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Chapter 1 

General Introduction 

§1. Introduction 

Incommensurate layer compounds (MS)xTS2 (M=Sn, Pb, Bi, 

rare earth metals; T=Nb,Ta; x ::::: 1.2, 0.6) 1-7) constitute a new class of 

intercalation compounds of group-V transition-metal dichalcogenides 

2H-TS2. Instead of usual intercalates such as 3d transition-metals, 

a lkali metals, or organic molecules, metal sulfide MS layers are 

inserted into van der Waals gaps of host 2H-TS2. In the x:::: l.2 and 

the x:::::0 .6 compounds, the intercalate MS layer is separated by one 

and two TS2 layers, respectively, and hence the two types of the 

compounds can be regarded as stage-l and stage-2 intercalation 

compounds of 2H-TS2 . In (MS)xTS2. the intercalate MS layer forms 

its own la ttice whose lattice periodicity is incommensurable with 

that of the host TS2 layer along the one inplane direction. This 

peculiar structure makes these compounds classified into a family of 

incommensurate (misfit) layer compounds. 

In th is chapter. first their structures are described in some 

deta il and then the electronic band-structure of the host material 
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2H-TS2 and the rigid-band model, a key to electronic properties of 

intercalation compounds, are presented. The scope of this thesis is 

briefly described at the end of the chapter. 

§2. The Structure of the Incommensurate Layer Compounds 

(MS)xTS2 

The structure of the incommensurate layer compounds 

(MS)xTS2 is analyzed in a composite crystal approach, in which the 

total structure is divided into two subsystems, i.e., MS and TS2. The 

two subsystems are , as a first (but quite good) approximation, 

independent of each other and hence one can tal{e an individual unit 

cell on each of the two subsystems. 

In Fig. 1 is shown schematically the structure of (CeS) 1.2NbS2 

determined by Wiegers et al. 8) in such a way. In the NbS2 layer, 

niobium atoms are trigonal-prismatically coordinated by sulfur atoms 

as in 2H-NbS2. An individual NbS2 layer in (CeSh .2NbS2 almost 

retains a hexagonal symmetry of 2II-NbS2. The intercalate CeS layer 

can be related to a two-atomic-plane thick (1 00) slice of pristine CeS 

with the rock-salt structure. However, the deviation from the 

original structure is apparent; cerium atoms are pulled toward 

adj acent NbS2 layers. The complete 1:1 matching of the two 

subsystems is established in the b direction. i.e., bNbs2=bces=b. On 

the other hand, the a axes of the two subsystems are mutually 

incommensurate. Although the ratio aNbs2 / aces (=0.5781) is close to 

a rational number 4/7 (=0.5714), the essential incommensurability 

h as been evidenced by satellite reflections in electron diffraction 

2 



patterns. An electron diffraction pattern along the [00 l] zone axis of 

(CeSh.2NbS2 is shown in Fig. 2. The intense spots are easily 

interpreted as reflections either from the NbS2 subsystem or from 

the CeS subsystem. Sequences of closely spaced satellite spots along 

the a* direction are due to the incommensurability along the a axis 

and hence are its direct proof. It is to be noted that from the ratio 

aNbs2/ aces we can calculate the ideal (or structural) composition of 

x=l.l6 (=0.578lx2) in the formula (CeS)xNbS2. [However we use an 

"abbreviated" formula of (RES) 1.2NbS2 throughout for simplicity 

unless otherwise noted.] 

Beyond the first approximation of the independent two 

subsystems, there exists a mutual modulation between the two 

subsystems; the intercalate MS layer is incommensurately modulated 

with the periodicity of the host TX2 layer along the a axis and vice 

versa. In crystal structure determinations of the above approach, 

this modulation is reflected in anisotropic temperature factors of 

atoms. Several x-ray crystal structure determinations 8-10) including 

that for (CeSh .2NbS2 indicate that the TS2 layer is rather rigid, while 

the MS layer is the more susceptible to the mutual structural 

modulation. 

§3. The Electronic Band-structure of the Group-V Transition-m etal 

Dichalcogenide TX2 and the Rigid-band Model 

The electronic band-structure of the group-V transition-metal 

dichalcogenide 2H-TX2 (T=Nb,Ta; X=S,Se) has extensively been 

studied both experimentally and theoretically. 11) In Fig. 3 is shown 
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the schematic density-of-states diagram for 2H-TX2.12) The upper 

valence bands are of predominantly p character of chalcogens with 

certain hybridiZation with transition-metal d states and hence labeled 

p/ d. The Fermi level lies in a narrow (-1 eV) conduction band called 

the dz2 band which is half-filled in pure TX2 and is able to accept one 

more electron. Although earlier band-structure calculations 13.14) 

predicted a gap between the pI d valence band and the dz2 

conduction band. photoemission measurements 15.16) as well as 

recent self-consistent band-structure calculations 17-19) support an 

overlap between these two types of the bands as shown in Fig. 3. The 

upper d conduction bands are separated from the dz2 band by a 

hybridization gap of about 1 eV. These bands also contain some 

contributions from chalcogen p states. so that they are labeled d/ p. 

The electronic properties of the TX2 intercalation compounds 

have successfully been interpreted with the rigid-band model. 201 In 

the rigid-band model, it is assumed that the shape and position of 

the host electronic band-structure is virtually unchanged after 

intercalation. Intercalation results only in increased filling of the dz2 

conduction band due to a charge transfer from intercalate species to 

this band and hence the band becomes more than half-filled. Thus 

the rigid-band model implies that the intercalate species play only a 

m inor role in the electronic properties of the intercalation 

compounds as a mere source of the electronic charge. 

The rigid-band model is widely supported by experimental and 

theoretical investigations on the TX2 intercalation compounds. 20) 

Guo and Liang have calculated and compared band structures of 

2H-LiTaS2 and 2H-TaS2. 17) They have noted the two band structures 
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are substantially similar in terms of bond character. shape and 

ordering of the energy band. Beal. Liang, and their coworkers have 

systematically investigated optical transmission and reflectivity 

spectra of Li- or 3d transition-metal intercalated TX2. 12.21,22) The 

optical spectra of the intercalated TX2 show features very similar to 

those of the host TX2 in the interband transition region of the 

spectra, which indicates the outlines of the electronic band-structure 

do not differ between the intercalated and the host materials. The 

electrical transport properties of the TX2 intercalation compounds 

are dominated by the d22 band. Parkin and Friend have carried out 

an intensive study on the transport and magnetic properties of the 

3d transition-metal intercalated TX2. 23.24) The Hall coefficients of 

the intercalation compounds are positive as is expected from the 

more than half-filled d 22 band. They have found the magnitudes of 

the Hall coefficients are consistent with a simple valence argument. 

That is, if the valence state of the intercalate 3d transition-metal ion 

M is +v, then the d 22 band contains ( 1-xv) holes per unit formula of 

MxTX2. Thus calculated carrier concentrations have shown good 

agreements \vith the observed Hall coefficients. 

In these studies, non-rigid-band effects have also been 

observed. The interband transitions in the optical spectra of the 

intercalation compounds are broadened, compared \vith those of the 

host materials. Parkin and Beal have attributed it to increased 

bandwidths due to increased bonding between the layers in the 

intercalation compounds. 221 Parkin and Friend have observed large 

spin-disorder resistivities of order of lOO).lQcm for the 3d 

transition-metal intercalation compounds, which indicates there 
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exists a strong interaction between the local 3d moments and the d22 

carriers. 24) However, these non-rigid-band effects are minor 

corrections to the model and the overall validity of the rigid-band 

model in the TX2 intercalation compounds model is now widely 

accepted. 

The only exception is those compounds fully intercalated with 

post-transition metals such as SnTaS2. In this case, the intercalate 

species are dense in the intercalate layer due to their large 

concentration and hence form their own energy-band. The 

electronic band-structure calculation for SnTaS2 has shown Sn 5px 

and 5py states exhibit strong metal-metal bonding in the intercalate 

layer and that the Fermi level is crossed by a very wide band 

composed of these states, which has been confirmed by angle­

resolved photoemission spectra. 18) 

§4. The Scope of This Thesis 

Although the incommensurate layer compounds have the 

structu re reminiscent of the intercalation compound, it does not 

necessarily result in the fact that their electronic structures are 

interpreted as intercalation compounds. In the usual intercalation 

compounds, the intercalate species are molecules or metal ions, 

which are sufficiently separated from each other in the intercalate 

plane (except the fully intercalated compounds with post-transition 

metals) . Hence the rigid-band model which claims that the 

electronic properties are exclusively ruled by the host electronic 

stru ctures is rather plausible. On the other hand, in the 
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incommensurate layer compounds, the intercalate layer is a part of 

another compounds. Especially, in the case of the rare-earth based 

compounds (RES)xTS2 (RE=rare-earlh metals). some of which we 

are going to deal with, pristine rare earth sulfides RES are metallic 

compounds. Hence it is interesting to examine the validity of the 

rigid-band model in them. Although Wiegers and his coworkers have 

a lready reported some transport properties of several of the stage-! 

compounds (MSh.2TS2. 2.8.10.25) their electronic structures are not 

yet understood enough. 

In this study, the rare-earth based stage- ! compounds 

(RES) 1.2NbS2 (RE=La,Ce,Pr,Nci,Sm,Gd,Dy,Er,Yb) and the stage-2 

compounds (LaS)o.6NbS2 and (CeS)o.6NbS2 have been synthesized 

and their electronic structures have been investigated by means of 

electrical resistivity. Seebeck coefficient. and optical reflectivity 

measurements. The author has pul his emphasis on a stage­

dependent study; the stage-2 compounds (LaSlo.6NbS2 and 

(CeSlo.6NbS2 are novel compounds of this study. The stage 

dependent study is useful for investigating the rigid-band model, 

since different stages immediately correlate with different charge 

transfer rates and hence different band fillings. In addition. the 

optical measurements employed in this study are a more direct 

probe into the electronic structure than the transport 

measurements. 

Another interest comes from the fact that these compounds 

can be a model compound for quasi two-dimensional magnetism; the 

magnetic RES layer is separated by the non-magnetic metallic NbS2 

layer in (RES)xNbS2. Careful choice of rare earth elements may give 
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an opportunity to realize model systems for various types of magnetic 

interaction, e.g. the Ising, XY, and Heisenberg models, with different 

spin values. The RKKY-type indirect exchange interaction mediated 

by the conduction electron may play a role in the weak magnetic 

interaction between the intercalate RES layers. The RKKY 

interaction is of long-range and oscillates with distance. Such 

interaction may give rise to a long-period magnetic structure along 

the c axis. The author has focused on the Ce based compounds 

(CeS) 1.2NbS2 and (CeS)o.6NbS2 and investigated the magnetic 

interaction and ordering in them through the magnetic susceptibility 

and magnetization measurements. A quasi two-dimensional nature of 

the magnetic spin system in (CeS) 1.2NbS2 has also been verified by 

magnetic specific heat measurements. 

Finally, the most prominent feature in the incommensurate 

layer compounds is. of course, the structural incommensurability 

along the a axis. It is natural and valuable to pursue its influence on 

their physical properties. Efforts in this direction have also been 

made; attempts are done to correlate some aspects of their 

electronic and m.agnetic properties with the structural 

incommensurability. 

The preparation and characterization of the stage-1 compounds 

(RESh.2NbS2 (RE=La,Ce,Pr,Nd,Sm,Gd,Dy,Er,Yb) and the stage-2 

compounds (LaS)o.6NbS2 and (CeS)o.6NbS2 are described in chapter 

2. Electron diffraction observations of (LaS)o.6NbS2, which is a novel 

compound of the present study together with (CeS)o. 5NbS2, are 

reported in chapter 3. The electronic transport properties of 
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(RESh.2NbS2 and (RESlo.6NbS2 are investigated in chapter 4. The 

optical reflectivity spectra of (CeSh.2NbS2 and (CeSlo.6NbS2 are 

presented in chapter 5. The magnetic properties of (CeS) 1 .2NbS2 

and (CeS)o. 5N b S 2 are investigated through the magnetic 

susceptibility and magnetization measurements in chapter 6 and 

through the magnetic specific heat of the former compound in 

chapter 7. Some general conclusions of this thesis will be drawn in 

chapter 8. 
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Fig. l. The incommensurate layer compound (CcS) 1.2NbS2 is 

composed of the two structural subsystems. CcS and NbS2. Each of 

the two subsystems is described in a centered orthorhombic lattice; 
the CcS subsystem has a space group Cm2a with accs=5. 727 A, 
bccs=5.765A. cccs=ll.4l.A, and Z=4. while the NbS2 subsystem has a 

space group Fm2m with UNbS2=3.311A, bNbS2=5.765A. CNbS2=22.82A. 

and Z=4. 8) Note that bccs=bNbS'J. (=IJ) and that cccs=CNbS2 /2 (=Ic). 

12 



Fig. 2. Electron diffraction pattern along the [001] zone axis of 
(CeSh.2NbS2. The intense spots are reflections from the NbS2 subsystem 

or from the CeS subsytem. The 020 reflection is common to both the 
subsystems. Sequences of closely and not eqally spaced satellite spots 
along the a• direction is due to the incommensurability along the a axis. 
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Fig. 3. The schematic density-of-states diagram for the 
transition-metal dichalcogenides 2H-TX2 (T=Nb.Ta; X=S,Se). 12) 
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Chapter 2 

Sample Preparation and 

Characterization 

§ 1. Sample Preparation 

Crystals of the stage-1 compounds (RESh.2NbS2 (RE=La, Ce, 

Pr, Nd, Sm. Gd, Dy, Er, Yb) were prepared from the constituent 

elements. A nearly stoichiometric mixture of RE (99.9%). Nb 

(99.96%). and S (99.999%) in an about l: l :3 molar ratio was sealed 

with iodine (Smg/ cc) in an evacuated quartz tube and heated in a 

temperature gradient of ca. l000-900°C for one month [the purities 

indicated in the parentheses are nominal (commercial) ones]. 

Crystals of dimensions up to 2x2x0. 05 mm 3 were obtained at the 

high temperature zone where the starting powder was placed. The 

addition of iodine was necessary for crystal growth. In early 

attempts, the starting mixture without iodine was pre-reacted at 

950°C for one week prior to the crystal growth. This procedure was 

however found unnecessary and later omitted. 
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Crystals of the stage-2 compounds (LaS)o. 6Nb S 2 and 

(CeS)o.6NbS2 were prepared in the same way but from an 

off-stoichiometric mixture of the constituent elements. The molar 

ratio of the starting mixture was 1:6:12 for (LaS)o.6NbS2 and 1:4:8 or 

1:2:5 for (CeS)o.6NbS2. Small crystals of 1x0.5x0.02 mm3 were 

obtained as minor product. 

Detailed conditions for each preparation batch are summarized 

in Table I. 

§2. Sample Characterization 

Energy-dispersive x-ray microanalyses were carried out on 

(LaS) 1.2NbS2 and (LaSlo.6NbS2. The La lines were used to determine 

the concentrations of La and Nb, while the Ka lines were used to 

determine the sulfur content. The standard materials were LaF3, Nb 

metal, and Fefu. Due to strong overlap between the sulfur K-lines 

and the niobium L-lines and difficulty in deconvoluting the lanthanum 

L-lines, the accuracy of the analyses was less than usual and 

estimated at ca. ±5 (relative) %. The found composition are close to 

the structurally expected ideal ones. (LaS) 1.14NbS2 and (LaSJo.57NbS2 

(Table II). 

