os; M ' - - N b  and Ta, ch = S and Se). © 1997 
Elsevier Science S.A. 

g~wotds: Layered-transition metal dichalcogenide: Mixed-hlycr structure; Microwave absorption: Structurc~properq: rela- 
lion 

I. Introduction 

The ener~ 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 [I]. 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 (c) conduction-loss mechanism [2]. Elec- 
tromagnetic absorption by the magnetic hysteresis-loss 
mechanism occurs in the low and broad band; ~he 
dielectric-loss mechanism occurs in the high4requency 
band; and the conduction-loss mechanism occurs in 
the narrow band. 
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The magnetic hysteresisolos,,; 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 conduction-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 ~,nd 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 causes 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 reo 
searched such a system in the random-structure-com- 
pounds. Recently, we found mixed-layer structure in a 
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~ries of the transition metal dichalcogenides, 
RexTal_xSe: and OsxTal_xSe~ [4]. 

In the present investigation, the mixed-layer 
compounds, RuxNbt_xS:,  RexNb~-xS:, Rux 
Nb~_xSe:, RexNbt_xSe:, OsxNbt_xSe: and 
OsxTa ~ _xSe:, were prepared and the microwave ab- 
~ t i o n  of these mixed-layer compounds were mea- 
sured. High microwave absorption was observed in 
the mixed-layer compounds, and the correlation 
be~een the mixed,layer structure and the relative 
microwave abmrption coefficient is discussed. 

2. Experimental 

2.1. Preparation and simulation of powder X-my 
d(t]hwtion 

The samples were prepared by the conventional 
vacuum scaled method [4] and crystal structures were 
analyzed by the Rietveld method with the computer 
program RIETAN [5]. The simulations of the powder 
X-ray diffraction patterns of mixed-layer structures 
were performed with the program SEKITAN [4]. 
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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. 

2, 2. Measuwment of microwave absoq~tion 

The microwave absorption measurement of 2.45 
OHz was performed with the apparatus shown in Fig. 
l, The microwave source is a 3(HI=W magnetron, the 
tem~ratur¢ of the sample was monitored with a 
pyrometer and the sampl~ is s¢t on the microwave- 
transparent silica glass plate. The heating rate of the 
sample is represented by the equation: 

T + I , , * ~  I=¢xp = ,]) ,,, 

where 7" is a sample temperature: T,, is r~m temper+ 
ature; # is a relative microwave ab~.)rption coeffi+ 
cient; H is an intensity of the microwave source; a is 
thermal radiation; Cp is heat capacity; and t is time. 
In the stationary state, Eq. ( 1 ) was ,dmplified into Eq. 
(2): 

7++ 7; , ,  '~l~ (2) 

The sample teml~rature was saturated after a long 
duration of time, The divergence at the starting ~int  
was a functi=oa of the heat capadty, the intensity of 
the microwave source and the relative microwave 
absorption c(~fficient are as shown in Eq. (3): 

dT ~H 

3. Results and discussion 

3,1. NbS~-RuS, s3'swm 

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 sol% RuS~. Two twoophase 
regions existed within the composition range. 

The relative mjcrowav¢ absorption coefficient 
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Fig, 2, Microw-ave ab,~q~lion of d~c ~:omp~m~ds in NbS~-RuS: 
s~tem, +Ab~a~plion c~(ficient is normalized by the reference iron 
p~w~'der: ML mixed hyer pha~, 
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Fig. 3. Microwave absorption of the coml~mnds in NbS:-ReS, 
system. *Absorption coefficient is normalized by the reference iron 
powder; ML: mixed layer phase. 
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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. 

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

3.2. Nt *;:~R,'S: system 

The phase diagram and the microwave absorpti~,n 
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 reel% 
ReS: and 45 reel% ReS:. The mixed-layer structure 
in the composition ranged between 13 reel% ReS2 
and 36 reel% ReS2 was constructed with 2Hb-slabs of 
30% and 3R-slabs of 70%, while the mixed-layer 
structure in the range between 36 reel% ReS~ and 45 
reel% ReS: was constructed with 2H~,-slabs of 50% 
and 3R-slabs of 50%. Tw,~ two-phase regions existed 
within the composition ra~ go. 

