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Electronic Structure of Intercalation Compounds of CoNbS;
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Cobalt intercalation into niobium disulfide with layered structure is presented. Powder X-ray diffraction
study reveals that single-phase 8bS; forms in the compositional range of 0.15 x < 0.55. The
hexagonal lattice parametessand c monotonically increase with cobalt content upxte- 0.5, whilea
andc are constant and decreasing froms 0.5 to 0.55, respectively. The temperature dependence of
electric resistivity shows metallic behavior at 0.45< < 0.49 whereas semiconducting behavior is seen
at 0.49=< x = 0.55, so that metalsemiconductor transition occurs at the composition 0.49. The
temperature dependence of magnetic susceptibility obeys a-Geéss law in the whole compositional
range, suggesting localized electronic behavior around Co ions. The valance state of Q¥h&,®m@s
evaluated as divalent from effective Bohr magneton. The ab initio computation based on density functional
theory was performed for Nb&nd Ca,sNbS,. The d, band arising from the NkSrigonal-prism crystal
field was formed and half-filled with electrons in NpSElectrons were injected into this,cband by
Co*" intercalation, and the band would be filled with electrons at the compositien0.49, causing
metal-semiconductor transition.

Introduction

Topochemical insertion, or intercalation, of various kinds
of metals into transition-metal oxides and sulfides has been
explored extensively in the context of developing battery and
electrochromic devices* However, material with metal
insertion sites is attractive enough not only to be used for
the practical purpose as above but also to be employed as ¢
model material in the fundamental study in solid-state 4
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science. For example, the intercalation of alkali atoms in
layered type sulfides, MgSor ZrSe, converts their semi- .
conductive nature into metallic and superconductivity at low
temperature§_6 Thus, intercalation is particularly significant  Figure 1. Typical crystal structure of 3d transition metal intercalation
in the modification of materials’ properties. niobium sufides, NNDbS.

Niobium disulfide Nb$ has been examined because of

i in%12,13
characteristic opticaf and magnetic properties! and super- conductive behaviot:***The structure of NbSbelongs to

a hexagonal system, and the- Sb—S sandwich layers pile
along thec axis” Transition metals such as Ti, V, Cr, Mn,

* Corresponding author: Tel.:+ 81 3 5734 2145; Fax:+81 3 5734 2146.

t Department of Applied Chemistry, Tokyo Institute of Technology. Fe, Co, and Ni can intercalate into the octahedral vacancies
* Fukushima University. ;
§ Department of International Development Engineering, Tokyo Institute of of the, bl der. Waals gaps of Npﬂzlgure 1)' However,
Technology. ' such intercalation compounds NbS,, have been reported
gg %f;skce‘;ﬁyh'\"m’\_"i:%%nﬁo'&gtﬁee2%2?”1—?21325% 1. only for the limited compositions, such asx = 1/2, 1/3,
(3) Monk, P. M. S.Crit. Rev. Solid State Mater. ScL999 24, 193. and 1/4, and little information has been available on the

(4) Grangvist, C. GElectrochim. Actal1999 44, 3005.
(5) Woollam, J. A.; Somoano, R. BPhys. Re. B 1976 13, 3843.

(6) Onuki, Y.; Inada, R.; Tamura, S.; Yamanaka, S.; Kamimurg&yith. (9) Fisher, W. G.; Sienko, M. Jnorg. Chem.198Q 19, 39.

Met. 1983 5, 245. (10) Hulliger, F.; Pobitschka, El. Solid State Cheni97Q 1, 117.
(7) Wilson, J. A,; Yoffe, A. D.Adv. Phys.1969 18, 193. (11) van den Berg, J. M.; Cossee, |IRorg. Chim. Actal968 2, 143.
(8) Li, Z. M.; Bergersen, B.; Palffy-Muhoray, P.; Beigie, Dan. J. Phys. (12) Ikebe, M.; Muto, Y.Synth. Met1983 5, 229.

1988 66, 228. (13) Jellinek, F.Ark. Kemi.1963 20, 447.