The stage index and staging fidelity of crystals were 

characterized using (OOl) x-ray diffraction. The samples used for the 

measurements were verified to be pure and single-staged according 

to the x-ray spectra. 

The interlayer repeat distances Ic of the stage-1 compounds 

(RES) 1.2NbS2 determined from the (OOl) x-ray spectra are plotted as 

16 



a function of the rare-earth element in Fig. 1, where the lattice 

parameters a of pristine rare-earth monosulfides RES l-5) are also 

shown. In pristine RES. an expansion of the lattice parameter can be 

seen at RE=Sm,Eu,Yb due to the divalent RE ion. On the other hand. 

the interlayer repeat distance of (RESh .2NbS2 shows only a 

monotonous decrease due to the lanthanoid contraction, which 

indicates that the RE ions in (RESh.2NbS2 including the RE=Sm,Yb 

compounds have a usual trivalent state. The interlayer repeat 

distances of (LaSh.2NbS2 and (CeSh.2NbS2 are in good agreement 

with the values of 11.51 A and 11.41 A reported by Wiegers eL al.. 

respectively. 6) 

The interlayer repeat distances of the stage-2 compounds. 

(LaSlo.6NbS2 and (CeSlo.6NbS2. are 17.47 1\ and 17.35 A. respectively. 

The difference in Ic between the stage-1 and stage-2 compounds is 

5.98 A and 5.94 A for the La and Ce compounds. respectively. These 

values are close to the one layer thickness of 2II-NbS2 (5.98 A). 7 l 
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Table I. Sample preparation conditions. 

RE batch# starting ratio pre-reaction crystal growth 

RE:Nb:S temperature temperature 

stage-! (RES) 1.2NbS2 

La #19 1 : 1 : 3 950°C 1000- 900°C 

#28 1:1:3 950°C 1000-900°C 

Ce #10 1 : l : 3 950°C 950- 850°C 

r #15 1 : 1 : 3 950°C 950- 850°C 

#18 1 : 1 : 3 950°C 1000- 900°C 

#25 1 : 1 : 3 950°C 1000- 900°C 

#26 1 : 1 : 3 950°C 1050- 950°C 

#101 1:1:3 l050- 880°C 

Pr #1 1.2: 1 : 3.2 1000- 900°C 

Nd #1 1:1:3 l050- 950°C 

Sm #1 l : 1 : 3 1050- 950°C 

Gd #1 1 : 1 : 3 1050- 950°C 

Dy #1 1 : 1 : 3 1050-950°C 

Er #1 1.2: 1 : 3.2 1000- 900°C 

Yb #1 1 : 1 : 3 950°C 1000- 850°C 

#2 1.2 : 1 : 3.5 1000- 900°C 

stage-2 (RESlo.6NbS2 

La #30 1 : 6: 12 950°C 1000-900°C 

Ce #103 1: 4: 8 1000- 900°C 

#106 1: 2: 5 1000- 900°C 
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Table II. Results of the EPMA analyses for (LaSh .14NbS2 and 

(LaS)o.57NbS2. 

La (%) Nb (%) s (%) 

stage-1 (LaSh .14NbS2 

calc. 45.0 26.4 28.6 

found 43.5 26.0 28.2 

stage-2 (LaS)o.57NbS2 

calc. 32.4 36.5 31.1 

found 29.3 37.7 30.8 
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Fig. 1. The interlayer repeat distances Ic of the stage-1 compounds 
(RESh .2NbS2 as a function of the rare-earth element RE. The lattice 

parameters a of rare-earth monosulfides RES (the NaCl structure) 1-5) 

are shown together. 
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Chapter 3 

Electron Diffraction and 

Microscopy Observations of 

the Stage-2 Compound 

(LaS)o .6NbS2 

§1. Introduction 

The structural details in various stage-1 compounds (MS) 1.2TS2 

(M=Sn, Pb, Bi, rare earth metals; T=Nb,Ta) have extensively been 

investigated by means of both x -ray and electron diffraction. l- 5) On 

the other hand, as far as the stage-2 compounds concern, there has 

been little information about their structures; in most cases, only the 

interlayer repeat distances have been reported. 6 - 8) The x-ray 

structure determination has been performed only on 

(PbSh . 14(NbS2l2 [(PbSlo.57NbS2 in our nomenclature! by A. 

Meerschaut et al. 9) In this chapter, we report the electron 

microscopy observations of a new stage-2 compound (LaSlo.57NbS2. 

Possible structure models of the compound will be discussed. 
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§2. Experimental 

Crystals of (LaS)o.s 7 NbS2 were prepared with the method 

described in chapter 2. The detailed preparation conditions are 

shown in Table I of chapter 2. 

Electron microscopy specimens were prepared by successively 

cleaving crystal platelets with an adhesive tape. Thus obtained 

specimens were thin foils elongated along the b axis. They were 

examined in JEOL 2000EX microscope operating at 200 kV. Because 

of the lamellar morphology, observations were mostly limited to 

those along the 1001] zone axis. In some cases, however, edges of 

foils were curled up so as to enclose the b axis, which enabled us to 

observe [100] zone axis patterns and images. 

§3. Results 

3.1 The {001] zone axis 

Figure 1 shows an electron diffraction pallern along the 100 1] 

zone axis, which much resembles those reported for the stage-1 

compounds such as (LaSh . 14NbS2. 4 .5) Intense spots arc easily 

interpreted as reflections either from the pseudo-hexagonal layer 

(the NbS2 layer) or from the pseudo- tetragonal layer (the LaS layer). 

These main reflections exhibit a systematic reflection condition 

indicative of the C-centering of both the sublattices, i.e., hlcO 

h+lc=evcn. The reciprocal lallice vectors of the two kinds of layers 

coincide in one direction (the b direction). Taking centered 
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rectangular unit cells on this projection. the cell dimensions of the 

two kind of layers are a 1 =3.32A. a2=S.86A. and b'=b 1'=b2'=S. 76A. 

where the subscripts 1 and 2 refer to the NbS2 and the LaS 

sublattice, respectively. The parameter b' is the projected b axis, i.e .. 

b'=bsina. Since the monoclinic angle a differs only slightly from 90° 

(see below). b' practically equals to b within our experimental 

accuracy. From the inverse of the ratio a2/a1 = 1. 76. we can derive 

the ideal (or structural) composition of x=0.57 in the formula 

(LaS)xNbS2. Although this ratio is close to a rational number 7/4. it 

is essentially irrational. This incommensurability along the a axis is 

reflected by sequences of closely and not equally spaced satellite 

spots along the a* direction. These satellite spots can be interpreted 

as arising from multiple diffractions, or as a result of the mutual 

modulation between the two kinds of layers. as discussed by Kuypers 

et al. 4.5) Whichever interpretation is taken. the diffraction vector q 

should be expressed as q =Ha 1*+Ka 2*+Lb*+Mc* (H,K,L,M; integer). 

as really observed [Fig. l(b)J. The systematic reflection condition is 

observed: If+K+L=2n for HKLO reflections. 

Figure 2(a) shows a typical lattice image along the [00 1 I zone 

axis. The pseudo-hexagonal pattern of dots can be interpreted as 

representing the NbS2 layer. Rows of the dots running parallel to the 

a axis are separated by b ' /2. The spacing of the dots in the rows 

equals a 1 . In each row along the a axis. four or three bright dots and 

three or four less bright dots alternate in an almost periodic way. 

which is consistent with an approximate supercell with a dimension 

of 7 a 1 (=4a2) along the a axis. The phase of the periodic brightness 

modulation in one row differs by n from that in the adjacent row. An 
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interesting lattice in1age !Fig. 2(b)] was obtained at a different area 

within the same foil as Fig. 2(a). In this image the pseudo-hexagonal 

pattern (region A) smoothly varies into the pseudo-tetragonal pattern 

(region B). Image simulations for the stage-1 compound 

(LaSh .14NbS2 have revealed that the pseudo-hexagonal or the 

pseudo-tetragonal pattern. which respectively represent the NbS2 or 

the LaS layer, can be observed according to thickness of foils. 4,5) 

However, there seems to be some doubt whether this explanation is 

applicable for the present image. The transitional region spreads 

over only a few dots and the transition is very smooth. There is no 

reason to expect the foil thickness substantially changes within such 

a narrow region. 

3.2 The {100] zone axis 

Figure 3 shows an electron diffraction pattern along the [100] 

zone axis. The spots are closely spaced along the c* axis and shows 

the inter layer repeat distance of 17 .4A consistent with the OOl x-ray 

diffractogram. Trying connecting the spots horizontally, it is evident 

that the b* axis forms an oblique angle with the c* axis, i.e., o:*:;e90°. 

Two possible cell choices are indicated in Fig. 3, and the monoclinic 

angle o:* is 84° or alternatively 87°. Streaks along the a* axis are 

observed not only between the Olcl (fc=even) spots but also on the 0/cl 

(lc=odd) rows, which may indicate disorder along the c axis and 

violation of the C-centering. However the fact that the OOl x-ray 

diffractograms show sharp peaks casts some doubt whether these are 

intrinsic or caused by the preparation procedure . Figure 4 shows the 

corresponding lattice image. This image shows (001) layer stacking 
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with the interlayer repeat distance of ca. 17 A. The spacing of dots 

resolved in hortzontal rows is 2.9A. which corresponds to b/2. 

§4. Discussion 

On the basis of the structure data of the stage-1 compounds 

(MS) 1.2TS2. Wiegers et al. 10) have proposed a simple building 

principle in these compounds. According to them, the metal atoms 

M of the MS layer fall in grooves between sulfur atom rows of the 

adjacent TS2 layer which run parallel to the a axis. This building 

principle has succeeded in explaining the occurrence of 

orthorhombic and monoclinic (or triclinic) symmetries in the stage-

1 compounds. The spacings of the grooves are b/2, which gives rise 

to other variations in the structure; each layer of one kind can stack 

either just vertically above the preceding one or displaced by b/ 2 

relative to the preceding one. For example. in (LaS) 1. 14NbS2 the LaS 

layer stacks vertically without relative shift, resulting in a C-centered 

orthorhombic lattice, whereas the NbS2 layer stacks with systematic 

shift of b/2, resulting in a F-centered orthorhombic lattice with a 

doubled c dimension. However, it is to be noted that Kuypers ei al. 

have argued from their electron microscopy observations that such a 

relative shift of successive layers is not very systematic and that the 

region with the systematic shift and that with no shift coexist even 

within one crystal foiL 5) 

The structure of the stage-2 compound (PbS) 1.12(NbS2h 9) 

suggests that the building principle above is also applicable for stage-

2 compounds. We therefore discuss possible structures of the stage-
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2 compound (LaSlo.s7NbS2 based on this principle. We assume that 

the two consecutive NbS2 layers between two successive intercalate 

layers stack in the same way as two adjacent layers of 3R-NbS2, since 

this arrangement is really observed in (PbSh. 12(NbS2l2. Such a 

double NbS2 layer is shown in Fig. 5. It is easily seen that the grooves 

of one side of the double layer are displaced by b/3 relatively to those 

on the other side. Since the spacings of the grooves arc b/2. there 

exist two different slacking modes analogous to the C-ccnlcring and 

the F-centering in the stage-1 compound, i.e .. two successive layers 

of one kind can be displaced by b/3 or b/6 (=b/2-b/3). Accordingly 

one obtains four structure models A-D for (LaSlo.s7NbS2 as shown in 

Fig. 6. The NbS2 sublattice in all the models and the LaS sublattice in 

the models A and D are described in a C-centered monoclinic cell. 

while the LaS sublattice in the models B and C is described in an F­

centered monoclinic cell with a doubled c dimension in order to 

keep the c direction common to the NbS2 and the LaS sublaltice. 

We restrict ourselves to the projection along the [ 1 00] zone 

axis. This corresponds to neglecting a distinction between open and 

solid circles in the figures. and hence each projection of the four 

structures cannot be distinguished from another. The c axis can be 

chosen as c=c.t- b /3 or c=c.t- b/6. where C.t is the vector 

perpendicular to the ab plane with the length of the inlcrlayer repeat 

distance Ic. The monoclinic angle a can be calculated by 

a=90°+arctan(b/3Ic) or a=90°+arclan(b/6Ic), respectively. Using the 

values of Ic=17.47A and b=5.76A, a is 96.1° or 93.1° and the relation 

cosa*=-cosa yields a*=83. 7° or 86.9°. These values are in good 
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agreement with the experimental values calculated from the [100] 

axis pattern. 

§5. Swnmary and Conclusions 

We have carried out the electron diffraction and microscopy 

observations of a new incommensurate layer compound (LaS)o.57NbS2 

with a stage-2 structure. The [00 1] zone axis electron diffraction 

pattern and lattice image clearly show the incommensurability in the 

structure. The monoclinic angle a* of 84° or 87° observed in the 

[ 100] zone axis pattern is successfully explained by the structure 

models based on the building principle of Wiegers et al. 10) 
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Fig. 1(a). Electron diffraction pattern along the [001] zone axis of (LaS)o.s1NbS2. Intense spots a re reflections 

from the NbS2 layer (1) or from the LaS layer (2). The 020 refl ection is common to both the layers. 



c..v 
1--' 

Fig. l(b). Enla rgement of Fig. l(a). Satellite spots are indexed by four integers H,K,L,M, where the diffraction 
vector q is expressed as q=Ha 1 *+Ka 2*+Lb *+M c*. 



(a) 

(b) 

Fig. 2. Lattice images along the 100 l I zone axis of (LaS)o.57NbS2 at two 

different areas of the same foil. (a) The pseudo-hexagonal pattern of dots 
represents the NbS2 layer. The dots show an underlying pseudo 

orthohexagonal lattice and their brightness varies almost periodically along 
the a axis. (b) The pseudo hexagonal pattern of dots (region A) smoothly 

varies into the pseudo tetragonal pattern (region B) representing the LaS 

layer. 
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Fig. 3 . Electron diffrac tion pattern along the 1100] zone axis of (LaSlo.57NbS2. Two cell choices with the 
monoclin ic angle a * of 84° or 87° are possible. 



Fig. 4. Lattice image along the [ 1001 zone axis of (LaSJo.57NbS2 showing 

(001) layer stacking with the interlayer repeat distance of ca. 17A. 
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Fig. 5. 1\vo adjacent layers in 3R-NbS2 arc viewed (a) along the c axis 

and (b) along the a axis of the orthohexagonal cell defined in (a). The 

sulfur atom rows run parallel to the a axis. The rows of the upper 
layer arc displaced by b/3 from those of the lower layer. The grooves 
between the sulfur atom rows are indicated by arrows in (b). 
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Fig. 6. Four structure models A-D for (LaS)o.s7NbS2 viewed along the [ 100] zone axis . In the models B and C, the 

LaS sublattice is described \vith an F-centered monoclinic cell with a doubled c dimension in order to keep the 
c direction common to the NbS2 and the LaS sublattice. 



Chapter 4 

Electrical Transport Properties of 

the Incommensurate Layer 

Compounds (RES)xNbS2 

(RE=rare-earth metals; x 1.2, 0.6) 

§1. Introduction 

This chapter is mainly composed of the results of the resistivity 

and Seebeck coefficient measurements carried out on various 

compounds of (RES)xNbS2 (x=l.2, 0.6). In the course of the 

resistivity measurements, an anomalous decrease in the resistivity 

has often been observed at low temperatures for most of samples. 

Accordingly, we have carried out the ac magnetic susceptibility 

measurements on (LaSh .2NbS2 in order to clarify whether the 

resistivity decrease is due to bulk superconductivity or not. 

