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Anisotropic optical spectra of BaCo1ÀxNixS2: Effect of Ni substitution
on the electronic structure of the Co1ÀxNixS plane

K. Takenaka,* S. Kashima, A. Osuka, S. Sugai, Y. Yasui, S. Shamoto,† and M. Sato
Department of Physics, Nagoya University, Nagoya 464-8602, Japan

~Received 8 October 2000; published 1 March 2001!

Polarized optical reflectivity is studied in single crystals of BaCo12xNixS2 over a wide compositional range
0<x<0.28 from the antiferromagnetic insulating to the paramagnetic metallic phase. BaCoS2 is a charge-
transfer-type Mott insulator with an anisotropic optical gap of about~or less than! 1 eV for E'c ~parallel to the
CoS plane! and 3.5 eV forEic ~perpendicular to the CoS plane!. Ni substitution for Co has different effects on
the in-planesab(v) and out-of-planesc(v) conductivities. As the Ni substitution proceeds, a Drude-like peak
develops insab(v) abovex50.18, while a mid-infrared absorption band develops and a Drude-like peak is
not confirmed insc(v). This indicates that the two-dimensionality is stronger than predicted from band
calculations. However, the mid-infrared spectral weight induced insc(v) is much larger than that of high-Tc

cuprates. This suggests that the charge carriers are not so tightly confined within the plane as in high-Tc

cuprates. The looseness of the charge confinement probably originates from a strong interlayer-coupling effect
via the 3d3z22r 2 orbital.

DOI: 10.1103/PhysRevB.63.115113 PACS number~s!: 71.27.1a, 71.30.1h, 78.20.2e
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I. INTRODUCTION

The layered sulfide BaCo12xNixS2, consisting of
Co12xNixS planes separated by rocksalt BaS blocks, i
strongly correlated quasi-two-dimensional~2D! system.1,2

BaCoS2, with Co21 in the (3d)7 configuration, is an antifer-
romagnetic Mott insulator2–4 ~Néel temperatureTN5310 K!
contrary to the prediction of a metal of band calculation5

The system undergoes a Mott insulator to metal~I-M ! tran-
sition atx;0.2 on substituting Ni for Co.2,6 Previous studies
suggest the 2D nature of the Co12xNixS plane7,8 and various
anomalous behaviors in the metallic phase near the M
transition, such as a temperature-dependent Hall coeffic
are shared with high-temperature superconducting~high-Tc)
cuprates.6 The dynamical magnetic properties have also b
studied by means of neutron inelastic scattering.8–10 The
Mott transition is induced also by rather small pressure11,12

and an anomalous transition from a high-T antiferromagnetic
insulator ~AFI! to a low-T paramagnetic metal~PMM! oc-
curs in sulfur-deficient BaCo12xNixS22y .2,13–15The present
sulfide system is a suitable subject for the study of the pe
liar physical properties of doped Mott insulators, which
one of the central concerns in current condensed ma
physics.

Optical reflectivity study, bridging the gap between
transport properties and high-energy spectroscopy, is a p
erful tool for investigating the electrical properties of co
ducting carriers as well as the electronic structure in the
cinity of the Fermi level. Therefore, it is expected to reve
the evolution of the electronic structure of BaCo12xNixS2
and its anisotropic charge transport. Previous work by K
et al. reported theT-dependent far-infrared~far-IR! spectra
of the sulfur deficient polycrystalline BaCo0.9Ni0.1S1.9 and
revealed an anomalous Drude-like response with remark
small energy width and extremely small spectral weigh16

However, it is expected that mixing of the anisotropic refle
tivities conceals the difference between the in-plane and
of-plane electronic properties.
0163-1829/2001/63~11!/115113~7!/$15.00 63 1151
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We measured the reflectivityR(v) spectra of single-
crystalline BaCo12xNixS2 over a wide energy range
0.005–40 eV for both polarizations, parallel (E'c) and per-
pendicular (Eic) to the Co12xNixS plane. The present ex
periment has revealed the overall features of the electro
structure as the Ni concentration increases fromx50 ~AFI!
to 0.28~PMM!. The electronic states are reconstructed o
large energy scale at the Mott transition, which is incomp
ible with the rigid band picture. Based on the present resu
we discuss the differences in the electronic states and s
ture between the present sulfide system and a typical higTc
cuprate La22xSrxCuO4.