The relative microwa,,e absorption coefficient 
showed two maximum relies: 30 and 40 at the com- 
positions of 10 reel% ReS: and 30 reel% ReS:, 
respectively. The highest value was attained by the 
mixed-layer phase and the second maximum v:due 
arose from the mixture of the mixed-layer phase and 
NbS~, phase. However, the values of the relative mi- 
crowave absorption of the samples were higher than 

3.3. NbSe :-RuSe , system 

The phase diagram and the microwave absorption 
coefficient of the compouitds in the NbSe~=RuSe~ 
system are shown in Fig. 4. The mixed°layer phase 
was stabilized in the composition range between 12 
reel% RuSe: and 33 reel% RuSes. The structure of 
the mixed-layer phase in this system w~s co~tn~cted 
with 2Ht,-slabs of 30% and 3R°slabs of 70%. Two 
two-phase regions existed within the composition 
range. 

The relative microwave absorption coefficient 
silowed a maximum value of 28 at the compositior, of 
12 reel% RuSe, and rapidly dropped to nearly zero 
value above and below 12 reel% 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. NbS2',=ReSe 2 ~ystem 

The phase diagram and the microwave absorption 
coefficient of the compounds in the NbSe:-ReSe2 
system are shown in Fig. 5. The mixed-layer phase 
was stabilized in the composition range between 12 
reel% ReSez and 50 reel% ReSe:. The structure of 
the mixed-layer phase in this system was constructed 
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Fig~ 5, Micrem'ave abgwption of the compounds in NbSe:-ReSe: 
s~,~tcm, *Ab,~rption ¢ocflicient is normalized by the reference iron 
ptm*der; ML: mixed layer pha~, 

with 2Hh-slabs of 30% and 3Roslabs of 70%. The 
2Hh°gex Nbt : x S,: phase appears in the composition 
l-imge between 50 reel% ReSe: and 55 reel% ReSe:. 
Two twoophase regions existed within the composition 
r~nge, 

The relative microwave absorption coeflicicnt 
~how¢d ~o  maximum values, 23 and 15 at tile compoo 
sttions of 20 reel% ReSe: and 50 reel% ReSe:, 
respectively= ~ e  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 pham and 
rapidly decreamid down to nearly zero in the two-phase 
region. 

3.£ NbSe :~O,'Se : ~wstem 

an( the microwave absor lion ~ e  phase diagram ~ J 
c~(fictent of the com~)unds in the NbSc:~oOsS¢, 
system are shown in Fig. 6. The mixed-layer phase 
was stabilized in the coml~)sition range ~twcen l0 
moi% ~ i e :  attd 33 moi% essex. ~lere are four 
mixed°layer compositions. The first one ranged 

. . . . .  ~ . ,  |ntween l0 reel y~ OsSe: and 22 reel% OsSe: and 
was constructed with 2Ht, oslabs of 30% and 3R-slabs 
of 70 ~, The ~cond composition ranges between 22 
reel% OsSe: and 27 rod% OsSe:, with 2H~-slabs of 
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Fig. 6. Microwave abg~rption of the compounds in NbSez-OsSe, 
system. *Absorption coeflicicnt is normalized by the reference iron 
l~de r ;  ML: mixed layer phase. 

60% and 3R-slabs of 40%. The third one ranged 
between 27 reel% OsSe: and 33 mol% OsSe:, with 

S' 2Hh.,labs of ~)% and 3R-slabs of 10%. The fourth 
composition, the disordered 2Hb.OsxNbtoxSe: 
phase, constructed with the 2Ht,-slabs of 101)% lay in 
the composition range between 33 reel% OsSc: and 
35 reel% OsSe:. In addition to the four composition 
ranges, there w~ls also an unknown phase, possibly a 
new mixed-layer phase, which appeared in the compo- 
sition range between 35 reel% OsSe: and 60 reel% 
OsSe:, Two tv, o°pha:~e regions existed within the corn° 
pogition range. 

The relative microwave absorption coefficient 
showed a maximum value of 37 in the composition of 
16 reel% OsSe: and rapidly dropped to nearly zero 
value below and over this value, Tile composition of 
the compound of this maximum microwave absorption 
coincided with the composition of the compound of 
the mixe0-1ayer structure. The mixture of the mixed- 
layer phase and NbSe: phase also showed a high 
microwave absorption value~ 

3 6 TaSe,-OsSc: ,system 

The phase diagram and the microwave absorption 
ct~fficient of the compounds in the TaSe:=OsSe~ 
system ace shown in Fig. 7. The mixed-layer phase 
was stabilized in the composition range ~tween 10 
reel% OsSe: and 31 reel% OsSe v There were three 
composition ranges. The first one ranges between 10 
reel% OsS¢: and 15 reel% OsSe: and was con- 