In addition, the de magnetic susceptibility of (LaSh .2NbS2 are 

also reported. From this measurement we can deduce the Pauli 
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paramagnetic susceptibility of the compound, which is a measure of 

the density of states at the Fermi level. 

§2. Experimental 

All the samples have been prepared as described in chapter 2. 

The basal-plane resistivity Pab was measured between 1.5 and 

300 K using standard four-contact method . In the case of the single 

crystal #26-B of (CeSh. 2NbS 2 taken from the batch #26. the 

orientation of whose a and b axes was determined by x-ray 

Weissenberg photographs, two successive measurements. one with a 

current parallel to the a axis and the other with a current parallel to 

the b axis, were carried out to estimate the basal-plane anisotropy in 

the resistivity. (The crystal #26-B has also been used in chapters 5 

and 6) A similar experiment was also done on a single crystal of 

(LaSh.2NbS2. 

The c-axis resistivity Pc was measured for two samples of 

(LaS) 1.2NbS2 using Schnabel's method. ll The geometry of electrodes 

is shown in Fig. 1 (a). First. a current lAc is passed through the 

contacts A and C and the resulting voltage VBo is measured between 

B and D. The pseudo resistance R1 is defined as R1= Vso/ lAC · Then a 

current lAB is passed through the contacts A and B and the voltage 

Vco is measured between C and D. The pseudo resistance Ru is 

defined as Ru= Vco/ lAB· From the ratio r=RJ/ Ru. the probe distance 

s, and the sample thickness w. we can decide p ab and p c 

simultaneously using functions calculated by Schnabel. l) In our 

measurements, the current was limited to -10 A so as to avoid 
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sample heating and damage. Typical voltage output across the layer, 

VBD· in this case was only about 100 nV. In order to obtain stable 

readings of such a low voltage, the electrodes were made by 

evaporating gold. 

In these resistivity measurements, the main source of error is 

in the estimation of the sample dimensions, especially the thickness. 

The typical thickness was of a few tens of 11m and not very 

homogeneous across the sample area. Thus absolute values of the 

resistivity are, in general, estimated to be inaccurate by about 20% 

and in the worst cases of very thin and small samples the error is 

expected to be as large as 50%. 

The Seebeck coefficient was measured between 10-300 K as 

follows. Two Au+0.07 at.%Fe vs. chromel thermocouples were 

attached to both ends of a sample !Fig. 1(b)]. With a temperature 

gradient, llT~l K, applied, the voltage between the two 

Au+0.07 at.%Fe leads, VAF. and that between the two chromel leads, 

Vch. were measured. The Seebeck coefficient S of the sample can be 

calculated by 

S = Sch + Vch SAF.ch 
VAF- Vch 

( l ) 

where Sch is the Seebeck coefficient of chrome! and SAF.Ch is a 

thermoelectric power of the Au +0. 07 at. %Fe vs. chromel 

thermocouple. Unfortunately, the uncertainty in Sch and SAF.Ch at 

low temperatures and a small voltage output make it difficult a 

reliable measurement of a small Seebeck coefficient (S::::O) below 

~50 K, which was the case with the stage-2 compounds. 
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The de magnetic susceptibility of (LaSh.2NbS2 was measured 

between 2-230 K with a Faraday balance. The sample consisted of 

ca. 120 mg of randomly oriented small crystals. 

The ac magnetic susceptibility of (LaS) 1.2NbS2 was measured 

between 1.2-4.2 K by means of a Hartshorn bridge operating at 

86.9 Hz. Measuring fields of 0.1-1 Oe were applied parallel and 

perpendicular to the c axis. The sample consisted of ca. lOOmg of 

crystals whose c axes were appropriately oriented to the measuring 

field. 

§3. Results 

3.1 The resistivity of lhe slage-1 compounds (RES) 1.2NbS2 

We start with the basal-plane anisotropy in the resistivity. In 

Fig. 2 are shown the a-axis and the b-axis resistivities measured for 

the single crystal #26-B of (CeSh. 2 NbS 2. The temperature 

dependence and absolute values show almost no difference between 

the a-axis and b-axis resistivities; PaiPb is 1.02 at 280 K and 0.98 at 

4.2 K. An anomalous decrease in the resistivity below about 2.5 K is 

due to a fractional superconductivity. which will be described in 

detail in §3.3. In the case of a single crystal of (LaS) 1.2NbS2. a small 

anisotropy is observed; PaiPb is 1.19 at 280 K and 1.31 at 4.2 K. This 

s light anisotropy, however, seems to be not intrinsic but rather due 

to cracks. In the crystal used for this measurement. several apparent 

cracks were found developing along the b axis and they probably 

made an effective cross section where a current parallel to the a axis 

could pass smaller. Thus we conclude that these two compounds 
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have practically no anisotropy in the basal-plane resistivity and this is 

probably applicable to the other compounds treated here including 

the s tage-2 compounds. 

The results of the basal-plane resistivity. Pab. measurements are 

briefly summarized in Fig. 3 for the stage-l compounds (RESh.2NbS2 

(RE=La,Ce.Pr,Nd,Sm.Gd.Dy.Er,Yb) [and also for the stage-2 

compounds (LaS)o.6NbS2 and (CeS)o.6NbS21· The room-temperature 

resistivities are several hundred !J.Q •em. It seems that the 

compounds based on the heavier rare-earth metals such as Dy, Er. 

and Yb tend to have larger resistivities. These larger resistivities may 

be attributed to small changes in the carrier concentration. since the 

residual resistivity and a temperature-dependent part of Pab increase 

in proportion. [The large resistivity of (PrSh.2NbS2 is an exception 

and probably attributed to a large error in the estimation of the thin 

sample thickness (9 !J.m) and also to accidental poor quality of the 

sample as judged from considerably small residual resistivity ratio.] 

The residual resistivity ratio Pab(280 K)/Pab.res is small around 2.5 for 

all the stage-1 compounds due to the large residual resistivity Pab,res 

at 4 .2 K, which indicates that the conduction carrier is strongly 

scattered by a random potential. This seems to have some relevance 

to the structural incommensurability in the present compounds and 

will be discussed in §4.3. 

All the stage- l compounds except (YbSh. 2NbS2 show very 

similar metallic temperature dependence of the basal-plane 

resistivity. To illustrate this, we have plotted normalized 

temperature dependences. [Pab(T)-Pab.resl I [Pab(280 K)-Pab,resl. in 

the range of 4.2-300 K for some of the stage-1 compounds (Fig. 4). 
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The basal-plane resistivity shows an almost linear temperature 

dependence down to -100 K and decreases as y3 - T4 below -40 K. 

The nearly y3 dependence of the basal-plane resistivity, not a usual 

T 5 law. has also been observed for pure 2H-NbS2 and 2II-NbSe2 

below -25 K. 2) In the case of (YbSh.2NbS2. a slight convex curvature 

is seen between 100-300 K. In some samples. a very shallow 

minimum is observed around 10 K. 

The c-axis resistivity Pc of (LaSh.2NbS2 also shows a metallic 

behavior (Fig. 5). The anisotropy ratio Pel Pab slightly increases from 

44 at 280 K to 49 at 4.2 K for one sample and from 21 at 280 K to 32 

at 4 .2 K for the other. In general, measurements of the resistivity 

perpendicular to the layer plane in layered compounds suffer from 

experimental problems such as intcrlayer shorts or internal sample 

cleavage. In addition to them, in the case of the present 

experimental setup. when a slight horizontal misalignment between 

the contacts B and D exists [Fig. 1(a)J. the voltage Vso across the 

layer will contain an undesirable contribution from a vollage drop 

a long the layer. Thus the above values of the anisotropy ratio should 

be regarded as the lower bound. However, even then. there seems to 

remain a pronounced discrepancy between our result and a previous 

one reported by Wiegers and Haange, who have measured Pc of the 

same compound (LaS) 1.2NbS2 by a two contact method and reported 

the anisotropy ratio Pel Pab of 2x 104 at T=4. 2 K. 3) We also tried 

two-contact measurements of Pc but the sample resistance was too 

small to be masked by the contact resistance of a few n. 

In magnetic compounds the resistivity near the magnetic 

transition temperature is expected to bring certain information about 
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the magnetic interaction between the conduction carrier and the 

local magnetic moment. Unfortunately the magnetic transition 

temperatures in the present compounds are rather low and the 

fractional superconductivity often masked the intrinsic resistivities of 

the compounds near their magnetic transition temperatures. Thus 

we don't have much data on this point. The basal-plane resistivities 

of (CeSh.2NbS2 (TN=3.2 K, see chapter 6) and (GdSh.2NbS2 

(TN=4.6 K) 4) ncar the respective Necl temperatures TN show no 

anomaly at TN except that the resistivity of the latter compound 

decreases very slightly (ca. 0.2 Jl.G •cm) below TN (Fig. 6). !For 

(CeSh.2NbS2. see Fig. 9.] This suggests that the magnetic interaction 

between the conduction carrier and the local 4f moment is quite 

weal( in these compounds. 

3.2 The resistivity of the stage-2 compounds (RESJo.6NbS2 

The basal-plane resistivities of the stage-2 compounds. 

(LaSlo.6NbS2 and (CeS)o.6NbS2. show a metallic behavior similar to 

the stage-1 compound (Fig. 7). However rather definite resistivity 

minima were observed at ca. 20 K for all the four samples examined. 

Defining the residual resistivity as the value at the resistivity 

minimum, the residual resistivity ratio is ca. 2 and smaller than a 

typical value of ca. 2.5 for the stage-1 compound. Below the 

resistivity minima, the resistivities are nearly linear to lnT for both 

the La and Ce compounds !Fig. 7(b)]. which will be discussed later in 

§4.3 in connection with the weak localization of the conduction 

carrier. In (CeS)o.GNbS2. the basal-plane resistivity shows no anomaly 

at its Neel temperature (TN=3.0 K. see chapter 6). The anomalous 
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resistivity drop probably due to the fractional superconductivity of 

the same origin as the stage-1 compounds was observed below 

around 2 K for two samples of (CeS)o.6NbS2, but the magnitude of the 

decrease is considerably smaller than that typically observed in the 

stage-1 compound. 

3 .3 The f ractional superconductivity 

Not all the samples but most of the samples of all the 

compounds studied here except (LaS)o.6NbS2 show an anomalous 

current-sensitive resistivity decrease at low temperatures, although 

this type of the anomalous behavior is omitted in Fig. 4 for simplicity. 

We have been interested in this phenomena and carried out an 

intensive resistivity measurements at low temperatures for a number 

of samples. 

For example. we have examined the basal-plane resistivities of 

the five (LaS) 1.2NbS2 samples and all of them show. more or less, the 

anomalous decrease . The onset temperatures of the anomaly arc 

widely scattered between 1. 5-5.5 I<. The magnitude of the decrease 

much varies from sample to sample; the resistivities at 1.5 K are 

ranged from almost 0% to almost 100% of the values above the 

anomaly depending on a sample (and a measuring current). The 

resistivity curve below the onset of the anomaly is very sensitive to a 

s mall current density of 1-10 A/cm2. The "transition" width is very 

broad. In some cases. the resistivity does not steadily decreases 

approaching to zero but levels off at a finite value (Fig. 8). 

The present single-crystal resistivity measurements indicate 

that this resistivity decrease is anisotropic; in the case of a current 
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parallel to the b axis the onset temperature appears slightly higher 

and the decrease is more pronounced compared with the results 

with a current parallel to the a axis [see Fig. 9. which is an 

enlargement of the low temperature part of Fig. 2). 

The ac magnetic susceptibility (real part) of (LaSh .2NbS2 are 

shown in Fig. 10. A diamagnetic signal develops below ca. 2.2 K and 

the susceptibilities with a measuring field of 0.1 Oe parallel and 

perpendicular to the c axis reach about 30% and 10% of the perfect 

diamagnetism at 1.2 K, respectively. A measuring field of 1 Oe is 

enough to suppress the diamagnetism by about one order of 

magnitude. (This extremely small "critical field" makes it practically 

impossible to detect a diamagnetic signal by means of a usual Faraday 

method.) The imaginary part of the ac susceptibility gradually 

increases below the onset of the diamagnetism. This indicates that 

the shielding current flows through Josephson junctions and 

consequently that the Meissner volume fraction above has 

overestimated the true volume of the supcrconducting portion. 

Although the diamagnetism evidences that the anomaly in the 

resistivity is due to superconductivity, the experimental observations 

mentioned above are very different from those expected for a bulk 

superconductor. 

3.4 The Seebeclc coeificienl 

The Seebeck coefficients of the stage-1 compounds 

(LaSh.2NbS2 and (CeSh.2NbS2 arc 46 and 39 ~V· K-1 at 280 K, 

respectively, and decreases with temperature as consistent with the 

metallic behavior of the conduction of these compounds (Fig. 11) . A 

45 



small convex curvature is probably attributed to the phonon drag 

effect. A close value of 47 ~-tV • K-1 at 280 K has been reported for 

(LaSh.2NbS2 by Wiegers and Haange but their results show an almost 

linear temperature dependence different from our slightly convex 

curve. 3l In the case of (CeSh.zNbS2, Wiegers et al. have reported a 

rather smaller value of 28 ~-tV •K-1 at 280 K. 5) These disagreements 

are probably due to the fact that the two previous measurements 

were made on powder compacts. 

The Seebeck coefficients of the stage-2 compounds 

(LaS)o.6NbSz and (CeS)o.6NbSz are considerably smaller and 2.8 and 

5 .8 ~-tV • K-1, respectively (Fig. 12) . The Seebeck coefficients of the 

two compounds decrease linearly with temperature down to -50 K. 

The data below 50 K are omitted because of the experimental 

problem mentioned in §2. 

3.5 The de magnelic susceplibilily of (LaS) 1.2NbS2 

The de magnetic susceptibility of (LaS) 1.2NbS2 is shown as a 

function of temperature in Fig. 13. The observed susceptibility is 

well fitted to the formula 

X= _c_ + Xo 
T-9 

(2) 

with C=3.29xl0-3 emu•K/mol-La, 9=-0.67 K, and xo=l.6x10-5 

emu/mol-La = l.8x10-5 emu/mol-Nb. The value of the Curie constant 

C corresponds to the fact that 0. 9% of the non-magnetic La is 

replaced by magnetic ions with g=2 and s=l/2. This concentration 

of the magnetic moment is well accounted for by impurities (probably 
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rare-earth elements), when the nominal (commercial) purity of the 

starting La (99.9o/o) is considered. The temperature-independent 

term xo can be regarded as the sum of the Pauli paramagnetic 

susceptibility of the conduction carrier and the orbital diamagnetism 

of ion cores . 

Our results are in complete disagreement with previous results. 

Wiegers and Haange have reported the values of C = 0. 1 1 

emu•K/mol-La and 8=-35 K for the same compound and their 

susceptibility shows a strange jump at about 40 K. 3) Pena el al. have 

reported the values of C=0.03 emu•K/mol-La and 8=-3.5 K 4) 

Wiegers and Haange have proposed coexistence of La2+ with 

one localized 4] electron and La3+ in (LaS) 1.2NbS2 on the basis of 

their large Curie constant, which corresponds to the fact that 14o/o of 

La is divalent with one 4] electron in (LaSh.2NbS2. 3) However, our 

results never support such a magnetic La2+ ion. Considering the 

large discrepancy between the Curie constants of (LaSh .2NbS2 

deduced by the different authors, the large magnetic moment 

observed by Wiegers and Haange seems to be not intrinsic. 