II. EXPERIMENTS

Single crystals of BaCo12xNixS2 were grown by a self-
flux method. The sulfur deficiency in the as-grown cryst
was reduced by annealing them at 900 °C in a sealed qu
tube together with polycrystalline BaCo12xNixS2 which had
a prescribed sulfur content. Details of the sample prepara
are given elsewhere.7,11,17 Typical crystal size was 1.031.0
mm2 in the (ab) plane and 0.1 mm along thec axis, which
was sufficient for optical measurements when we used
microscope designed for the infrared-visible spectromete

Near-normal incident reflectivity measurements we
made using a Fourier-type interferometer~0.005–2.2 eV!, a
grating spectrometer~1.2–6.6 eV!, and a Seya-Namioka typ
spectrometer for vacuum-ultraviolet synchrotron radiat
~4.0–40 eV! at the Institute for Molecular Science, Okaza
National Research Institutes. As a reference mirror, we u
an evaporated Au~far- to near-IR region! and Ag ~visible
region! film on a glass plate. The experimental error for t
reflectivity, DR, determined from the reproducibility, is les
than 1% for the far-IR to visible region and less than 2%
the ultraviolet to vacuum-ultraviolet region. The reflectivi
spectra were measured on surfaces polished by a lapping
with diamond powder of diameter 0.5mm. For the represen
tative compositions, we also measured the in-plane (E'c)
©2001 The American Physical Society13-1
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reflectivity on the cleaved surfaces and confirmed that
spectra measured on both the polished and cleaved sur
are essentially the same.

For quantitative discussion, we deduced the optical c
ductivity s(v) from the measuredR(v) data via a Kramers-
Kronig ~KK ! transformation. In order to use this transform
tion, appropriate extrapolations are necessary. Since
experiment covers the energy region up to 40 eV, wh
includes contributions from almost all the valence electro
in the material, our extrapolation to the higher-energy reg
~we assumedR}v24) does not affects(v) in the energy
region of interest. Below 5 meV, we made the extrapolat
in the following manner. For both polarizations, constant
flectivity was assumed for the insulating compoundsx
50 – 0.14) while Hagen-Rubens~HR! reflectivity was used
for the metallic compounds (x50.18– 0.28). For the in-plane
polarization (E'c), the parameters in the HR extrapolatio
sab(0) are;1800V21 cm21 (x50.18), ;2500V21 cm21

~0.24!, and;3100 V21 cm21 ~0.28!, which are roughly in
accord with the measured dc values.7,11 For the out-of-plane
polarization (Eic), systematic data for the dc resistivit
r(T) have not been reported yet. However, a prelimin
measurement atx50.28 givessc

dc;20– 200V21 cm21 at
room temperature.7 The sc(0) obtained in the HR extrapo
lations are within this range. Variation of the extrapolati
procedures had negligible effects ons(v) above 0.01 eV for
E'c and above 0.02 eV forEic. Rc in the far-IR region is
rather low and hence the connection with the HR reflectiv
is not so smooth as forRab . This reduces to some extent th
energy range with sufficiently accurates(v) for Eic com-
pared withE'c.

We also calculate the integrated spectral weight defi
by

Neff~v!5
2m0V

pe2 E
0

v

s~v8!dv8 ~1!

(m0 is the bare-electron mass;V is the unit-cell volume!.
This represents the effective density of carriers contribut
to optical excitations below a certain cutoff energy\v.