K Hayashi et al. ~Journal of AIIoys and Compounds 262-263 0997) 325-330 329 

.2 30 

.~ 10 

~ 0 
0 20 40 60 80 100 

mol% 
2Hb 

II00 I " ' 

I 

100 
50 ML 

900 + 20 ML + 

~. OsSe, 
t- 700 i ~1 

500 . . . . . . . . .  
0 20 40 60 80 100 

TaSe~ tool% OsSe~ 

Fig. 7. Microwave absorption of the compounds in TaSe,-OsSe, 
system. *Absorption coefficient is normalized by the reference iron 
i~wder; ML: mixed layer phase. 

structed with 2Hb-slabs of 20% and 3R-slabs of 80%. 
The second composition ranged between 15 tool% 
OsSe, and 31 tool% OsSe,, with 2Hb-slabs of 50% 
and 3R-slabs of 50%. The third one, the disordered 
2H~,-OsxTa~ + xSe: phase constructed with 2Ht,-slabs 
of 100%, lay in the composition range between 31 
tool% OsSe: and 33 tool% 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 tool% OsSe~ and the 
low maximum value of seven at the composition of 80 
tool% 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 2 H~,-OsxTat ° x Se: 
phase and OsSe 2 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 7 dichalcogenide system 

The NbS2-ReS2 system and the NbSe:~ReSe 2 sys- 
tem are summarized as the d~+d 7 dichalcogenide 
system. 

The composition range of the mixed-layer phase of 

the dS-d ~ dichalcogenide system was generally wide 
and lay between approx. I0 mol% dT-dichalcogenide 
and approx. 50 mol% dLoichalcogenide. 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. dS-d s dichalcogenide system 

The NbS2-RuS 2 system, the NbSe2-RuSe 2 system, 
NbSe2-OsSe 2 system and the TaSe2-OsSe 2 system 
are summarized as the dS-d s dichalcogenide system. 

The composition range of the mixed-layer phase of 
the dS-d ~ dichalcogenide system was narrower than 
that of the d5-d 7 dichalcogenide system and lay 
between approx. 10 mol% dS-dichalcogenide and 
approx. 33 mol% dLdichalcogenide. 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 
estimated by measuring the rising sample-tempera- 
ture during radiation, with iron powder being used as 
a standard ~+:bstance. The microwave absorption of 
the nominally-perfect stacking 3R-MoS~ is very low 
and undetectable. The microwave absorption of the 
mixed-layer compounds, Re,,I~Nbu,~o~Se~ and 
Oso.l~,Nbo,~+S¢2, is high, However, that of the normal 
stacking compounds, Re~Nb0+~Se~ and Os~,~+~ 
Nbo, r, TSe~, is as low as that of the standard iron 
powder. The microwave absorption of the 2Hh°NbS¢~ 
and the 3R-NbSe~ is as low as that of the MoS~, 
These results suggest that tile microwave absorption 
of the transition metal dichalcogenides depends on 
the layer stacking. The microwa~+~: absorption in- 
creases as the disorder of the la~er stacking of the 
con|pounds increases while that of the perfect+stack- 
ing compounds is very low and undetectable. 

These transition metal dichaicogenides show the 
behavior of metals or semiconductors. The mixedqayer 
minerals are insulators and show the lower microwave 
absorption coefficients. 

In conclusion, the microwave absorption of the 
layered compounds is strongly dep,endent 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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structure reveals many non-degenerate energy levels 
around the microwave energy and that strong mi- 
crowave a~rpt ion  will occur in the broad band. 

Acknowledgements 

Part of the present research was supported by a 
grant-aid from the NKK Co. Japan. The author would 
like to thank Mr. Matthew Main for reading the 
manuscript and giving us advice about English expres- 
sions. 

References 

[1] C.H.Townes, A.L. Schawlow, Microwave Spectroscopy, Dover, 
New York, 1975, pp, 613-642. 

[2] R.E. Newnham, S.J. Jang, M. Xu, F. Jones, Ceram. Trans. 21 
(1991) 51-67. 

[3] S.Chikazumi, Physics of Magnetism, Wiley, New York, 1964, 
pp. 202-253. 

[4] K. Hayashi, T. lkeuchi, H. Takauchi, M. Shimakawa, J. Alloys 
Comp. 219 (1995) 161-167. 

[5] F. lzumi, J. Cryst. Jpn. 27 (1985) ~ .  