§4. Discussion 

4 .1 Rigid-band model considerations 

The pristine trivalent rare-earth monosulfides RES with the 

rocl{-salt structure are metallic compounds in which one electron 

occupies a conduction band of mainly rare-earth 5d character. 6) 

This RE 5d electron will be transferred to the d 2 2 band of the host 
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NbS2 layer when rare-earth sulfide layers are inserted into NbS2 to 

form (RES)xNbS2. 

In the case of the stage-1 compound (RESh.zNbSz, some of the 

RE 5d electrons must remain on the RES layer, since there are more 

than one RE 5d electron per Nb. Hence the intercalate RES layer 

may sustain conduction carriers. In other words, the intercalate 

band of mainly RE 5d character is expected to exist at the Fermi 

level besides the d 22 band of the host layer from a naive expansion of 

the rigid-band model, i.e., if we impose the rigid-band model not 

only on the host band-structure but also on the intercalate one. 

However. Wiegers el al. have observed the almost temperature­

independent Hall coefficient, which is characteristic of a 

single-carrier system. for the stage-1 compound (CeSh.2NbS2 and 

the observed Hall coefficient is positive, which is consistent with the 

more than half-filled d 2 2 band. 5) Hence they have attributed this 

carrier to holes in the d22 band and have estimated its concentration 

at 0.04 hole/Nb (an average of two single-crystal measurements), 

employing a single-carrier model. 5) This hole concentration 

n corresponds to a large charge transfer rate of 0.83 electron per Ce. 

(Wiegers ei al. have remarked that the Hall coefficients determined 

for the two single crystals differ by a factor of 2.3 and have attributed 

it to an error in the estimation of the thickness of the very thin 

crystals. 5l Accordingly the carrier concentration quoted above 

contains a considerable error of up to -50%. while this error brings 

only relatively small uncertainty in the charge transfer rate.) 

Although the assumption of the single-carrier system is not fully 

self-evident, we will show our results support this assumption. 
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In the case of the stage-2 compound. the charge transfer rate 

per Nb will be almost halved due to the doubled NbS2 layer. 

Accordingly, even though the complete charge transfer occurs, i.e., 

one electron per RE is transferred into the d 2 2 band. the d 2 2 band 

still contains 0.4 hole/Nb, which is one order of magnitude larger 

than the hole concentration in the stage-1 compound. Thus a 

pronounced change in the carrier concentration is expected from 

the rigid-band model for the host band-structure. 

On the basis of these considerations with the rigid-band model, 

we discuss implications of our results below. 

Assuming Matthiessen's rule, the electrical resistivity p in 

magnetic compounds can be expressed as 

P = Pres + Pph + Pmag . ( 3) 

where Pres is the temperature-independent residual resistivity due to 

lattice defects and impurities, Pph is the resistivity arising from the 

scattering of the conduction carrier by phonons. and Pmag is due to 

the scattering by local magnetic moments. The magnetic resistivity 

Pmag is expected to depend on the particular rare-earth element of 

(RES)xNbSz and to be proportional to the de Gennes factor 

(gJ-1) 2J(J+ 1) at high temperatures if we assume the exchange 

coupling between the conduction carrier and the local 4] moment is 

the same among compounds based on different rare-earth metals. 7 l 

In addition, the magnetic resistivity, generally, shows an anomaly 

such as a rapid decrease or a cusp at the magnetic lransilion 

temperature. However the resistivities of (RES)xNbSz show little 

difference in the temperature dependence among the same stage 

compounds and no correlation between the room-temperature values 
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and the de Gennes factor can be seen. The resistivities of 

(CeSh.2NbS2. (GdSh.2NbS2. and (CeS)o.5NbS2 show almost no 

anomaly near the respective magnetic transition temperatures TN. 

These facts indicate that Pmag in these compounds is very small, 

which is quite unlikely if the conduction carriers are predominantly 

the RE 5d electrons. Hence the metallic conduction of (RES)xNbS2 

is dominated by the d 2 2 band of NbS2, which can be another 

justification for the single-carrier assumption, and the exchange 

coupling between this carrier and the local 4f moment is rather 

small. 

The anisotropy ratio pel Pab measured for the stage-1 compound 

(LaSh .2NbS2 is 21-44 (T=280 K). which indicates that the electronic 

structure of the compound is a quasi two-dimensional one reflecting 

the quasi two-dimensional structure. However this anisotropy ratio is 

40-90 times smaller than that for pure 2H-NbS2 (pcfPab=1900 at 

300 K). 8) In general, intercalation replaces the weak inter layer 

interaction of van der Waals type in pure materials with interaction of 

somewhat bonding character between the intercalate and the host 

layer in intercalation compounds . For example, Pfalzgraf eL al. have 

reported a still smaller anisotropy of p c/ p a b =4 for copper 

intercalated NbS2. Cu1;2NbS2. and have attributed it to strong 

interlayer coupling via the inserted copper atoms. 9l Hence the 

smaller anisotropy ratio observed for (LaSh.2NbS2 is not unexpected. 

The Seebeck coefficient decreases by about one order of 

magnitude when one goes from the stage-1 compound to the stage-2 

compound. The Seebeck coefficient S of metals consists of two 

separate contributions, namely, the diffusion thermopower of the 
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conduction electron Sct and the phonon drag effect Sph· 10) (Here we 

neglect the magnon drag term, which would be small in the present 

compounds as the magnetic resistivity.) The diffusion thermopower 

Sct is inversely proportional to the Fermi energy EF and varies linearly 

with temperature as 

( 4) 

where d equals l or 3/2 for two- or three-dimensional metals. 

respectively. 11) The scattering parameter p characterizes the energy 

dependence of the relaxation time 't of the conduction electron as 

't oc c.P; p=-l/2 for ionized impurity scattering and 3/2 for acoustic 

phonon scattering. for example. The phonon drag thermopower Sph 

increases as T 3 at low temperatures. shows a maximum around 

0. l8o ~0. 28o. where So is the De bye temperature. and then 

decreases as y-1 at high temperatures. 10) 

The overall shapes of the Seebeck coefficient curves of the 

stage-1 and stage-2 compounds are fairly linear to temperature. 

especially at high temperatures. indicating the diffusion 

thermopower Sct is the dominant term. Hence the drastic reduction 

of the Seebeck coefficient in the stage-2 compound should primarily 

be ascribed to a considerable increase in the Fermi energy. Using eq. 

(4) with d= l, p= l /2. and the values at 280 K as the diffusion 

thermopower. we obtain 

eF = 0.23 and 0.28 eV for (LaSh .2NbS2 and (CeSh .2NbS2. 

respectively. and 
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eF = 3.7 and 1.8 eV for (LaSlo.6NbS2 and (CeS)o.6NbS 2. 

respectively. However. it is to be noted that these values are rough 

estimates and must be viewed in a qualitative manner because of the 

crude approximations explicitly and implicitly made. 

The Fermi energy of the stage-1 compounds is really small as is 

consistent with the small carrier concentration that is deduced from 

the Hall coefficient measurements wilh the single-carrier 

assumption. It is quite likely that the two stage-1 compounds have 

practically the same Fermi energy, since the charge transfer ratio is 

probably almost the same for the two compounds. The about one 

order of magnitude larger Fermi energies calculated for the stage-2 

compounds indicate a substantial increase in the carrier 

concentration. which is just expected from the rigid-band model for 

the host band-structure as discussed above. However the values for 

(LaSlo.6NbS2 and (CeSlo.6NbS2 differ by a factor of two and, even 

though we take into account the approximate nature of the 

estimations, the Fermi energy of the former compound seems to be 

too large for the narrow d2 2 band. This might imply that the Seebeck 

coefficient of (LaS)o.6NbS2 contains some negative contribution from 

the electron-like Fermi surface. Although several band-structure 

calculations of NbS2 predict only the hole-like Fermi surface 12) and 

the Hall coefficient of NbS2 is positive, 2) the Seebeck coefficient of 

NbS2 is negative, 13) indicating some electron-like Fermi surface 

coexists with the major hole-like one. In intercalation compounds. 

such an electron-like Fermi surface might survive when the charge 

transfer is not very large as has been pointed out by Bouwmeester el 
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al. in connection with negative Seebeck coefficients of AgxNbS2 

(x=0.25.0.6) . 14) This might be the case with (LaS)o.6NbS2. 

The Pauli paramagnetic susceptibility Xp. which is proportional 

to the density of states at the Fermi energy. of (LaSh.2NbS2 can be 

estimated by subtracting the diamagnetic susceptibility of the ion 

core Xd from the observed temperature-independent susceptibility 

XO· Using the values of Xd (La3+) =-20xlQ-6 emu/mol. 15) Xd (Nb5+) = 

-9xlQ-6 emu/mol. 15) and Xct(S2-)=-2l x l0 -6 emu/mol. 16) we obtain 

Xp=l.2xl0-4 emu/mol-Nb. Pure 2H-NbS2 shows almost temperature­

independent magnetic susceptibility of about 2.0xl 0-4 emu/mol. 17) 

Applying the same correction for the diamagnetism. the Pauli 

paramagnetic susceptibility of 2H- NbS2 is estimated at 2.5x 1 Q-4 

emu/mol. Hence the density of states at the Fermi energy of 

(LaSlo.6NbS2 is reduced from that of the host NbS2 by a factor of two. 

This is qualitatively consistent with the increased occupation of the 

d 2 2 band by the charge transfer. since the density of states of 

2H-NbS2 has a maximum at slightly lower energy than its Fermi 

energy and decreases toward both ends of the d 22 band. 12) Such a 

comparison of the Pauli paramagnetic susceptibility would be more 

meaningful if we could utilize that of the stage-2 compound 

(LaS)o.6NbS2 . However. unfortunately. it was impossible to measure 

the magnetic susceptibility of (LaSlo.6NbS2 since only a quite small 

amount of the specimens were available. 

Thus we can well interpret the transport and magnetic results 

by applying the r igid-band model to the host band-structure and 

incorporating a large charge transfer from the intercalate RES layer 

to the host d 2 2 band. There has appeared no need to take account of 
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the intercalate band of mainly RE 5d character. although we have 

noted that it can exist at the Fermi level in the stage-1 compound 

(RESh.2NbS2 . As will be reported in chapter 6. we have found a 

large crystal-field splitting of the 2 Fs12 state of Ce3+ in the stage-1 

compound {CeS) 1 .2NbS2 from the analysis of the magnetic 

susceptibility. The found overall splilling of more than 500 K is even 

larger than that in semiconducting Ce2S3 {385 K). 18) which indicates 

that the crystal field around the Cc3+ ions in {CeSh.2NbS2 is hardly 

screened by the free carriers. Combining this with the present 

results. we infer that the intercalate RE 5d band has a vanishing or 

only negligibly small density of states at the Fermi level. 

4.2 The fractional superconduclivily 

The anomalous resistivity decrease at low temperatures often 

observed in {RES)xNbS2 has been a controversial problem. A similar 

anomaly has been reported for {LaS) 1.2NbS2 by Meerschaut ei al. 19) 

and for (RESh.2NbS2 (RE=La, Cc. Sm. Y) by Peiia el al. 1) The authors 

of both the papers have attributed it to a superconducling transition. 

On the contrary. Reefman ei al. have stated that the compounds 

(RESh.2NbS2 (RE=La. Sm) do not become superconducung down to 

0.07 K on the basis of the ac magnetic susceptibility data. 20) Suzuki 

et al. have observed the same type of a resistivity drop in related 

compounds (RESlxTaS2 (RE=La, Cc; x,; 1.2, 0 .6) and regarded it as a 

fractional superconductivity occurring at interfaces of the intercalate 

domains. 21l 

The present ac susceptibility data show the resistivity anomaly 

is due to superconductivity. However the experimental 
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characteristics seem to imply that the superconductivity is not a bulk 

but a fractional one, i.e., only some portions of the samples become 

superconducting. The portion that is responsible for this fractional 

superconductivity cannot be a macroscopic quantity of 

superconducting impurities, since our samples are verified to be 

single-phased by the (000 x-ray diffractgrams. Especially, the crystal 

#26-B of (CeSh.2NbS2. which does exhibit the resistivity decrease as 

can be seen Fig. 9, is a single crystal as far as the x-ray Weissenberg 

photographs concern. Very similar fractional superconductivity has 

often been observed for transition-metal trichalcogenides such as 

NbSe3, 22) TaSe3, 22) and ZrSe3 . 23) In the case of NbSe3 . careful 

experiments by Kawabata and Ido have proved that the fractional 

superconductivity occurs only near crystal boundaries between single 

crystals . 24) A similar explanation seems to be applicable to the 

present case . 

The present single-crystal resistivity measurements show that 

the resistivity decrease is more pronounced for I/ I b than for II I a, 

which indicates that the superconducting portions are aligned 

parallel to the b axis . If we assume that crystals are sub-divided into 

domains by micro-boundaries running parallel to the b axis, that the 

intercalate RES layer is absent near such micro-boundaries, and that 

un-intercalated NbS2 thus formed at the micro-boundaries are 

responsible for this fractional superconductivity, the observed 

anisotropy is well explained. Although the supercond ucting 

transition temperature of pristine 2H-NbS2 is 6.23 K, 17) the 

influence of stress. inhomogeneity, off-stoichiometry. etc. on NbS2 at 
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the micro-boundaries could account for the wide scattering of the 

onset temperatures and the broad transition widths. 

The existence of such micro-boundaries can be rationalized by 

structural considerations on the incommensurability along the a axis 

between the intercalate RES and the host NbSz layer and on the 

pinning of the former to the latter. In real crystals, the intercalate 

layer is never ideally incommensurate with the host layer throughout 

a crystal. but is pinned at several points due to impurities, defects, 

etc. of the host layer. When two intercalate domains pinned at 

different positions meet, there is no a priori reason that they 

smoothly connect along the incommensurate a axis. Thus 

micro-boundaries of mismatching region are formed along the b axis 

and the intercalate RES may 'be vacant there. In this connection, it 

is worth while noting the following experimental observations: (i) 

When crystals are cleaved, cleaved thin foils are found to be 

elongated along the b axis. (ii) Crystals are easy to bend so as to 

enclose the b axis and also to cut along the b axis. These facts seem 

to suggest that crystals are sub-divided into domains elongated along 

the b axis. 

4.3 The large residual resisUviLy and lhe carrier localization 

In general, the intercalation compound is not expected to have 

a very high residual resistivity ratio. which is an indication of the 

structural perfection of crystals, since the structure of the intercalate 

layer is not very regular. The disorder in the intercalate layer will act 

on the conduction electron associated with the host layer as a 

random potential scattering il. The magnitude of the random 
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potential experienced by the conduction electron will depend on the 

nature and the strength of the interlayer interaction between the 

host and the intercalate layer. Thus various values of the residual 

resistivity ratio have been found for intercalation compounds: For 

example, the residual resistivity ratio has been reported to be 4 for 

Ag2;3TaS2. 25) 8 for Ag1;3TaS2. 25) 14 for Cu1;2NbS2. 9) and 20-40 for 

Kx{H20)y TaS2 (0.27<x<0.4). 26) 

In the case of the 3d transition-metal intercalated TX2. MxTX2. 

the intercalate layer forms "{3 x "{3 and 2 x 2 superlattices for x= 1 I 3 

and 1 I 4, respectively. 27) The residual resistivity, in this case, is 

known to be a sensitive index of the superlattice ordering and hence 

the stoichiometry of the compound; the stoichiometric compound 

with a well-ordered intercalate superlattice has a low residual 

resistivity of a few tens of 11-n em, while the off-stoichiometric 

compound exhibits a large residual resistivity of several hundred 

11ncm. 28.29) 

The present compounds show large residual resistivities of ca. 