III. RESULTS

A. Spectra of undoped BaCoS2

Figure 1 shows the reflectivity spectra of BaCoS2 at room
temperature~295 K! on a logarithmic energy scale~0.01–40
eV! for both polarizations, parallel (E'c, solid line! and
perpendicular (Eic, dashed line! to the CoS plane. The over
all features are common to other perovskite-related mate
such as the parent compounds of high-Tc cuprates.18,19 The
spectrum can be separated into three parts, the 0–5 eV, 5
eV, and 10–40 eV regions. The highest-energy part is c
acterized by an edge at;25 eV andv24-like decay above
that. This edge is the so-called valence-electron plasma e
which originates from the excitations involving all the v
lence electronsNv519 (632 S 3p and 7 Co 3d electrons!
~inset of Fig. 1!. The middle band starting from 5 eV i
assigned to the interband excitations from S 3p valence
bands to Ba 5d/4f conduction bands in the BaS bloc
11511
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layer.20 These two parts do not exhibit remarkable anisotro
or variation with Ni substitution. The lowest part below 5 e
is dominated by excitations in the CoS plane.

In the lowest-energy region, the spectra of both polari
tions show the typical behavior of an insulator, characteriz
by peaks due to optical phonons in the far-IR region inR(v)
~Fig. 1! and by gaplike behavior ins(v) ~Fig. 2!. Since the
suppression ofs(v) extends over a wide energy rang
~;1.0 eV and;3.5 eV for the in-plane and out-of-plan
polarizations, respectively!, it must be an electronic correla
tion effect, not a localization effect due to disorder
phonons. Another characteristic feature is the anisotropy
s(v). These anisotropic optical gaps are explained
charge-transfer~CT! excitations; the 1 eV structure in

FIG. 1. Optical reflectivity spectra of BaCoS2 at 295 K for the
in-plane (E'c, solid line! and out-of-plane (Eic, dashed line! po-
larizations up to 40 eV. Inset shows the integrated spectral we
Neff for the in-plane electronic contribution. On this energy sca
the out-of-plane contribution is almost the same as the in-pl
contribution.

FIG. 2. Optical conductivity spectra of BaCoS2 deduced from
the reflectivity spectra via the Kramers-Kronig transformation
the polarizationE'c ~295 K, solid line; 10 K, thin line! and Eic
~295 K, dashed line!.
3-2
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sab(v) can be assigned to the planar S~2! 3ps→Co 3dx22y2

excitation and the 3.5 eV structure insc(v) to the apical
S~1! 3ps→Co 3d3z22r 2 excitation. Both are allowed for the
(3d)7 configuration of Co21 in BaCoS2. In various Co com-
pounds, the on-sited-d Coulomb repulsion energyU is es-
timated to be at least 4 eV,21 and hence BaCoS2 is classified
as a CT-type Mott insulator in the Zaanen-Sawatzky-Al
scheme.22,23 In addition, because the out-of-plane gap
larger than the in-plane gap by more than 2 eV, the
3d3z22r 2 orbital is suggested to be higher in energy than
Co 3dx22y2 orbital.

These experimental results on undoped BaCoS2 contrast
with the band calculations,5 which predicted a metallic~or
semimetallic! state with the configuration
(3d3z22r 2)2(3dx22y2)1L (L is a ligand hole! mixed with
(3d3z22r 2)2. This is because the electronic correlation is n
appropriately taken into account in the band calculatio
Concerning the discrepancy in the order of the energy le
between 3d3z22r 2 and 3dx22y2, the monoclinic distortion
and/or the much longer planar S~2!-Co bond length~;2.44
Å! compared with the apical S~1!-Co bond length2,3,24,25

~;2.28 Å! may also play some role.
A weak structure at;0.5 eV in sab(v) might be remi-

niscent of the S~2! 3pp→Co 3dxy,yz,zx excitation. Neutron
scattering studies indicate that BaCoS2 is in the high-spin
state with the (t2g)5(3d3z22r 2)1(3dx22y2)1 configura-
tion,26–28 where S~2! 3pp→Co 3dxy,yz,zx and S~1! 3pp

→Co 3dyz,zx excitations are allowed for the in-plane an
out-of-plane polarizations, respectively. The tail insc(v)
below the CT excitation at;3.5 eV may be partly explained
as the latter CT excitations. Weakd-d transitions, which are
expected to be optically active and to have some spec
weight because of thed-p hybridization, may also contribute
to the tail.