10.1021/cm060932n CCC: $33.50 © 2006 American Chemical Society
Published on Web 09/22/2006



Electronic Structure of CObS Chem. Mater., Vol. 18, No. 21, 2008997

B ( a ) l superstructurs peak (b) l superstructure peak

x-035 Xx=0.45
8 ") kbt

I I [ Lﬁ . LVW l x=0.4
ﬂ X045 il Aot s Wt o
1 [ N T

e ! x=0.33
L ’ x=1/3 Bt Mo Wi
. R

@ Niobium

O Sulfur

Intensity
-
L
Intensity

Figure 2. Schematic figures for polytypes of Np®ith (1120) section
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In this paper, we synthesized and investigated the electric I
resistivity and magnetic susceptibility of dhS, as a h w015
function of cobalt content and temperature. In addition, ab kil 1“6'0“' bt L = gy >
initio study based on density functional theory (DFT) was 20 /deg 20 /deg

carried out to understand their physical properties from the Figure 3. (a) Powder X-ray diffraction patterns of @tbS. (b) Magnifica-
viewpoint of electronic structure. tion of superstructure peaks.
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The intercalation compounds bS, were synthesized by )
mixing Co powder (99.98%, Soekawa Chem. Co. Ltd.), Nb powder
(99.9%, Soekawa Chem. Co. Ltd.), and crystalline S (99.9999% O
Wako Chem. Co. Ltd.). They were mixed with a desired ratio, Co
pressed into a pellet, and sealed in an evacuated quartz ampule
The pellet was heated first at 460G for 1 day and then at 100C >
for 4 days. The obtained samples were ground, sealed again, heate vacaney
at 1000°C for 4 days, and quenched in iewater. The phase
identification and the evaluation of the lattice parameters of the O O
samples were carried out by powder X-ray diffraction using Cu *
Ko radiation. O O O O

The electrical resistivity measurement on the pellet sample was Figure 4. Co arrangement iv/3 a x /3 a superstructure for GaNbS,
performed using the standard dc four-probe technique under H The darker circle and the brighter one indicate Co and vacancy, respectively.

atmosphere in the temperature range-800 K. The magnetic  Thea, refers the lattice parameter of the hexagonal basal plane of the host
susceptibilities were measured using the SQUID method (Quantumcrystal.

Design MPMS-5A) in the temperature range-430 K under the

Experimental Section
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static field of 1000 G. V/3 ag superstructure (see Figure 4) caused by the ordered
arrangement of Co ionsa{ refers to the lattice parameter
Results and Discussion of the hexagonal basal plane of the host crystal.)

Variation of the hexagonal lattice parameters were pre-
sented as a function of Co contetih Figure 5. In the region
of 0.15< x < 0.5, the lattice parameteasandc monotonic-

Figure 2 displays the schematic figures of two known
polytype structures for NBS2H, and 3R. In both structures,
NbS; layers with trigonal prismatic symmetry and van der . . . . .
Waals gap stack alternatively, and 3d metal ions intercalatea"y increased with Co intercalation. The elongation ofthe

into octahedral vacancies of the van der Waals gap (see aIs%‘XiSV(; O'IS%) sug?_'ests that ir;’gertcalzted Cohexpanotljzthe v;m
Figure 1). All the powder XRD patterns of the samples er Waals gaps. However, this tendency changed beyon

CoNbS in the range of 0.15 x < 0.55 were indexed on 0.5; the lattice parameterkept constant, while the lattice
hexagonal unit cell of 2K (Figure 3). Yellow colored parz_imetelc was decreased with compositien _
elemental sulfur was depositedsat< 0.15 in the ampule, Figure 6 shows the temperature dependence of the electric
while unknown peaks appearedir 0.55. Thus, the single-  resistivity in the range from 90 to 300 K. Note that sintered
phase region of GdIbS, under the present synthesis condi- Polycrystalline sample was used in this measurement, so that
tions was determined to be in the range of 0<L% < 0.55. the anisotropic effect of the lattice (e.g. in-plane and intra-
Herein, we will use nominal composition, since no sulfur Plane conduction) and the grain boundary contribution to
deposition was detected by XRD in this regime. In detail, the electronic resistivity are not separated. The samples with
additional peaks were observed @ 2 20° around the composition 0.15< x < 0.48 show increase in resistivity

compositiorx = 1/3, ascribing to the formation af3 ag x with temperature, indicating metallic behavior. On the other
hand, the resistivity decreased with temperature in region