100-300 11-rl•cm and hence the residual resistivity ratios are small. 

typically 2 . 5 for the stage-1 compounds and 2 .0 for the stage-2 

compounds. Comparing these values with the above cited ones, one 

might conclude that the present compounds are much disordered in 

their structures. However, this seems rather curious, since the 

intercalate RES layer of the present compounds forms its own 

regular lattice. 

It h as been known that under the presence of an 

incommensurate charge-density-wave (CDW) a small amount of 

impurities or defects causes a very large residual resistivity. 30,31) 
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This has been attributed to a local distortion of the CDW around the 

impurities or defects: 30.31) Not only the random potential arising 

from each impurity or defect but also this distortion will contribute 

the scattering of the conduction electron. Thus the effect of 

imp uri ties and defects are effectively enhanced with the 

incommensurate CDW present. 

In the present compounds, the host NbS2 layer and hence its 

electronic structure are perturbed by an incommensurate potential 

arising from the mutual modulation between the host NbS2 and the 

intercalate RES layer. It is helpful to consider this incommensurate 

potential by analogy with the incommensurate CDW. This modulation 

potential has a well-defined periodicity of the intercalate layer. 

although it is incommensurable with that of the host NbS2 layer, and 

can give rise to only a matrix element connecting two states 

separated by the wave vector corresponding to this periodicity. This 

incommensurate potential, probably, cannot be an origin of the 

residual resistivity as far as its phase is coherent throughout a crystal. 

However we have to take into account the fact that the intercalate 

layer is randomly pinned at impurities or defects of the NbS2 layer; 

the impurities and defects in the host NbS2 layer will attract or repel 

the RE ions near them, leading to a distortion of the intercalate 

structure. Thus the modulation potential is disturbed and Fourier 

components other than that with the basic periodicity of the 

intercalate layer emerge . They. in turn, scatter the conduction 

electron, contributing the residual resistivity. 

Summarizing this, the effect of the random potential arising 

from impurities or defects of the host NbS2 layer on the conduction 
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electron is amplified through the local adjustment of the intercalate 

structure. This probably account for the large residual resistivity and 

the quite small residual resistivity ratio in the present compounds. It 

is interesting to note that fairly large residual resistivity ratios 

exceeding 10 have been reported for some other incommensurate 

layer compounds such as (SnSh.2NbS2 32) or (PbSh.2TaS2. 33) which 

may be attributed to the difference in the strength of the interlayer 

interaction between the present compounds and them. 

In the case of the stage-! compounds, some of the samples 

show a very slight resistivity minimum at around 10 K. On the 

contrary, the resistivities of the stage-2 compounds, (LaS)o.6NbS2 

and (CeSlo.6NbS2, show rather pronounced minima at around 20 K 

and exhibit clear logarithmic temperature dependences below these 

minima. The impurity Kondo effect and the weak localization of the 

two-dimensional carrier under a random potential both may account 

for such logarithmic temperature dependences. The latter 

possibility is more likely when we take account of the quasi 

two-dimensional nature of the present compounds and recall the fact 

that the stage-2 compound has a smaller residual resistivity ratio of 

ca. 2.0 and hence that the conduction carrier is probably more 

influenced by the random potential. 

Taking into account the weak localization and the electron­

electron interaction in a random potential, the resistance R(T) of the 

two-dimensional metal at low temperatures can be expressed as 34) 

( 5) 
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where T m is the temperature where the resistance minimum is 

observed and A is a parameter of order of unity characterizing the 

system. Assuming that the carrier in (RES)o.6NbSz is confined to the 

host NbSz layer. we define the sheet resistance per a doubled NbS2 

layer. R o.as the sample resistivity divided by the inter layer repeat 

distance fc. Fitting the eq. (5) to the experimental low temperature 

resistances. we obtain the values of A of 1.1 and 0.6 for two samples 

of (LaS)o.6NbSz and of 1.5 and 0.5 for two samples of (CeS)o.6NbSz. 

The scattering in these values are probably due to errors in 

estimations of the small sample dimensions. Indeed. if we employ 

the quantity ARo(T m)e2 /2Jln2 that is free of the error in the sample 

dimensions. a universal feature of the phenomena can be seen; its 

value is well converged between 0.010-0.011 except one sample 

which has a smaller value of 0.007. 

§ 5 . Swnmary and Conclusions 

The basal-plane resistivities of the stage-1 compounds 

(RES) 1.2NbS2 (RE=La, Ce. Pr. Nd, Sm, Gd, Dy. Er. Yb) and the 

stage-2 compounds. (LaS)o.6NbSz and (CeS)o.6NbSz. and the Seebeck 

coefficients of some of them have been measured. The c-axis 

resistivity and the de and ac magnetic susceptibilities have also been 

measured for (LaS) 1.2NbS2. Some of our results show disagreements 

with the previous ones. 

The basal-plane resistivities show a very similar metallic 

temperature dependence among the same-stage compounds and they 

exhibit almost no anomaly at the magnetic transition temperatures. 
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The Seebeck coefficients of the stage-2 compounds are about one 

order of magnitude smaller than those of the stage-1 compounds, 

indicating the Fermi energy and hence the carrier concentration in 

the former compounds are considerably larger. The Pauli 

paramagnetic susceptibility of (LaS) 1.2NbS2 is about half of that of 2H­

NbS2. These results are well interpreted within the rigid-band 

model by incorporating the large charge transfer from the intercalate 

RES layer to the host d 2 2 band. There appears to be no need to take 

into account the intercalate RE 5d band possibly existing at the 

Fermi level. 

Most of the samples show an anomalous resistivity decrease at 

low temperatures, which is ascribed to not bulk but fractional 

superconductivity. We infer that its origin is un-intercalatcd NbS2 at 

microboundaries of mismatching regions elongating along the b axis 

between intercalate domains. 

The logarithmic temperature dependence of the basal-plane 

resistivity is found for the stagc-2 compounds below ca. 20 K. We 

attribute it to the weak localization arising from the two dimensional 

character of the carriers confined in the host NbS2 layer. 
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Fig. 1. (a) The geometry of electrodes for Scnabel's method; w is the 
sample thickness and s is the distance between the electrodes. (b) The 
thermocouple arrangement for the Seebeck coefficient measurements. 
Two Au+0.07 at. %Fe vs. chrome I thermocouples are attached to both ends 
of a sample. With a temperature gradient, D.T~1 K, applied, the voltage 
V AF between the two Au+0.07 at.%Fe leads and the voltage Vch between 

the two chrome! leads are measured. 
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A gradual decrease below ca. 2 .5 I\. is due to the fractional 

superconductivity. No anomaly is seen at the magnetic transition 
temperature (TN=3.2 I<. see chapter 6). 
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Chapter 5 

Optical Properties of 

the Stage-1 Compound 

(CeS)1.2NbS2 and 

the Stage-2 Compound 

(CeS)o.6NbS2 

§1. Introduction 

In this chapter, we report the stage-dependen t study on the 

polarized optical reflectivity spectra of the stage- 1 compound 

(CeSh.2NbS2 and the stage-2 compound (CeS)o.6NbS2. The optical 

measurement is a direct probe into the electronic structure and 

different stage correlates immediately with different band filling. 

These two facts a llow us to examine the validity of the rigid-band 

model in these compounds. In addition, the polarized spectra may 

reflect the mutual modulation along the incommensurate a axis. 
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The experimental procedures are briefly described in §2. The 

measured reflectivity spectra and an oscillator fitting to the spectra 

around the Drude edge are presented in §3. In §4 spectral features 

arising from interband transitions and characteristics concerning 

the free carrier reflectivities are discussed in comparison with the 

reflectivity spectrum of the host material NbS2. 

§2. Experimental 

The sample of (CeSh.2NbS2 were the crystal #26-B from the 

preparation batch #26, which is the same crystal that used for the 

single-crystal resistivity measurements in chapter 4. 

The sample of (CeS)o.6NbS2 were taken from the preparation 

batch #103. 

Polarized optical reflectivities from freshly-cleaved basal planes 

were measured at room temperature over the photon energy range 

of 0 .1 eV to 4.1 eV using the microspectrophotometric technique. 

The incident electric light vector was polarized parallel to the a axis 

(EI I a) as well as the b axis (EI I b). Absolute reflectivities were 

obtained by normalizing the data with respect to aluminium. 

§3. Results 

Optical reflectivities of the stage-1 compound (CeS) 1.2NbS2 and 

the stage-2 compoun d (CeSlo.6NbS2 at room temperature are shown 

in Figs. 1 and 2, respectively. The overall shapes of the spectra 

much resemble the reflectivity spectrum of pure NbS2 for light 
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polarized Ej_c (E parallel to the basal plane). 1,2) All the spectra show 

a sharp dip structure, the Drude edge, at low photon energies. The 

associated reflectivity minima occur at ca. 0 .5 eV and 0. 7 eV for 

(CeS) 1.2NbS2 and (CeSlo.6NbS2. respectively. These values are 

considerably smaller than that of pure NbS2 (ca. 1.1 eV), suggesting a 

decrease in the plasma frequency Wp due to smaller carrier 

concentration. 

In the energy region higher than the Drude edge, the spectra 

are dominated by one broad reflectivity peak B at about 2.3- 2.5 eV. 

The peak B exhibits little anisotropy between the two polarizations of 

light, ElI a and ElI b. Between the peak B and the Drude edge, a 

small peak A, although in the case of (CeSh .2NbS2 a shoulder rather 

than a well-developed peak, exists around 1 eV. It is somewhat 

ambiguous whether the shoulder A in the spectra of (CeSh.2NbS2 is 

due to interband transitions or not, since the reflectivity above the 

Drude minimum often shows a convex curvature similar to that in 

the spectra of (CeSh.2NbS2. However, we infer from the results of 

the oscillator fitting mentioned below that interband transitions 

contribute to this shoulder to some extent. Another small peak, 

denoted C, can be seen in the ElI b spectrum of (CeS) 1.2NbS2 around 

3.1 eV, whereas such a peak is absent in the ElI a spectrum. In the 

case of (CeSlo.6NbS2. the ElI b reflectivity is swelled around 3 eV, 

compared with the ElI a spectrum. This slight bulge, denoted (C), in 

the ElI b spectrum may be of the same origin as the peak C in the 

ElI b spectrum of (CeSh.2NbS2. Beyond the reflectivity minima at ca. 

3.5-3. 7 eV. the reflectivities of both the compounds again start to 

increase. indicating another peak at higher energies. 
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In order to evaluate plasma frequencies cup in these 

compounds, the experimental reflectivity curves were fitted to a 

theoretical model. The model dielectric function e(ro) is given by 3) 

( 1) 

The first term Ecore is a frequency independent core term describing 

contributions to the dielectric function from intcrband transitions in 

the high energy range. The second term describes the Drude 

behavior of the free carriers: Wp is the plasma frequency and y is a 

carrier relaxation rate. The last term, two Lorentz oscillators A and 

B. is introduced to examine the influence of the two peaks A and B 

on the Drude behavior; WJ is the frequency of the oscillator. f'J is a 

relaxation rate. and the oscillator strength is proportional to np. 
From the dielectric function. the reflectivity R can be calculated by 3) 

R = 1 + I£ 1- [2 (I£ I+ Re c)] 112 

1 +lci+[2C i c i +Re £)] 112 ( 2) 

The fitted parameters are listed in Table I and the quality of 

the fit is exemplified in Fig. 3. where some of the experimental data 

points for the E/ I a spectra of (CeSh .zNbSz and (CeS)o.6NbSz are 

shown together with the fitted theoretical curves. The deviation 

from the experimental data points above - 2. 7 cV is due to the effect 

of neglected reflectivity peak at higher energies. 

The parameters concerning the Lorentz oscillators A and B and 

the core term £core could not be determined very uniquely. In 
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connection with the shoulder A. we tried two different types of fits 

to the spectra of (CeSh.2NbS2. one with the Lorentz oscillator A and 

the other without it. The oscillator A appeared necessary to 

reproduce a small bend of the spectra at ca. 1.5 eV. However. the 

shoulder A of (CeSh.2NbS2 and the peak A of (CeS)o.6NbS2 were both 

too weak structures to decide their parameters accurately. Some 

ambiguity also existed in the way to distribute the oscillator strength 

between the Lorentz oscillator B and the core term. 

In spite of all these problems, reliable estimations of the 

plasma frequency Wp and the carrier relaxation rate y were obtained, 

since the values of cop and y were found to be hardly affected by a 

change in the other parameters as far as they give a reasonable fit to 

the spectra in the neighborhood of the Drude minima up to about 

1 eV. 

§4. Discussion 

4.1 The interband transitions 

We first discuss the features in the interband transition region 

of the spectra in comparison with those of the host material 2H­

NbS2 on the basis of the rigid-band model. A schematic density-of­

states diagram for the host NbS2 is given in Fig. 3 of chapter 1. 

The optical reflectivity spectra (E I I the basal plane) of 2H or 

3R modifications of NbS2 have been reported by Beal and Liang l) and 

more recently by Parkin and Beal 2) together with its intercalation 

compounds with Mn, Fe, Co, and Ni. The spectrum of pure NbS2 

shows strong free carrier reflectivity starting from the reflectivity 
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minimum at ca. 1.1 eV to lower energies. Beyond this reflectivity 

minimum. there is a poorly-defined structure around 1.5 eV. which 

is assigned to the transitions from a high density-of-states region of 

the pI d valence band to the unoccupied portion of the d 2 2 

conduction band. 1.2) The corresponding structure is the peak A in 

the spectra of the stage-2 compound (CeSlo.6NbS2. The same type of 

interband transitions probably contributes to the shoulder A in the 

spectra of the stage-1 compound (CeSh .2NbS2 as suggested by the 

oscillator fitting but never develops a well-defined peale This is 

quite likely, since the d 2 2 band is almost filled in (CeSh .2NbS2 and 

the unoccupied states above the Fermi level and hence possible 

transitions to the d2 2 band themselves are largely reduced. 

The spectrum of pure NbS2 above 2 eV to -3.5 eV is dominated 

by one reflectivity peak at about 2.8 eV. This peak was originally 

assigned by Beal and Liang l) to the interband transitions from the 

high density of states region of the p/ d valence band to the d/ p 

conduction band. However, Parkin and Beal 2) have re-assigned the 

same peak to the interband transitions from the d22 conduction band 

to the upper d/ p conduction band. It underlies this new assignment 

that the selection rule which inhibits pure d-d transitions must be 

relaxed in this case because of the hybridization between the 

transition-metal d states and the chalcogen p states in the d/ p 

conduction band. The latter assignment is consistent with the joint 

density-of-states calculated by Mattheiss 4l and by Guo and Liang. 5) It 

is also experimentally supported by thermoreflectance 

measurements 7 l and by the systematic investigation on the 

transmission spectra of pure and Li-inlercalaled TX2. 8) Therefore, 
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instead of the original assignment by Beal and Liang, we proceed 

with the new assignment that the reflectivity peak at about 2.8 eV of 

NbS2 is due to the interband transitions from the occupied states of 

the d2 2 band to the d/ p conduction band. 