For the in-plane polarization, the optical phonons a
somewhat damped~Fig. 1! and the residual spectral weigh
persists below the gap at 295 K~solid line in Fig. 2!. The
indistinct gap structure does not originate from the therm
smearing effect because the low-T ~10 K! spectrum shows
similar behavior~thin line in Fig. 2!. These features sugge
that the CT~Mott! gap is closing. The carriers might b
slightly doped onto the CoS plane due to the residual su
deficiency or the CT gap in BaCoS2 might have the tendenc
to close even for the stoichiometric compound. In additi
the indistinct gap structure may also originate from the we
d-d transitions.

B. Ni-substitution effect on the optical spectra

The reflectivity data measured on BaCo12xNixS2 at 295 K
and the KK-transformed conductivity spectra are shown
Fig. 3 and Fig. 4, respectively. The essential change indu
by the Ni substitution is the crossover from insulating
metallic spectra. However, the process is different for
two polarizations.

For the in-plane polarization, as the Ni substitution p
ceeds, a reflectivity edge at about 1 eV appears, althoug
position does not change much, and the damping of opt
phonons becomes intense. Forx>0.18, the optical phonon
11511
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are almost completely screened out and the spectrum
solely characterized by the reflectivity edge. According
the change inRab(v) on Ni substitution, a part of the spec
tral weight in sab(v) from 1 to 5 eV is transferred to the
lower-energy region and forms a Drude-like (v50 centered!
structure in the metallic phase (x>0.18). These results ar
consistent with resistivity studies on single crystals;11 rab(T)

FIG. 3. Optical reflectivity spectra of BaCo12xNixS2 (0<x
<0.28) at 295 K for the polarization~a! E'c and ~b! Eic. The
curves are shifted upward with increasing Ni content.
3-3
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is insulating forx,0.16 while it is metallic aboveTN ~;180
K! for x;0.16– 0.22 and over the wholeT range for x
.0.22.

Variation in s(v) over such a wide energy range ind
cates the reconstruction of the electronic states involv
both conduction and valence bands of the parent insula
material, which is commonly observed in the I-M transitio
of doped Mott insulators.19,29–32 The Drude-like term in
sab(v) for the metallic compounds is expressed by a slow
decaying feature~roughly,s}v21) with large energy width

FIG. 4. Optical conductivity spectra of BaCo12xNixS2 (0<x
<0.28) deduced from the reflectivity spectra via the Krame
Kronig transformation for the polarization~a! E'c and ~b! Eic.
Inset of~b! shows magnified optical conductivity spectra forEic in
the low-energy region~0–0.1 eV!.
11511
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~about 1 eV! rather than a simple Drude formul
sdcg2/(v21g2) (g is the damping rate!. This is also a com-
mon feature in strongly correlated, or Mott-gap-collaps
metals.33–35

The substitution effect on the optical spectrum is sma
for Eic than forE'c. For the out-of-plane polarization, th
optical phonons are less screened and persist up tox50.28.
As the Ni substitution proceeds, the CT structure~;3.5 eV!
in sc(v) gradually decreases. The missing spectral weigh
the CT excitation is transferred to the lower-energy reg
and forms a broad, mid-IR structure, which gradually dev
ops and shifts downward asx increases. However, a Drude
like component is not confirmed even for the metallic pha
wheresab(v) shows the Drude-like response. Such anis
tropic spectra reflect the 2D electronic structure
BaCo12xNixS2.

The previous optical study by Kimet al. reported that the
Drude-like term is limited within the narrow energy regio
below 0.01 eV with extremely small spectral weight in th
BaCo0.9Ni0.1S1.9 polycrystal.16 This seems incompatible with
the present result, in which the slowly decaying Drude-li
term in sab(v) is much wider. This discrepancy may orig
nate from the large anisotropy between the in-plane and
of-plane spectra. The reflectivity measured by Kimet al. is
rather low compared with ourRab(v) spectra for the metal-
lic compounds. That low reflectivity may be reproduced
superimposition of the higher in-plane and the lower out-
plane reflectivity. One should also note that scattering at
grain boundaries and/or the holes may decrease the mea
reflectivity in polycrystalline samples.