(14) Parkin, S. S. P.; Marseglia, E. A.: Brown, P.JJ.Phys. C: Solid > 0.49, which relates to the semiconductive behavior.
State Phys1983 16, 2765. Therefore, metatsemiconductor transition took place when
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Figure 5. Variation of the hexagonal lattice parameters as a function of
compositionx in Co,NbS; all the error bars for observed lattice parameters
are too small to show up.
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Figure 6. Variation of the electrical resistivity as a function of temperature.
The solid dot and cross indicate metallic and semiconductive behavior,
respectively.

the composition was betweear= 0.48 and 0.49. It is known
that the formation of the half filled glband in NbS is due

to the crystal field of trigonal prism symmetry (we will show
this validity later using ab initio computation). Thus, the
sample would show metallic behavior before filling ob d
band. In this simple viewpoint, thextband would be filled

at x 0.5 where metatsemiconductor transition was
observed. The valence state of cobalt is expected tbhe
since the unoccupied.thand can accommodate one electron.
This is verified in the results of the magnetic susceptibility
measurements mentioned later. (The small deviation in
transition composition between experimentat 0.48) and
theoretical onex = 0.5) would be due to stoichiometric
error. Although we assumed nominal composition in this
paper, small sulfur deposition might occur. However, sulfur
deficiency, ord in CoNbS,_s, would be quite smallq <
0.02) judging from metatsemiconductor transition compo-

Nakayama et al.
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Figure 7. Variation of the electrical resistivity at 295 K versus composition
x in CoNbS,. Solid and open circles indicate metallic and semiconductive
behavior, respectively.
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Figure 8. Typical examples of variation of the magnetic susceptibility with
temperature for CibS,.

open symbols indicate metallic and semiconductive materials,
respectively. The resistivity decreased linearlyx asreased

in the range of 0.1% x < 0.45. Maybe this stems from the
increase of carrier mobility in the dband, because total
carrier densityn, x ny decreased in this regimens(andny
indicate the number of electrons and holes, respectively). A
sudden increase in electric resistivity indicated aroxnd
0.45, which maybe originates from the filling of thg dand,
causes an increase in the effective mass of electrons. In
addition, the composition where electric resistivity humped
matches the one where the changes in the dependence of
lattice parametec are observed (see Figure 3). Thus, the
electronic resistivity may relate to the structural modification
during Co intercalation.

Figure 8 shows the typical examples of temperature
dependence of magnetic susceptibility. In all the samples,
the magnetic susceptibility behavior obeyed a Cu¥Meiss
law described by

CmoI
A=rtyzy

wherey, is a temperature-independent ter@y,, a molar
Curie constant, and a Weiss temperature. The sample with
a higher amount of Co ions shows humps or a bend around
40 and 90 K in the curves of magnetic susceptibility (see
arrow in Figure 8). Although the exact reason is uncertain,
several reasons could be suggested: (1) impurity oxygen,

sition.) Figure 7 shows the compositional dependence of (15) Yan, J.; Ramamujachary, K. V. Greenblatt, Wter. Res. Bull1995

electric resistivity at room temperature (298 K). Solid and

30, 463.
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Figure 9. Inverse magnetic susceptibility versus temperature fQNG8,.

Table 1. Magnetic Parameters of CoNbS,

x in CoNbS, 0/K Peti/ug per Co Slus per Co
0.20 —25.9 2.26 0.74
0.25 —97.5 2.29 0.75
0.30 —167.0 3.78 1.46
0.33 —155.0 3.33 1.24
0.40 —36.6 1.85 0.64
0.46 —7.6 1.60 0.44
0.50 8.6 1.60 0.44
0.52 15.4 1.48 0.39
0.55 52.6 1.13 0.35

(2) Hall effect!® (3) spin-glass behaviéf,and so on. Since

Chem. Mater., Vol. 18, No. 21, 20081999
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Figure 10. Variation of the estimated spin quantum num8ers a function
of compositionx in CoNbS,.
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Figure 11. Variation of the estimated Weiss temperatéras a function
of compositionx in Co,NbS,.