The corresponding structures in (CeS) 1. 2 NbS 2 and 

(CeS)o.6NbS2 are the peak B. Comparing positions of the reflectivity 

maxima in pure NbS2 and the present compounds, one can 

recognize a simple trend . The energy of the reflectivity peak 

corresponding to the d 2 2-dj p transitions decreases from ca. 2.8 eV 

through ca. 2.5 eV to ca. 2.3 eV when one going from NbS2 through 

the stage-2 compound (CeS)o.6NbS2 to the stage-1 compound 

(CeSh.2NbS2. (In the case of the present compounds, this trend also 

appears in the values of WB in the oscillator fitting.) This red shift is 

reasonably interpreted as arising from the increased filling of the d2 2 

band, which lowers the onset energy of the d22-d/ p transitions. The 

s imilar red shift has also been observed in the transmission spectra 

of Li-intercalated TX2. For example, the low energy absorption peak 

due to the d 22-d/ p transitions is located at 3.5 eV in pure 2H-TaS2 

and moves downward upon Li-intercalation, and finally reaches 

2 .5 eV in the saturated compound LiTaS2. 8) 

In the spectra of pure NbS2 above -3.5 eV, there exists another 

much broader peak around 4 .8 eV, which is attributed to the 

transitions from the p/ d valence band to the d/ p conduction band. 2) 

The same type of transitions is probably responsible for the 

reflectivity increase above -3.5 eV in (CeSh.2NbS2 and (CeSJo.6NbS2. 

In summary, the three main features appeared in the 

reflectivity spectra of (CeSh.2NbS2 and (CeSJo.6NbS2 are reasonably 

84 



accounted for within the rigid-band model as follows; the peak A 

results from the pi d-d2 2 transitions. the peak B is due to the d 2 2-

dl p transitions. and the reflectivity upturn above -3.5 eV is 

attributed to the pi d-dl p transitions. It is to be noted these three 

features show almost no anisotropy between the ElI a and the ElI b 

spectrum for both the compounds except that the ElI a reflectivity is 

slightly smaller than the ElI b one. The six-fold rotation symmetry of 

the individual host NbS2 layer is almost retained in the present 

compounds; the ratio of the b axis to the a axis of the NbS2 layer, i.e., 

blaNbs2 • in (CeSh.2NbS2 is 1.741, 6) which is ve1y close to VJ. the 

ideal value for the six-fold rotation symmetry. Thus the absence of 

the inplane anisotropy in the interband transitions associated with 

the host NbS2 layer is quite likely. 

The rest is the structure denoted C [or (C) J. whose origin 

should be looked for within the intercalate CeS layer. In pristine 

CeS, the valence band is mainly composed of S 3p states, while the 

conduction band. which is filled with one electron, is of 

predominantly 5d character of cerium. 9) Between them is located 

the well-localized Ce 4f level. The gap between the valence and 

conduction bands has been estimated at 2.8 eV from x-ray 

spectroscopic measurements on CeS. lOl If we assume that the 

energy separation between the S 3p states and the Ce 5d states in 

the intercalate CeS layer does not much differ from this value, the 

structure C may be attributed to transitions from S 3p states to Ce 5d 

states in the intercalate CeS layer. 

The apparent anisotropy of the structure C, which can be seen 

only for E I I b, may be correlated with the structural 
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incommensurability along the a axis. As has been mentioned in 

chapter l, Wiegers et al. 6) have analyzed the crystal structure of 

(CeSh.2NbS2, diViding the total structure into the two subsystems 

NbS2 and CeS. They have remarked that the CeS subsystem is more 

susceptible to the mutual modulation judging from its larger 

temperature factors. The electronic structure of the intercalate CeS 

layer is, therefore. more modulated along the incommensurate a 

direction by the incommensurate potential forced by the adjacent 

NbS2 layer, which may broaden the structure C for ElI a and make it 

discernible in the ElI a spectra. 

4.2 The plasma frequency and optical effective mass 

The parameters Wp and 'Y characterizing the Drude behavior of 

free carriers for both the compounds show practically no anisotropy 

between the two polarizations, ElI a and ElI b, as the interband 

transitions attributed to the host NbS2 layer. It is useful to compare 

the optically derived de conductivity <>opt and the results of the 

resistivity measurements. Using the formula 

w2 p 
<>opt=-

4rcy · ( 3) 

we obtain <>opt=3 .6xl03 Slcm for(CeSh.2NbS2 and <>opt=3.0x l03 Slcm 

for (CeS)o.6NbS2 . The basal-plane resistivity measurements for the 

same crystal of (CeS) 1.2NbS2 that used in this study give 

<>=3. 1 x 1 Q3 Sl em at T=280 K (see chapter 4). In the case of 

(CeS)o.6NbS2. the resistivity measurements could not be carried out 

on the present crystal but those done on another two crystals give an 
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average value of cr=3.lxl03 S/cm at T=280 K (see chapter 4). Taking 

into account the fact that the values of the resistivity measurements 

involve an error arising from the estimation of the thin sample 

thickness, the agreement is satisfactory. 

The red shift of the Drude edge already mentioned can be 

examined quantitatively using the values of the plasma frequency wp; 

hwp is 1.3 eV for (CeSh. 2Nb S2 and l. 9 eV for (CeS)o. 5Nb S 2. 

Unfortunately the plasma frequency in pure NbS2 was not deduced 

by Beal and Liang 1) nor by Parkin and Beal, 2) since the small and 

crumpled crystal surface of NbS2 made it difficult to decide the 

absolute values of the reflectivities and hence to estimate the precise 

value of Wp by fitting. However, the value of Wp in 2H-NbSe2 ( 

hwp=3.9 eV) 2) can be taken as a good approximation of Wp in pure 

NbS2. Thus it is evident that the plasma frequencies in (CeS) 1.2NbS2 

and (CeS)o.6NbS2 are largely reduced owing to the large charge 

transfer from the intercalate CeS layer to the host d 2 2 band. It is 

reasonable that the stage-1 compound (CeSh.2NbS2 has the smaller 

wp than the stage-2 compound (CeSlo.6NbS2. since the charge 

transfer rate per niobium atom is almost halved in the latter 

compound. 

The optical effective mass m * of the free carriers can be 

obtained from Wp using the relation, 3) 

w 2 _ 4rc ne2 
P - m* ( 4) 

provided the carrier concentration n is known. The carrier 

concentration in (CeS) 1.2NbS2 can be inferred from the Hall 
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coefficient measurements by Wiegers et al. as 0.04 holeiNb. 6) In the 

case of (CeSlo.6NbS2. we tentatively assume the complete charge 

transfer. i.e. one electroniCe. and hence the value of 0.4 holeiNb. 

Then the optical effective masses associated with the carrier motion 

in the basal plane are estimated at -0.3me and -l.8me for the 

stage-1 compound (CeSh .2NbS2 and the stage-2 compound 

(CeS)o.6NbS2. respectively. although we should bear the error and 

the uncertainty in the carrier concentrations in mind. The optical 

effective mass (E I I the basal plane) for 2H-NbSe2 is 1.4ffie, 2) which 

is again presumed to be an approximation for pure NbS2. Hence the 

optical effective mass of the stage-1 compound (CeSh. 2NbS2 is 

largely reduced from that of host NbS2. while the optical effective 

mass of the stage-2 compound (CeS)o.6NbS2 is a little larger. 

In general. the optical effective mass is a function of the 

position of the Fermi level. even within the rigid band-model, unless 

nearly-free-electron band-structures are dealt with. This is probably 

enough to account for the slightly larger value of m * for 

(CeS)o.6NbS2. However the effective mass of (CeSh. 2NbS2 is too 

much reduced from that of host NbS2 . Even if we take account of 

the error in the carrier estimation noted by Wiegers et al. 6) (see 

chapter 4) and adopt a 50% larger value for the carrier 

concentration. the effective mass is still -0.45me. Smaller values of 

the optical effective mass have also been reported for the 3d 

transition-metal intercalated NbS2; m*lme is -l.O for Mn1;3NbS2 

and Fe 1;3NbS2. and -0.4 in Co1;3NbS2 and Ni1;3NbS2. 2l Parkin and 

Beal 2) have argued this reduction in the optical effective masses in 

terms of a broadening of the d 2 2 band due to increased interlayer 
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bonding: that is, intercalation replaces the weak interlayer 

interaction of van der Waals type in pure materials with interaction 

of somewhat bonding character between the intercalate and the host 

layer in intercalation compounds. which would result in increased 

bandwidths and hence a smaller effective mass. In comparison with 

the stage-2 compound (CeSlo.6NbS2. such an effect would be more 

important in the stage-1 compound (CeSh .2NbS2. since in the latter 

compound the intercalate CeS layer is inserted into every one host 

NbS 2 layer. This might account for the largely reduced optical 

effective mass in (CeSh.2NbS2 . 

§5. Conclusions 

We have measured the optical reflectivity spectra of the stage-1 

compound (CeSh.2NbS2 and the stage-2 compound (CeSlo.6NbS2. 

The main features appeared in the interband transition region of the 

spectra are well interpreted with the rigid-band model for the 

electronic band-structure of the host material NbS2 by taking 

account of the charge transfer from the intercalate CeS layer. The 

one feature that cannot be attributed to the host NbS2 layer is also 

seen and we have ascribed it to lhe S 3p-Ce 5d transitions in the 

intercalate CeS layer. The plasma frequencies in the two compounds 

have been deduced from the oscillator fitting to the free carrier 

reflectivities in the spectra. They are considerably reduced from the 

value reported for 2H-NbSe2, which confirms the large charge 

transfer from the intercalate CeS layer to the host d 2 2 band. The 

optical effective mass is decreased in (CeS) 1 .2NbS2 from that 
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observed for 2H- NbSe2. In this connection, we have discussed 

possible band broadening due to the increased interlayer bonding. 

As for this point, however, more experimental investigations such as 

photoemission measurements are necessary. 
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Table I. Optical parameters obtained by the oscillator fitting [ eq. (1) ] of the reflectivity spectra 

of (CeS) 1.2NbS2 and (CeS)o.6NbS2. 

Parameter ecore bWp by bWA bQA biA hwa bQg big 

(unit) (eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV) 

(CeS) 1.2NbS2 Ell a 3 .47 1.30 0 .063 1.30 0 .70 0 .65 2 . 15 4.63 1.05 

E I I b 3 .58 1.32 0.065 1.28 0.75 0 .64 2 . 11 4.77 1.01 

(CeS)o.6NbS2 Ell a 3.10 1.88 0.167 1.19 1.38 0 .82 2.31 5.00 1.47 

E I I b 3 .20 1.93 0.160 1. 19 1.38 0 .82 2 .31 5.35 1.45 
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Chapter 6 

Magnetic Properties of 

the Stage-1 Compound 

(CeS)1.2NbS2 and 

the Stage-2 Compound 

(CeS)o.6NbS2 

by Means of the Magnet ic 

Susceptibility and Magnetization 

Measurements 

§ 1. Introduction 

In this chapter, we report experimental results on the 

magnetic s usceptibility and magnetization for both the stage- 1 

compound (CeSh .2NbS2 and the stage-2 compound (CeS)o.6NbS2 . 
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We will analyze magnetic susceptibilities by taking into account the 

crystal field and molecular field effects. The magnetic exhange 

interaction and ordering will be also discussed. 

§2. Experimental 

Magnetic measurements down to 1.9 K and up to 42 kOe were 

carried out with a Faraday balance. Magnetic susceptibilities in the 

paramagnetic state were measured at 10 kOe. 

1Wo single crystals of (CeSh.2NbS2, #18-A and #26-B, were 

separately used in these measurements. The crystal #18-A weighing 

1.01 mg was taken from the batch #18 and the crystal #26-B 

weighing 3.13mg from the batch #26. The measurements were 

done along all the three crystallographic axes, which were 

determined from Weissenberg photographs. 

In the case of (CeSlo.6NbS2, measurements were done parallel 

and perpendicular to the c axis. The sample consisted of twelve 

small crystals from the batch # 103 whose c axes were oriented 

appropriately to the field direction. The total weight was 2.46 mg. 

The magnetization at a low field of 15 Oe and a hysteresis loop at 

2.0 K of (CeSlo.6NbS2 were measured with a SQUID magnetometer. 

AC magnetic susceptibility measurements in nearly zero field 

(86.9 Hz, less than 2 Oe) were performed between 1.2 and 4.2K by 

means of ac Hartshorn bridge. The measurements were carried out 

on four different batches of (CeSh.2NbS2. #10, #15, #18, and #101 

to elucidate the batch dependence of the transition temperature and 

also on the same sample for (CeS)o.6NbS2 as used in the Faraday 
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method. Magnetic field was applied parallel and perpendicular to 

the c axis. (The preparation conditions for each batch are given in 

Table I of chapter 2.) 

§3 . Results 

3.1 (CeSh.2NbS2 and (CeSJo.6NbS2 in the paramagnetic state 

Reciprocal magnetic susceptibilities of (CeSh. 2 NbS2 and 

(CeS)o.6NbS2 are shown as a function of temperature in Figs. 1 and 2 

,respectively. The reciprocal susceptibilities do not obey the Curie­

Weiss law and exhibit a convex curvature. The effective magnetic 

moments calculated from the slopes between 200 and 250 K all 

deviate from the free Ce3+ ion value of 2.54).ls (Table I). The convex 

curvature and the deviation of the moment from the free Cc3+ value 

suggest large crystal field effects. 

Below 30 K the reciprocal susceptibilities lie on straight lines 

(Figs . 1 (b) and 2(b)]. indicating that only the lowest lying doublet are 

virtually occupied. The effective moments and paramagnetic Curie 

temperatures determined from the lines in Figs. 1 (b) and 2(b) are 

also listed in Table I. The obtained effective moments arc rather 

isotropic. The paramagnetic Curie temperatures arc positive along 

the c axis, whereas negative perpendicular to the c axis. 

3.2 (CeSh.2NbS2 near TN 

The nearly zero field ac susceptibility of (CcS) 1. 2 NbS 2 

measured on # 18 is shown for both parallel and perpendicular 

orientations to the c axis in Fig. 3. The anisotropy of susceptibility 
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X! ;cl XJ.c at 4.2 K exceeds 9. reflecting the positive Curie 

temperature along the c axis. The c axis susceptibility X/ 1 c gradually 

increases on cooling. shows a broad maximum at 3.2 K, and then 

steeply decreases below 3.0 K tending to zero. The susceptibility 

perpendicular to the c axis XJ.c is almost featureless in the measured 

temperature range, except a sharp peak at 2.98 K. The behaviors of 

X! 1 c and XJ.c are well understood as the parallel and perpendicular 

susceptibilities of an antiferromagnet, except the sharp peak in XJ.c . 

The compound (CeS) 1 .2NbS2 is therefore basically an 

antiferromagnet where the c axis is an easy axis. The Neel 

temperature TN which defined as the temperature where the X! 1 c 

curve has a maximum slope is 2.96 Kin this batch (#18). The Neel 

temperature, however, differs from batch to batch; 2.9 K in #15, 

2 .57 Kin #10, and 3.48 Kin #101. 

Magnetization curves measured at 4.4 and 2.0 K are shown in 

Fig. 4. The measurements on two different single crystals are in 

fairly good agreement with each other. The a- and b - axis 

magnetizations increase linearly with field both above and below TN. 