IV. DISCUSSION

A. Reconstruction of electronic states

The Ni-induced Mott transition in BaCoS2 is considered
to be driven by electron doping onto the Co12xNixS plane,
while the pressure-induced transition is considered to
driven by increase of the transfer energy.10 The present op-
tical study cannot distinguish these two types of Mott tra
sition. However, it is certain that the present study is inco
patible with electron doping in the sense of the rigid ba
picture. In the rigid band picture, the gap structure at h
energy persists with Ni substitution and a Drude term w
spectral weight associated with the doped carriers appea
lower energy around 0 eV. This is contrary to the pres
experimental result, in whichs(v) varies over a wide en-
ergy range up to 5 eV. This feature reflects the restora
process from the strongly correlated CT insulator to the n
mal semimetal predicted by the band calculations.

This drastic reconstruction seems to occur within the n
row compositional rangex&0.2. The x-ray absorption spec
tra do not change appreciably with Ni substitution in t
metallic regionx>0.2.36 After the Mott gap closes, the elec
tronic structure may not be so different from that predict
by the band calculations and hence the rigid band pict
may be applicable.37

Substitution of an element in the conducting plane w
the same valence~in the present case, Ni21) corresponds to
‘‘impurity’’ doping in high-Tc cuprates.38 Therefore, one

-
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may doubt whether the substituted Ni really donates ad elec-
tron onto the Co12xNixS plane. However, it is known tha
the I-M transition in Ni12xCoxS2 is caused by the isovalen
substitution of Co12 for Ni21 and the mechanism of hol
doping by Co substitution has been proposed.39 In addition, a
recent study by angle-resolved photoemission spectrosc
~ARPES! suggests mixing between the Co 3d and Ni 3d
orbitals.40 The difference between the oxides and the sulfi
may be due to the difference in thep orbitals of the anion
partner, 2p or 3p.

B. Anisotropy

The highly 2D charge dynamics shown by the pres
experiment is contrary to the band calculations, which p
dict a less anisotropic, 3D-like metallic state.5 The highly 2D
nature is also characteristic of high-Tc cuprates. However
there is a difference between these two systems in the
of-plane conduction.

The difference is clearly shown by the following plots.
Fig. 5~a!, the effective carrier numbers defined by Eq.~1! for
the in-plane (Neff

ab) and out-of-plane (Neff
c ) polarizations are

plotted againstx for BaCo12xNixS2 ~solid squares! and for a
typical high-Tc cuprate La22xSrxCuO4 ~open squares, Refs
19 and 41!. Neff is defined as the number of carriers p
Co~Ni! or Cu atom. The contribution from the optica

FIG. 5. ~a! Integrated spectral weight of the in-plane (Neff
ab) and

out-of-plane (Neff
c ) electronic contributions plotted againstx in

BaCo12xNixS2 ~solid squares!. Data for La22xSrxCuO4 taken from
Refs. 19 and 41~open squares! are also shown for comparison. Th
contribution from the optical phonons is subtracted.~b! Anisotropic
ratio Neff

ab/Neff
c deduced from theNeff data shown in~a!.
11511
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phonons is subtracted. Figure 5~b! shows the anisotropic ra
tio Neff

ab/Neff
c deduced from theseNeff data. Here, the cutoff

energy in Eq.~1! is chosen so that we can well approxima
the spectral weight of the low-energy electronic excitatio
For Neff

ab , it is tuned to the isosbestic point insab(v) ~0.8 eV
for BaCo12xNixS2 and 1.2 eV for La22xSrxCuO4). For Neff

c ,
the cutoff energy 0.25 eV corresponds to the energy of
dip in sc(v) of La22xSrxCuO4.41 Such a dip is not observe
in BaCo12xNixS2, but we chose the same cutoff energy~0.25
eV! for comparison with La22xSrxCuO4. In any case, some
variation in the cutoff energy does not affect the gene
features. In BaCo12xNixS2, a much larger spectral weight i
induced insc(v) with increasingx than in La22xSrxCuO4.
In addition, Neff

c exhibits a steep rise at smallerx in
BaCo12xNixS2 than in La22xSrxCuO4. This is due to the
mid-IR absorption band insc(v), which is absent in
La22xSrxCuO4.