the estimation 0§, it was assumed that only spins contribute

these abnormal changes in magnetic susceptibility dependedq ... Except for the samples with= 0.3 andx = 1/3,
strongly on the Co contents, formation of spin glass is most the values ofswere about 0.5, which corresponds t0?Co
likely to occur in this system. This spin-glass is only observed with Jow-spin electronic configuration. On the other hand,
for the sample with semiconductive behavior, so that this the high-spin configuration for C6 was indicated at the

does not stem from RKKY interaction but rather from but

compositions ok = 0.3 and 1/3, where the values $fvere

frustration between Co 3d localized spin arising from triangle apout 1.5. Accordingly, the cobalt ions intercalated into
cluster formation. The relationship between temperature andjayered Nb$ structure with the oxidation state &f2, and
inverse magnetic Susceptlblllty is shown in Figure 9. The |Ow_spin to h|gh_sp|n phase transition was aroue 1/3.

values of Cyq and 6 were obtained by a least squares

Although the reason for this transition is uncertain, it would

refinement and summarized in Table 1. Note that accuratere|ate to the superstructure formation around= 1/3.

estimation is difficult due to their small values gf on the
order of 106 emu g

Although the metallic behavior was observed at 0<l%

Usually, long-range ordering of the lattice does not affect
the high and/or low spin configuration. However, we infer
that the superlattice formation leads to the anomaly changes

< 0.49 in electric resistivity measurement, the localized in the crystal field. One can see that the lattice parameter

electronic configuration is indicated from the Curié/eiss

increased linearly with compositiog however, it humped

manner of magnetic susceptibility. As discussed aboveoNbS s|ightly at the superlattice region. Since theetectrons are
forms wide band structure and their electrons are delocalized directly linked to the S 3p orbital, the increase in lattice

showing such as Pauli paramagnetism which contributes toparameterc would reduce electronelectron repulsive in-

the temperature-independent termy@fOne can expect that
Kondo or RKKY interaction comes from the interaction

teraction. This effect would make the high spin configuration
to be stable. In addition, all the Co ions are surrounded by

between free and localized electrons in metallic conduction vacancies in intercalated site, when superlattice forms.
phase. However, no marked changes in Weiss temperaturgFigure.4) Thus, the short-range exchange interaction be-

were observed at metainsulater transition composition

tween the Co ions is expected to disappear for the samples

(discussed later in Figure 11). Thus, we infer that the Kondo aroundx = 1/3. Further study is needed to understand the

or RKKY interaction is of small importance in this system.

Therefore, the localized nature of electrons mainly stems

high-low spin transition aroung = 1/3.
Figure 11 shows the plots of Weiss temperattir@s the

from the intercalated Co ions. To estimate the valence statefunction of compositiorx. The sudden decrease of thevas

of Co ions, an effective Bohr magnetBg: and spin quantum
numberS per Co ions were calculated using the value of
Cmo and listed in Table 1, an8is plotted in Figure 10. For

(16) Nozaki, H.; Saeki, M.; Onoda, M. Solid State Chen1995 116,
392.

(17) Matsuura, K.; Wada, T.; Nakamizo, T.; Yamauchi, H.; Tanakal, S.
Solid State Cheml991, 94, 294.

observed at the compositior= 0.3 and 1/3, corresponding

to the formation of superstructure and high-spin configura-
tion. Maybe, the direct exchange interaction between Co ions
would be depressed as mentioned above, while superex-
change interaction works instead in this region. The low-
spin to high-spin transition of Go increases theyelectrons
which directly link to the anion S orbital. This would lead
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Figure 12. DOS for (a) NbS and (b) Ca;iNbS,.

Table 2. Comparison Hexagonal Lattice Parameters between each deviation is less than 2% for {zblbS,. Figure 12
Optimized Values by Computation and Measured Values by represents the total and partial density of state obtained by

