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Charge density distribution of transparent p-type semiconductor (LaO)CuS

Kouichi Takase,a) Ken Sato, Osamu Shoji, Yumiko Takahashi,

Yoshiki Takano, and Kazuko Sekizawa

Department of Physics, Nihon University, 1-8 Kanda-Surugadai, Chiyoda-ku, Tokyo 101-8308, Japan

Yoshihiro Kuroiwa

Department of Physical Science, Hiroshima University, 1-3-1 Kagamiyama, Higashi-Hiroshima,

Hiroshima 739-8526, Japan
Manabu Goto

Department of Physics, Okayama University, 3-1-1 Tsushima, Okayama 700-8530, Japan
(Received 8 December 2006; accepted 15 March 2007; published online 19 April 2007)

The charge density distributions of layered oxysulfide (LaO)CuS, known as a p-type transparent
semiconductor, have been investigated by analyzing the synchrotron radiation powder diffraction
profile with the maximum entropy method/Rietveld method. The bonding character of the Cu-S
bond is revealed to be covalent. Meanwhile, the O-La bonding has both ionic and covalent
characters. The number of electrons estimated by integrating the charge density around each atom
gave direct evidence that each CuS and LaO layer is electrically almost neutral. © 2007 American

Institute of Physics. [DOI: 10.1063/1.2724891]

In the last decade, wide-gap semiconductors have at-
tracted much our attention as transparent materials, lumines-
cent materials, laser-emission materials, and magnetic semi-
conductors. Almost all wide-gap semiconductors are
inevitably classified into n type, and the lack of transparent
p-type semiconductors restricts the fabrication of p-n junc-
tions. The discovery of p-type semiconductors, such as
CuMO, (M=Al1"? Ga,* In,"*) and SrCu,0,,” provides ma-
terial candidates for fabricating transparent devices. How-
ever, there is still a need to discover other p-type materials
for device applications.

Layered oxysulfide (LaO)CuS is known to be a transpar-
ent p-type semiconductor with a band gap of 3.1 eV (Ref. 6)
and no magnetic moment.” It shows excellent optical prop-
erties expected by the presence of excitons, even at room
temperatulre.&9 This compound has a layered (LaO)AgS-type
crystal structure with the space group of P4/ nmm,'*"" which
consists of La—0O,—La and S—Cu,-S slabs stacked along the
c axis alternately, as shown in Fig. 1.

Previously, we investigated the optical and electrical
properties,9 as well as the photoemission spectra of
(LaO)CuS samples.'? Electrical conductivity and photolumi-
nescence are strongly affected by the stoichiometry of
samples. An outline of the electronic structure has been ob-
tained through photoemission spectroscopy12 and the first
principles band calculation.”” There remains the problem,
however, of the nature of the chemical bonding in this com-
pound. Experimental investigations into its chemical bonding
have not yet been performed. It is essential to know about
the direct electron density distributions in the host material
(LaO)CuS to understand its unique electrical and optical
properties. Therefore, in this work, we conducted a charge
density study with synchrotron radiation (SR) powder dif-
fraction.

Polycrystalline samples of (LaO)CuS were prepared by
solid-state reaction. Starting materials were La,S; (99.9%),
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La,03 (99.999%), Cu (99.99%), and S (99.99%) powders.
La,05 was preheated at 950 °C for 10 h to remove hydrox-
ides. These starting materials were mixed stoichiometrically
under Ar atmosphere and pressed into rectangles. The rect-
angular bars were sealed in an evacuated silica tube and sin-
tered at 900 °C for 40 h. The chemical composition of the
sample was checked out by means of inductively coupled
plasma—atomic emission spectrometry. The molar ratio for
La, O, Cu, and S in (LaO)CuS was 1:1.04:1.01:0.99, respec-
tively, where each value is normalized by that of La. We
confirmed that the chemical composition of (LaO)CusS is al-
most the same as the nominal value within errors.

For determination of the precise crystal structure by
x-ray diffraction, especially at the electron charge density
levels, it is essential to collect accurate Bragg intensity data.
For this purpose, high-energy SR powder diffraction experi-
ment was conducted on the BLO2B2 at SPring-8, using a
large Debye-Scherrer camera equipped with an imaging plate
as a highly sensitive x-ray detector. The performance of this
camera is reported elsewhere.'* High-energy powder diffrac-
tion frees us from the problems of extinction and absorption
effects and is quite useful for samples such as (LaO)CusS,
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FIG. 1. Schematic diagram of the crystal structure of (LaO)CuS. The draw-
ing in the range of unit cell (a) and the view from a axis (b).
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FIG. 2. SR powder diffraction pattern of (LaO)CuS. The dots denote ex-
perimental results and the solid line denotes fitted pattern by the Rietveld
method. The incident wavelength of x ray is 0.4969 A. The reliability fac-
tors are 4.73% in R,,, and 1.35% in Ry. The deviation between the observed
intensity and the calculation is shown at the bottom of the figure with the
bars which indicate peak position inherent to (LaO)CuS.

which consists of the extremely heavy element La and the
light element O. The polycrystalline sample was ground into
fine powders. Homogeneous granularity was achieved by the
precipitation method. The powder sample was sealed in a
0.2 mm diameter silica capillary. The wavelength of the in-
cident x rays was 0.4969 A. To get accurate counting statis-
tics, diffraction data were obtained at room temperature im-
mediately before the imaging plate was saturated by the most
intensive reflection. The SR powder diffraction patterns were
analyzed using the maximum entropy method (MEM)/
Rietveld method. The validity of the method has been dem-
onstrated by the observation of accurate covalent bonding of
silicon and diamond."® This method has also been applied to
studies on the bonding character of the Pb—O bond in
PbTiO;.'°
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Figure 2 shows a profile fitting result of the SR powder
diffraction pattern obtained by the Rietveld analysis, where
the space group P4/nmm was assumed and the structural
parameters reported by Palazzi were used as the initial
parameters.lo The data used for the analysis were up to 70°
(d>0.4332 A) in 26. The calculated profile reproduces the
experimental one well up to the higher 26 range, as shown in
the inset of Fig. 2. The reliability factors were 4.73% in R,
and 1.35% in Ry. The structural parameters obtained are
listed in Table I. These results are in good agreement with
the data reported by Palazzi.'”