The c-axis magnetization at T=4.4 K shows a rapid increase at low 

fields and the tendency of saturation is apparent at high fields. The 

c-axis magnetization at T=2.0 K is small at low fields due lo a small 

parallel susceptibility of an antiferromagnet, but increases abruptly at 

H c=2.3 kOe, indicating a metamagnetic transition. The 

magnetization almost saturates above He. reaching the value of 

0 . 76!18 /Ce at 40 kOe which is considerably smaller than the free 

Ce3+ ion value of 2. 14).lB/Ce. 
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The sharp peak of the perpendicular susceptibility is located, 

within experimental error, just at the Neel temperature TN and 

indicates that a weak-ferromagnetic moment develops in the basal 

plane below TN. as is the case with various weak-ferromagnets. 1) We 

therefore measured the a- and b -axis magnetizations in a low field of 

90 Oe as a function of temperature around TN for the two crystals. 

(The results for the crystal #26-B are shown in Fig. 5.) As shown in 

Fig. 5, a weak-ferromagnetic moment develops only along the b axis, 

which corresponds to the fit direction. The moment reaches 

0.02)-lB/Ce at 2.0 K, which is only 2% of the saturation moment along 

the c axis. 

3 .3 (CeSJo.6NbS2 near TN 

The nearly zero field ac susceptibility of (CeS)o.sNbS2 is shown 

in Fig. 6 . The c-axis susceptibility shows a large sharp peale 

Defining the transition temperature as the point of the maximum 

susceptibility, we derive TN=2.97K The c-axis magnetization at a 

small filed of 15 Oe is shown as a function of temperature in Fig. 7, 

where the magnetization measured perpendicular to the c-axis at 

150 Oe is also depicted in a 1 I 10 scale for comparison. The c-axis 

magnetization exhibits a step-like increase at TN. which indicates a 

magnetic ordering with a spontaneous magnetization along the c 

axis . The hysteresis loop at 2 .0 K is shown in Fig. 8. The 

spontaneous magnetization is only 0.08~LB/Ce and hence the ordered 

state cannot be accounted to be a simple ferromagnetic one with 

spins fully directed to the c direction. The magnetization at higher 

fields is shown in Fig. 9. The magnetization curves both above and 
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below TN are fairly similar to those of (CeSh.2NbS2. The c-axis 

magnetization curve at T=2.0 K, which has a spontaneous 

magnetization at nearly zero field. shows a metamagnetic transition 

at Hc=2.3 kOe. The saturation moment along the c axis is 0.69!-Ls/Ce 

at 41 kOe. 

§4. Discussion 

4.1 Crystalfield analysis 

In this section, we will treat the crystal field theory to analyze 

the susceptibility data. The 2F512 ground multiplet of a free Ce3+ ion 

splits into three Kramers doublets under a crystal field of a local 

symmetry lower than a cubic one . We make the following two 

approximations. First. Ce3+ ions for all the sites are treated as 

equivalent. Secondly, the most pronounced anisotropy observed in 

the measured susceptibilities is an axial one and hence we take the 

crystal field to be of tetragonal syn1metry. neglecting an anisotropy 

in the basal plane. The crystal field Hamiltonian JfcF 2) in this case is 

written as 

( 1 ) 

where 0~ are the Stevens operators and B~ are the crystal field 

parameters to be empirically evaluated. We have taken the c axis as 

the z axis, and hence the total angular momentum operators 

expressed as J 1 1 c and J .l c in the following mean J z and J x· 
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respectively. The eigen functions of the three Kramers doublets are 

expressed as 

11±> = cos81±512> + sin81 +312> 

12±> =sine I ±512>- cos e 1+312> 

I 3±> = I± 1 I 2> , 

( 2) 

( 3) 

( 4) 

where case and sinS are calculated from B~ so as to diagonalize the 

Hamiltonian ( 1). The crystal-field -only susceptibility X~F can be 

calculated from the formula, 3) 

( 5) 

where a= I I c or .lc for the susceptibility parallel or perpendicular to 

the c axis respectively, and 

z0 = I, e-Ek/koT 

k 
( 6) 

Here, NA is the Avogadro's number. kB the Boltzmann constant, QJ 

, Lande factor, which is 617 for the 2Fs;2 multiplet, llB the Bohr 

magneton, and Ei the energy of the crystal field eigen function I i> 

(i=1±,2±,3±). Note that E1+=E1-· E2+=E2- . and E3+=E3- · 

In order to compare the theoretical susceptibility with 

experimental data, it is necessary to take into account the exchange 
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effects. In the molecular field approximation, 4) the paramagnetic 

s usceptibility to be compared with experiments is given by 

{ 7) 

Taking account of the observed anisotropy in the paramagnetic Curie 

temperatu res, we have used a direction dependent molecular field 

constants 'Ya {a=/ I c,l_c). The molecular field constants can be 

related to the intralayer exchange constants Ja by 

{ 8) 

where z is the number of the intralayer nearest neighbors. 

According to the x-ray structural determination of {CeS) 1.2NbS2. 5) 

within one CeS layer a given Ce3+ ion has four Ce3+ neighbors at 

4.06A on the same side of the layer and four at 4.50A on the opposite 

s ide. Th ese eight neighbors have a similar superexchange path via 

an intervening S atom and hence they are treated as the intralayer 

nearest neighbors as a whole. i.e .. z=8. The g-factors of the lowest 

lying doublet 9a can be calculated from the formulae. 6) 

g;;c=2gJI<+IJ;;c l+>l. 

g.Lc = 2gJI<+IJJ.c l->l . 

(9) 

( l 0) 

where I+> and 1-> denote the eigen functions of the lowest lying 

doublet. It is to be noted that in eq. (8) we have defined the 
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exchange constants referring to the lowest lying doublet described 

by a fictitious spin s'= l /2 as follows, 

( l l) 

Using the crystal field parameters B~ and the molecular field 

constants 'Yo. as adjustable parameters, theoretical susceptibilities 

were fitted with the experimental data. In the case of (CeS) 1.2NbS2, 

a numerically obtained average of the a- and b-axes susceptibilities 

was used in the fitting procedure of the perpendicular susceptibility. 

The parameters to give the best fits are listed in Table II. Resultant 

curves and energy levels are drawn with experimental data points in 

Figs. l(a) and 2(a). One can see that the fits arc satisfactory. 

The obtained values of the crystal field parameters are much 

alike between the two compounds, which reflects a similarity in a 

local environment around Ce3+ ions. When taking into account the 

fact that the present compounds are metallic conductors, the found 

splittings over 500 K are surprisingly large. In a series of cerium 

sulfides, the crystal field splitting decreases from 385 K in 

semiconducting Ce2S3 through 250 K in metallic Ce3S4 to 120 Kin 

metallic CeS. just in order as the carrier concentration increases. 71 

This trend has been thought to arise from increasing screening of 

the crystal field by free carriers. Thus the observed large crystal 

field splittings. which are even larger than that of semiconducting 

Ce2S3, imply that the crystal field around the Ce3+ ion in 

(CeSh.2NbS2 and (CeS)o.sNbS2 is hardly screened by free carriers. 
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As has been discussed in chapter 4. if we naively assume that 

the rigid-band approximation is applicable not only to the host 

electronic band-structure but also to the intercalate one. we can 

expect t.he intercalate band of mainly Ce 5d character to exist at the 

Fermi level. However this conjecture is quite inconsistent with the 

observed large splittings. We therefore suspect that the Ce 5d 

electrons are forced to be semiconducting by some mechanisms. 

The lowest lying doublets are 12±> for both the compounds 

with similar values of the coefficients. sinS and cose: 

0.7911±5/2>-0.6121+3/2> for (CeSh.2NbS2. 

and 

0.7421±5/2>-0.6711+3/2> for (CeSlo.6NbS2. 

The g-factors Qa calculated for these doublets are almost isotropic 

for both the compounds (Table II). which is consistent with t.he fact 

that the effective moments estimated below 30K are almost isotropic 

and that the magnetizations perpendicular to the c axis steadily 

increase and approach the c axis one at high fields. It. is to be noted 

the theoretical saturation moment along the c axis, (1/2)g; /c j..l.B. 

agrees fairly well with the observed one for both the compounds. On 

the other hand, the exchange constants arc quite anisotropic, which 

will be discussed later in connection with anisotropic exchange 

interactions. 

4 .2 Magnetic ordering and exchange interaction 

The Neel temperature TN of (CeS) 1.2NbS2 shows the variation 

between 2.57 and 3.48 K from batch to batch. In general magnetic 

properties of cerium chalcogenides are very sensitive to chemical 
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composition and crystal perfection, as has been reported by several 

authors. 7.8) In our case crystals prepared at a higher temperature 

seem to have a higher TN. The tendency might be related to the 

sulfur deficiency which would increase at a higher temperature. It is 

also to be considered that the oxidation of the starting cerium 

fillings during handling probably affects the magnetic properties of 

the compounds. More careful preparation and characterization is 

necessary for further study. It is also to be noted that Pena et al. 9) 

have reported a still smaller TN of 1.95 K for the same compound 

(CeSh .2NbS2. The value is out of the range of our TN. This would 

partly be attributed to the fact that they determined TN from the 

powder susceptibility at a large field of 1 kOe. The Neel temperature 

of a compound showing a metamagnetic transition. such as the 

present compound, is likely to be underestimated when evaluated 

from the susceptibility measured at a high field. 

The Neel temperature of (CeS)o.6NbS2 is located in the same 

temperature range as those of (CeS) 1.2NbS2. although the interlayer 

nearest neighbors are about twice more distant. This indicates that 

the magnetic transition in both the compounds is mainly ruled by 

the intralayer exchange interaction. 

The exchange constants obtained from the analysis of the 

reciprocal susceptibilities are anisotropic for both the compounds; 

the c-axis component J 11 c is positive, whereas the perpendicular 

one JJ.c negative and much smaller. The anisotropy does not come 

from that in the g-factors. since the g-factors are almost isotropic 

and cannot account for the reversal in sign. It is an anisotropic 

interaction between magnetic 4f electrons of cerium ions that is 
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responsible for this anisotropy. Extensive theoretical studies lOl have 

shown that for ions with strong orbital contributions to their 

magnetic moments. as is the case with rare earth ions. one can 

expect a quite anisotropic exchange interaction. the magnitude of 

which is of the same order as isotropic one. 

By the larger c-axis component J 11 c , Ce3+ spins are 

constrained to point to the c direction and an Ising character of 

spins can be expected. This is well demonstrated by the 

metamagnetic transition of (CeSh.2NbS2. The critical field He is 

only 2.3 kOe and we can safely attribute the exchange interaction 

responsible for this transition to an interlayer one. A simple relation 

91 lcJ..l.BHc = z' I J' I. where z ' is the number of the interlayer nearest 

neighbors, i.e .. z '=4. yields the interlayer exchange constants J' of 

-0.07 K. The ratio I J1 lciJ' I is about 18 and confirms a quasi two­

dimensional character of the magnetic system. Consequently we can 

arrive at a natural description of a spin structure of (CeS) 1.2NbS2 as 

follows; within one CeS layer the spins arc aligned along the c axis 

and coupled ferromagnetically via the intralayer exchange 

interaction J1 lc and along the c axis such ferromagnetic layers are 

weakly coupled antiferromagnetically via the interlayer exchange 

interaction J '. 

In the same line of discussion we can assume a spin structure 

of (CeS)o. 5N b S 2 consisting of ferromagnetic layers. In this 

assumption, a long-period structure along the c axis. for example a 

structure consisting of four up spin layers and five down spin layers, 

is necessary to explain the ordered phase with the spontaneous 

magnetization which is about one ninth of the saturation moment. 
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Such a long-period structure can be stabilized if the exchange 

interaction between layers is of a long-range and competing nature. 

In fact, theoretical studies on the axial next nearest neighbor Ising 

(ANNNI) model ll) have shown if the next nearest neighbor 

interlayer-interaction J2 is negative and if the ratio to the nearest 

neighbor interlayer-interaction JI satisfies a condition I J2l JI I> 114, 

long-period modulated phases occur below the transition 

temperature. 

In the present compounds the RKKY exchange interaction 

mediated by conduction electrons associated with the host NbS2 

layer may give rise to such a long-range competing interaction. The 

RKKY interaction can be divided into two parts; the triggering 

exchange interaction. Jcj. between the conduction electrons and the 

local 4] moments. and a long-range conduction electron spin 

polarization due to the former. In usual metals the former, Jcj. 

arises from a direct exchange interaction between the conduction 

and 4] electrons . However. in the present compounds. a 

superexchange interaction between the conduction and 4f electrons 

through S atoms in the host NbS2 layer may be an origin of Jcj. The 

concept of superexchange mechanism between the conduction 

electrons and the local spins has been successfully applied to the n-d 

exchange interaction in the CoCl2 -graphite intercalation 

compounds . 12) The RKKY interaction oscillates with the separation 

of the moments. d . as cos(21cFd) I d 3 in the simplest approximation 

an d is very sensitive to changes in the Fermi surface in real 

materials . 13) The Fermi wave vector kF and hence the Fermi surface 

are changed drastically going from (CeSh.2NbS2 to (CeS)o.6NbS2 as 
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has been indicated by the drastic change in the Seebeck coefficients 

(see chpter 4). This may account for the difference in the ordered 

state between the two compounds. 

One final point of interest is the weak-ferromagnetism 

observed in (CeSh.2NbS2. It is clear that the simple model 

introduced in §4.1 fails to account for this. Any spin canting from 

the c axis would be energetically unfavorable because J 11 c >I JJ.c I. 

Our speculation. which is somewhat reminiscent of weak­

ferromagnetism arising from a single ion anisotropy like in NiF2. l) is 

as follows . Considering the incommensurate nature of the structure, 

the exact symmetry of the Ce3+ site is much lower than tetragonal 

and differs from site to site. Due to lower symmetry terms in a 

crystal field Hamiltonian, the principal magnetic axes do not 

necessarily coincide with the crystallographic c axis. In such a case. 

when Kramers degeneracy is lifted up by the exchange interaction. 

even a molecular field along the c axis alone can produce a magnetic 

moment perpendicular to the c axis. The magnetic moment of the 

individual spin differs from site to site and, we suppose. as a whole 

appears as a weak-ferromagnetic moment only along the b axis (the 

fit direction). If the above explanation is true. (CeSlo.6NbS2 can also 

have a net magnetic moment in the basal plane. However a definite 

experimental evidence could not be obtained, since only small 

amounts of crystals were available and they were arranged randomly 

as to the intralayer axes. 

§5. Summary and Conclusions 
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We have measured the magnetic susceptibility and 

magnetization of (CeS) 1.2NbS2 and (CeS)o.6NbS2. 

The magnetic susceptibilities in the paramagnetic region can 

be successfully described with the simple model including the 

tetragonal crystal field and the molecular field of an axial symmetry. 

The large crystal field splitting of Ce3+ over 500K gives an eVidence 

that the Ce 5d electrons are induced to become semiconducting. By 

the anisotropy in the exchange interaction the spins at low 

temperatures behave as an Ising-like spin bound along the c axis. 

The two compounds both order magnetically near 3K. The 

Neel temperatures are somewhat scattered from batch to batch, 

which indicates the magnetic properties of these compounds are 

sensitive to the stoichiometry and crystal perfection. 

The magnetic structure in the ordered state can be modeled as 

a system consisting of the ferromagnetic CeS layers; the layers 

couple antiferromagnetically in (CeSh.2NbS2. while they seem to 

form a long-period structure in (CeS)o.6NbS2. The ratio of the 

intralayer to the interlayer exchange interaction in the former 

compound is estin1ated at about 18, which confirms these 

compounds are quasi two dimensional magnetic systems. 