The difference in the out-of-plane charge response may
more clearly shown in dc transport or free-carrier dynami
In high-Tc cuprates, over a wide compositional range of t
superconducting phase, especially in the under- to optim
doped region,rc(T) is insulating even thoughrab(T) is
metallic.42 This striking feature is a consequence of t
‘‘charge confinement’’ within the plane and has been cons
ered as a possible indication of the non-Fermi-liquid nat
of the CuO2 plane.41 In high-Tc cuprates, the anisotropic d
conduction does not originate from an anisotropic effect
massm* ~or Drude weightD* ;n/m* ) but from the uncon-
ventional conduction mechanism—coherent in-plane but
coherent out-of-plane conduction.41,42 However, previous
measurement in BaCo12xNixS2 shows thatrc(T) is metallic
and the resistivity anisotropy ratiorc(T)/rab(T) depends
little on temperature.7 This suggests that the 2D dc condu
tion in BaCo12xNixS2 can result from the anisotropy inm*
~or D* ). That is, thec-axis transport in BaCo12xNixS2

seems still to be coherent. Although the Drude-like respo
in sc(v) is not confirmed in the present experiment@inset of
Fig. 4~b!#, it is possibly hidden by the predominant mid-I
absorption. Atx50.28, for example,sc(v) is about 150
V21 cm21 at 0.02 eV, which is larger than~or at least com-
parable with! the dc conductivity value suggested by th
above mentionedrc(T) measurement.7 Therefore, our pre-
diction seems to be consistent with the transport study.

The difference in 2D conduction probably originates fro
a strong interlayer-coupling effect via the 3d3z22r 2 orbital,
which loosens the charge confinement even for the slig
doped region and restores coherentc-axis transport. The role
of the 3d3z22r 2 orbital is confirmed also by the recen
ARPES study.40 In contrast, in the high-Tc cuprates, the car-
riers do not enter thec-axis oriented 3d3z22r 2 orbital,43 and
coherentc-axis transport is forbidden, until the carriers a
heavily doped. BaCo12xNixS2 is much more 2D than pre
dicted by the band calculations because of the electronic
relation, but seems to be less 2D than the high-Tc cuprates in
this sense. The loose vs tight charge confinement is a sig
cant difference between BaCo12xNixS2 and high-Tc
cuprates.44
3-5
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V. SUMMARY

We have presented optical spectra of BaCo12xNixS2
single crystals over wide compositional (0<x<0.28) and
energy (0.005<\v<40 eV! ranges for both in-plane (E'c)
and out-of-plane (Eic) polarizations. The spectral feature
and thus characterized electronic states and structur
BaCo12xNixS2 are summarized as follows.

~1! The parent compound BaCoS2 is a charge-transfer
type Mott insulator characterized by an anisotropic opti
gap of about~or less than! 1 eV and 3.5 eV for the in-plane
and out-of-plane polarizations, respectively.

~2! Ni substitution considerably alters the optical spec
over a wide energy range up to 5 eV. This is incompati
with the rigid band picture and indicates the reconstruct
of the electronic states at the Mott transition.

~3! The present optical spectra show the 2D nature
BaCo12xNixS2. A Drude-like component is not confirmed i
sc(v) in the present study even for the metallic phase wh
sab(v) shows a Drude-like response.

~4! However, the strong interlayer coupling loosens t
charge confinement within the plane in BaCo12xNixS2. The
IR spectral weight insc(v) increases with doping muc
faster than in high-Tc cuprates and also thec-axis transport
remains coherent. The looseness of the confinement ma
one of the reasons why BaCo12xNixS2 does not show super
conductivity although it shares many common propert
with high-Tc cuprates.

The present study demonstrates that the out-of-pl
charge dynamics provides useful information on the el
tronic states and structure of a 2D doped Mott insula
because the out-of-plane dynamics clearly and sensitively
flects the character of the orbitals in the vicinity of the Fer
level.
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