The charge density distributions of (LaO)CuS were ana-
lyzed with 567 independent structure factors obtained by Ri-
etveld analysis. The unit cell was divided into 80X 80
X 170 pixels for a, b, and ¢ axes, respectively, in the MEM
analysis, where the unit pixel is equal to 0.05X0.05
% 0.05 A3. The program, ENIGMA,'” was used for the MEM.
MEM analysis accurately obtained the three dimensional
(3D) charge density distribution in (LaO)CuS and provides
useful information for understanding the electronic structure
of this compound. The visualized charge density distribu-
tions are shown in Fig. 3 at the equidensity level of 0.4 e/A>.
The density contour line is also added in the cross-sectional
view, where high-density coverage, greater than 1.0 /A3, is
painted black and other density levels are represented by four
colors. The La—O layer is yellow and the Cu-S layer is
white. The covalent character is clearly observed on the
bonds between O and La atoms and Cu and S atoms. The
charge density distributions around Cu and S atoms are iso-
tropic and spherically shaped in the inner core region (black
color region). At the outer shell, they are anisotropic and
extending along the Cu-S direction. The Cu atom is con-
nected to four tetrahedrally surrounding S atoms by covalent
bonds. Similarly, the charge density distributions around O

FIG. 3. (Color) Charge density distributions of (LaO)CuS derived by MEM/Rietveld analysis. The left side figure is the three dimensional (3D) view of charge
density distribution. The contour lines, which are drawn from 0.4 up to 0.7 e/A3 every 0.1 e/A? step, are superimposed on the cross-sectional view. Black
color is the high-density region larger than 1.0 e/A>. The right side figure is the schematic structure. Blue and red balls in each layer are La and S atoms,

respectively.
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TABLE 1. Structural parameters of (LaO)CuS, where the space group P4/nmm (tetragonal system) was as-
sumed. Off-diagonal elements of thermal parameter: U,,=U,3=U,3=0. Lattice constants: a=3.994 25(2) A and

c=8.51046(7) A.

Atom X y z Uy, (Az) U, (Az) Uss (Az)
La 0.25 0.25 0.14757(4) 0.0058(2) 0.0058(2) 0.0067(1)
(0] 0.25 0.75 0 0.004(2) 0.004(2) 0.006(2)
Cu 0.25 0.75 0.5 0.0210(6) 0.0210(6) 0.0229(5)
S 0.25 0.25 0.6626(1) 0.0105(7) 0.0105(7) 0.0119(8)

and La atoms are anisotropic and extend towards La and O,
respectively. Our experimental results indicate that the La—O
bonding also has a covalent character. The partial density of
states calculated using the full-potential linearized aug-
mented plane-wave method"? predicted that the Cu 3d and S
3p states formed a well hybridized orbital, whereas the O-La
bonding character was ionic. This is the direct experimental
evidence indicating the covalent nature of the O-La bonding.
No remarkable charge density exists in the interlayer space.
The charge densities at the midpoints between S and La at-
oms and Cu and La atoms are almost the same as the back-
ground levels. The charge density is concentrated in the
bonding network in each layer and there is no spatial exten-
sion of the charge cloud between La and S atoms.

The bonding nature, including the covalent nature of the
O-La and the Cu-S bonds found in this study, gives several
essential information for considering the precise electronic
structure of (LaO)CuS. The electron number around each
atom is counted in the region surrounded by minimum
charge density surfaces adopting the Mulliken scheme. The
results are 55.6, 9.3, 29.3, and 15.8 for La, O, Cu, and S,
respectively. The ionic states of each atom are defined by
subtracting the counted electron number from the atomic
number. Each numerical value is +1.4 for 58La, —1.3 for 8O,
—0.3 for 29Cu, and +0.2 for '°S. These results show that the
typical ionic picture does not fit this compound. Both the
O-La,—0O and the S—Cu,-S layers are almost electrically
neutral. A nearly zero value of the valence state for Cu and S
means that the bonding between Cu and S has a strong co-
valent character. In contrast, the O-La bonding seems to
have both ionic and covalent characters. The deviation from
fully ionized states of oxygen must be attributed to the co-
valent nature of the La—O bond. Because each layer is almost
electrically neutral, the O—La,—O and the S—Cu,-S layers
are considered to be combined by the orbital widely ex-
tended over the O—La,—O and the S—Cu,-S layers and the
local attraction between the La and S ions.

In conclusion, we have investigated the charge density
distributions of p-type transparent semiconductor (LaO)CuS
by analyzing the SR powder diffraction data with the MEM/
Rietveld method, and found the covalent nature, not only of
the Cu-S bonds but also of the O-La bonds. The estimated
ionic states of each element suggest that the La—O bond has

both covalent and ionic contributions, and each layer has
charge neutrality.
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