EXpG_mmem , ab initio computation. In NbS(Figure 12a), partial DOS of

computation experiment sulfur forms a wide valence band fron2 to 4 eV, whereas

NbS o 1/138"";5’6:75'7566 that of niobium split into a g band and a remaining 4d
CoysNbS, a; V3 a,=5.7822 a=+/3a,=5.7561 electron band, residing around 5 eV and from 7 to 9 eV,
€c=11.6894 €c=11.920 respectively. As seen in Figure 12, the shape of both sulfur
a1n the computation, the superlattice was used witha, x +/3 ao. and niobium bands are similar, indicating strong hybridiza-

tion between Nb 4d and S 3p levels. The Fermi level is

. . laced at the center of Nbzdband, so that metallic
to the enhancement of the antiferromagnetic superexchangégonduction via the Nb g band is predicted in NbSThe

interaction. Thus, the Weiss temperature decreased at the . ;
compositionx = 0.3 and 1/3. Except for this superstructure Ei[}tlallDoOSt of _Sl:|f_ur :’:S ?:‘(())blll\JlESBflor Qﬂ;‘ﬁg_(l.:égg”ed
region, thed gradually increased with composition The ) aimos rr;?m ained that for €nce, the rgid ban

: . . - model of Nb$?! could be supported for the QdbS, system.
sign of 0 is changed from negative to positive yat= 0, The Co 3d band placed from 4 to 7 eV where the Nb d
indicating the magnetic interactions changed from antifer- band resided. | d'p ting that elect f.V;' lated Co i
romagnetic to ferromagnetic. This may originate from the anc r_eS|t 3 ! Itn It%a IRI%ZQ?) egc'&ong_o n erc(:jaba;a cir:ons
increase of exchange interactions between Co and neighbor-are injected info the pand. As discussed betore, the
ing Co. d» band would be flllgd with one electron |njec2:t|qn, which

To understand the above experimental observations, abﬁlc:)r; s?on?s toTtrtle |fn tercg:atlor;t;f l/.2 mc?l (liont the'
initio computation based on density functional theory (DFT) i strue u(rje. i tﬁ refore, e_t_m - %méc_o n CucN%r$raInS|-
was carried out for NbSand Ca;sNbS,. The structure model lon occurred at the composition= .5 1n -G - N

reported by Parkin et & .was used for CoNbS; as an initial detail, the Co 3d band spiit intagtand g bands due to
structure. On the other hand, Co was simply removed from octahedral symmetry and formed sharper and narrower

. . o band structure than that of the Nb 4d and S 3p bands. No
the structure for the computation of Npb¥ienna ab initio L L
simulation package (VASP)was utilized with generalized ;naLkeddhyl_Jrr;]dlzaggn \INaf’ |nd|c?t(éd betwe((ejnl Co I'3d ;nd S
gradient approximation (GGA) and with the projector- p bands. 1hus, electrons of 0 caused localized mag-

augmented wave (PAW) methét#° Antiferromagnetic netic behavior, such as Curi#Veiss behavior around room

arrangement was applied as indicated in magnetic Suscep_temperature. Accordingly, ab initio computation supports

tibility measurement for C@Nb$S,. Relaxation was allowed, v_ve_l! the obs«_arved electric resistivity and magnetic suscep-
and the final energies of the optimized geometries were tibility behavior.

recalculated so as to correct changes in the plane-wave basis )

during relaxation. Table 2 summarizes the lattice parameters Conclusions

for optimized structure and experimental results, showing (1) Single phase GbdlbS, was synthesized in the compo-
sitional range of 0.15 x < 0.55. Superstructure witt/3a

(18) Kresse, G.; Furthmuller, Phys. Re. B 1999 54, 11169.
(19) Blochl, P. E.Phys. Re. B 1994 50, 17953.
(20) Kresse, G.; Joubert, Phys. Re. B 1999 59, 1758. (21) Friend, R. H.; Yoffe, A. DAdv. Phys.1987 36, 1.
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x +/3a was formed arounc = 1/3 due to ordering of in the superstructure region, while low spin configuration is
intercalated Co arrangement. formed in the remaining region.
(2) Electric resistivity measurement reveals the metal

semiconductor transition at= 0.49 arising from filling of _ )
the d, orbital. Acknowledgment. This work is supported by The Thermal

& Electric Energy Technology Foundation in Japan. We express
sincere gratitude to Prof. Hidekazu Tanaka (Tokyo Institute of
Technology) for fruitful discussion.

(3) Magnetic susceptibility follows a CurieNeiss law
and indicates that the valence state of CZ& The changes
in spin configuration are observed and related to the
arrangement of Co ions. High spin configuration is observed CM060932N