Another significant feature appearing in (CeSh.2NbS2 is weak-

ferromagnetism, which we have attempted to correlate with the 

incommensurate structure. 
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Table I. Values of the effective moment lleff and the paramagnetic 

Curie temperature 8p. 

lleff (!lB) 

lleff (jlB) 

ep (K) 

(CeS) 1.2NbS2 (CeS)o.6NbS2 

Hllc Hila Hllb HI I c Ifj_c 

3.03 

1.73 

3.8 

200 K < T < 250 K 

2.20 2. 70 3.23 

T< 30 K 

1.72 

- 1.6 

1.50 

- 2.6 

112 

1.61 

3.4 

2.48 

1.67 

- 1.9 



Table II. Values of fitted crystal field parameters and molecular 

field constants. 

(CeS) 1.2NbS2 (CeS)o.6NbS2 

J32 (K) 18.0 16.5 

B2 (K) 0.26 0.62 

Bt (K) 11.0 9.3 

'YI 1 c (mol Ce/ cm3) 18 42 

'Y.Lc (mol Ce/ cm3) -2.2 -5.6 

cose 0.612 0.671 

sinS 0.791 0.742 

9//c 1.72 1.20 

9.Lc 1.85 1.91 

J; /c (K) 1.2 1.4 

J.Lc (K) -0.2 -0 .5 
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Fig. 1(a). Reciprocal magnetic susceptibility of (CeSh.2NbS2 along all the 

three crystallographic axes. The solid lines are calculated ones using the 
crystal field and molecular field parameters given in Table I. The crystal 

field level scheme is also shown. 
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Fig. 1(b). An enlargement of the low temperature region of Fig. 1(a). The 

dashed lines indicate the approximate Curie-Weiss behavior. 
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Fig. 2(a). Reciprocal magnetic susceptibility of (CeS)o.6NbS2 parallel and 

perpendicular to the c axis. The solid lines are calculated ones using the 

crystal field and molecular field parameters given in Table I. The crystal 
field level scheme is also shown. 
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Chapter 7 

Magnetic Properties of 

the Stage-1 Compound 

(CeS) 1.2NbS2 

by Means of the Specific Heat 

Measurement 

§ 1. Introduction 

In this chapter, we report the magnetic specific heat of 

(CeSh .2NbS2. The specific heal measurement is a useful tool to 

examine the dimensionality of the magnetic system. The magnetic 

en tropy and energy are estimated from the experimental specific 

h eat and compared with the theoretical results for various types of 

s= l /2 Ising system. 

§2. Experimental 
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Crystals of (CeSh.2NbS2 were taken from the preparation batch 

# l 01. Several tens of thin crystal platelets with the total weight of 

86.9 mg were used in the specific heat measurement. Taking into 

account the batch dependence of the Neel temperature mentioned 

in the preceding chapter, the Neel temperature of the sample 

(TN=3.48 K) was determined from the ac magnetic susceptibility 

measurements made on the same sample that used for the specific 

heat measurement. 

The specific heat was measured between 1.66 and 9.99 K using 

a standard adiabatic heat-pulse technique. The temperature jump 

was about 30 mK. The sample was attached to a holder with 

Apiezon-N grease. The heat capacity of the addenda was measured 

separately and subtracted from the data. The heat capacity of the 

sample was about three times larger than that of the addenda near 

TN. while it was less than 8% of the total heat capacity above 8 K. 

§3. Results and Discussion 

The experimental specific heat of (CeSh. 2NbS2 is shown in 

Fig. 1. A well-developed anomaly can be seen, confirming the 

magnetic transition . In order to obtain the magnetic specific heat 

Cmag. it is necessary to subtract the electronic and lattice 

contributions from the total specific heat. Because of the limited 

temperature range of the measurements, it was difficult to extract 

the non-magnetic contributions from our own data and hence we 

tentatively used the specific heat of the non-magnetic compound 

(LaSh.2NbS2 l) as the non-magnetic contributions in (CeSh.2NbS2. 
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We think. however, this procedure overestimated the non-magnetic 

contributions. since the resultant Cmag above 7 K decreases very 

rapidly as almost y-5. Such a rapid decrease is quite unlikely for the 

magnetic specific heat at temperatures much higher than TN. which 

in general decreases gradually as T-2. 

The peak of Cmag is located at 3.49 K, which is in accordance 

with TN deduced from the susceptibility data within experimental 

accuracy. The Cmag curve around TN is rather rounded off and the 

maximum value of Cmag reaches only a small value of 0.66R, which is 

even smaller than the molecular field value of (3/2)R. These 

probably arise from not only the poor temperature resolution of the 

measurements but also the distribution of TN due to the crystal 

imperfection or inhomogeneity. The shape of the anomaly in the 

Cmag curve does not resemble the lambda-type anomaly expected 

for three-dimens ional magnetic systems. but is reminiscent of 

Onsager's solution for the two-dimensional Ising model, 2) which is 

characterized by a symmetric divergence around TN and a large high 

temperature tail. Another feature to be mentioned is a fairly slow 

decrease of Cmag below 3 K, which appears as a shoulder in a Cmag/T 

vs. T plot [Fig. l (b)J. For the ideal Ising spin system. the specific 

heat is expected to decrease exponentially at low temperatures. 

However in the present compound, the perpendicular component of 

the exchange interaction J1_c =-0 .2 K exists besides the Ising term 

J; /c =1.2 K and hence spin wave excitations, which cause a power­

law temperature dependence of the specific heat, may not be 

negligible in the temperature range under concern. 
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The magnetic entropy S and energy E can be calculated by 

numerical integration of 

and 

T2 
S(T2)-S(TI)= J(CmagiT)dT . 

T1 

T2 

E(T2)-E(TI) = ~ Cmag dT 

( 1 ) 

( 2) 

The magnetic specific heat below the lowest temperature of 

the measurements. TL= 1.66 K, was extrapolated as the straight line 

connecting the origin and the data point at TL in the Cmag IT vs. T 

plot. From this extrapolation, S(TL)-S(O) and [E(TL)-E(O)] I RTN were 

estimated to be 0 .09 and 0.03. respectively, though these values can 

vary by up to 20% or so with extrapolation schemes. An appropriate 

extrapolation to T ---?oo was impossible because of the false rapid fall of 

Cmag caused by the overestimation of the non-magnetic 

contributions. If the overestimation is corrected, Cmag around the 

highest temperature of the measurements, TH=9.99 K, will be larger 

and decrease much more gradually, which will bring a certain 

contribution to the entropy and energy above TH. The experimental 

values of the magnetic entropy and energy thus obtained are shown 

in Table I together with the theoretical values for the two­

dimensional Ising (2DI) simple quadratic (sq) and triangular (t) 

lattices and the three-dimensional Ising (3DI) bee and fcc lattices. 3) 

The total entropy change of 0.60R is somewhat smaller than 

Rln2(=0.69R) expected for the ground doublet. The discrepancy can 
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probably be accounted for by the experimental inaccuracy including 

the overestimation of the non-magnetic contributions and the 

uncertainty involved in the extrapolation. The total energy gain E/ R 

(= [E(oo)-E(O)) I R) is 2.0 K, from which we can derive the exchange 

constant J;;c=l.OK, using the relation E/R=s'2zJIIcllcB and assuming 

the coordination number z=8 for the number of the nearest 

neighbors of Ce3+. The obtained value of J 11 c = 1.0 K is smaller than 

J1 lc=l.2 K derived from the magnetic susceptibility measurements in 

chapter 6, which will be explained as the shortage of the total 

entropy. 

Despite the shortage of the total magnetic entropy and energy 

just discussed. we can clearly see the following two facts from the 

data summarized in Table I. First the entropy change above TN is 

definitely larger than the theoretical values for the 3DI systems. 

Considering the overestimation of the non-magnetic contributions 

and a possible contribution from above TH. the value may become 

still larger. Secondly, the system gains more than 60% of the total 

magnetic energy above TN. which shows a remarkable contrast to 

the fact that the 3DI systems gain most of the magnetic energy (ca. 

75%) below TN. Both these facts indicate a significant short-range 

ordering above TN and confirm the quasi two-dimensionality of this 

system. 

However, compared with the 2DI systems, the present system 

shows one noticeable difference; the ratio of the total magnetic 

energy to TN. i.e. [E(oo)-E(O)J/ RTN. is only 70% of the theoretical 

values for the 2DI systems. When the experimental problems 

discussed above are removed. the total magnetic energy may 
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increase by 20% or so at most; even so this difference will remain 

distinct. This may be attributed to the fact that the ratio 

[E(oo)-E(O)) I RTN decreases as the coordination number z increases. 

The CeS layer in (CeSh.2NbS2 has the double-layer structure 

corresponding to a somewhat distorted two-atomic-plane thick 

(100) slice of the NaCl structure. 4) Consequently, each Ce3+ ion on 

one atomic-plane has four Ce3+ neighbors at 4.06 A on the same 

plane and four at 4.50 A on the other atomic-plane. These two types 

of neighbors have a similar nearly-90° superexchange path and 

approximately can be regarded as the nearest neighbors as a whole, 

i.e., z=8. In addition to this , a Ce3+ ion has the four next nearest 

neighbors, two at 5. 73 A and two at 5. 77 A, via a nearly-180° 

superexchange path. If these next nearest neighbors contribute to 

the exchange interaction, the coordination number becomes 

effectively still larger. To support this, it is to be noted that in EuS, 

which crystallizes in the NaCl structure, the next nearest neighbor 

exchange interaction via a 180° path differs only by a factor of 1/2 

from the nearest neighbor one via a 90° path. 5) 

In conclusion. the specific heat anomaly of (CeS) 1 .2NbS2 at TN 

exhibits a pronounced high temperature tail characteristic of the 

two-dimensional magnetic systems. The analysis of the magnetic 

entropy and energy changes below and above TN also confirms the 

quasi two-dimensionality of the present system. Compared with the 

usual 2DI models which take account of only the nearest neighbor 

interaction, the present system seems to be characterized by the 

effectively larger coordination number due to the double-layer 

structure. 
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Table I. The magnetic entropy S(T) and energy E(T) in (CeS) 1.2NbS2. The experimental 
values are compared with theoretical values. 

(CeS) 1.2NbS2 2DI 3D I 

present work sq t bee fcc 

z 8 4 6 8 12 

[S(TN)-S(O)]/ R 0.34 0.31 0.33 0.59 0.59 

[S( oo)-S(TN)l/ R 0.25 0.39 0.36 0.11 0.10 

[S( oo)-S(O)l/ R 0.60 0.69 0.69 0.69 0.69 

[E(TN)-E(O)] / RTN 0.22 0.26 0.28 0.46 0.46 

[E( oo)-E(TN)]/ RTN 0.36 0.62 0.55 0.17 0.15 

[E( oo)-E(O)]/ RTN 0.58 0.88 0.82 0.63 0.61 

The number z is the coordination number. The experimental values were estimated from 
the measurements between TL=l.66K and TH=9.99K and the extrapolation to T~O. No 
extrapolation to T~oo was made. 
The theoretical values are taken from ref. 3. 
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Chapter 8 

Concluding Remarks 

The present transport and optical studies have shown that the 

electronic properties of the incommensurate layer compounds 

(RES)xNbS2 are fairly well interpreted within the rigid-band model 

for the host electronic band-structure . The optical reflectivity 

spectra of (CeSh.2NbS2 and (CeS)o.6NbS2 have clearly demonstrated 

that the outlines of the host electronic structure are maintained in 

them. We have seen that the transport properties are dominated by 

the Nb d 2 2 band. The drastic change in the Seebeck coefficient 

between the stage-1 and the stage-2 compounds has reasonably been 

accounted for by applying the rigid-band model. In spite of the 

possible formation of the intercalate band of RE 5d character, the 

intercalate RES layer seems to have very little contribution to the 

conduction. We will discuss lhis point again at the end of lhis 

chapter. 

The magnetic study carried out on (CeSh.2NbS2 and 

(CeS)o.6NbS2 has shown that these compounds can be modeled as 

quasi two-dimensional Ising systems. The large high temperature 

tail in the magnetic specific heat of (CeSh.2NbS2 is a good evidence 

of the quasi two-dinllensionali ty. Another interesting feature in their 
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magnetic properties is the anisotropy in the intralayer exchange 

interaction. (We are referring not to the anisotropy between the 

intralayer and the interlayer interaction but to the anisotropy 

between the exchange interaction acting on the c-axis component of 

spins, J 11 c , and that on the basal-plane component, J.lc·) As 

mentioned in chapter 6, in general, the exchange interaction can be 

anisotropic when orbital contributions to the magnetic moments are 

large. In this connection, it will be interesting to investigate 

magnetic properties of (GdSh.2NbS2. since Gd3+ is in the S state. 

Finally we discuss why the intercalate RES layer is inactive in 

the conduction. As mentioned in chapter 4, if we impose the rigid­

band model not only on the host band-structure but also on the 

intercalate one, we can expect that the intercalate band of RE 5d 

character crosses the Fermi level. However there has been found no 

evidence to support this in the transport study. The evidence 

against this have been found in the course of the magnetic study. 

The large crystal-field splittings observed in (CeS)} .2NbS2 and 

(CeS)o.6NbS2 indicate that the RE 5d electrons are not free carriers; 

otherwise the crystal field would effectively be screened by them. 

This semiconducting nature of the RE 5d electron implies that 

the electronic band-structure of the intercalate RES layer differs 

from that of pristine RES. Moreover, it cannot be explained as far as 

we assume that the lattice periodicity of the intercalate layer is 

described in the sublattice unit cell of a RES x b; whatever charge 

transfer occurs and whatever modification of the electronic 

structure occurs, this unit cell always contains a fractional number of 

valence electron and hence some intercalate energy-band must 
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remain partially filled. Thus it seems necessary to take into account 

the extra periodicity forced on the intercalate RES layer by the host 

NbS2 layer. In other words. we have to consider a supcrzone effect 

on the intercalate band-structure due to the mutual modulation. 

From this point of view. the author speculates a mechanism 

that makes the intercalate RE 5d electrons semiconducting as 

follows. The true unit cell of the intercalate layer is much larger due 

to the extra periodicity brought about by the mutual modulation and 

hence we can expect a zone folding in the reciprocal lattice space 

and a gap opening at the new zone boundaries. In terms of the 

density of states. such gaps are only pseudo gaps. since the zone 

boundary does not necessarily lie on the same energy surface. 

However, even then, it will be more energetically favorable that all 

the RE 5d electrons above one of such gaps are transferred to the 

host layer so that the Fermi level can fall in the gap of the intercalate 

band than that some of RE 5d electrons remain above the gap. 

Moreover, the structural distortion of the intercalate layer may 

adjust itself at the cost of the lallice strain energy so as to more 

deepen the gap. Thus it is possible that the intercalate RE 5d band 

has a considerably small density of states at the Fermi level. 

Furthermore, if the density of states at the Fermi level is small 

enough, the screening of the random potential arising from 

impurities or defects becomes insufficient and even lhe remaining 

carriers will be localized. 

In relation with this conjecture. it is worth while noting a 

recent report on related incommensurate layer compounds 

(RES)xVS2 (RE=La,Ce,Nd,Sm). l) These compounds show a 
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semiconducting behavior of the conduction. This might imply that 

the above mechanism acts not only on the intercalate RES layer but 

also on the host VS2 layer in these compounds. Further 

investigations are hoped. 

The compound composed of two mutually incommensurate 

structural subsystems as the present compounds is a novel concept 

in the solid state physics. Further studies in this field will bring us a 

new insight into the solid state physics. The author hopes that the 

present study will offer a firm ground for future studies. 
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