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Magnetic properties of layered oxysulfide (LnO)CuS:Ln = La, Pr, Nd
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Abstract

We have prepared rare earth oxysulfides (PrO)CuS and (NdO)CuS in order to introduce magnetic moments into the non-magnetic p-type
semiconductor (LaO)CuS. Both compounds are semiconductors with high electrical resistivity, and show the paramagnetic behavior. The
temperature dependence of the magnetic susceptibility is well explained by the trivalent rare earth ion. However, it deviates from simple Curie
Wiess law below 100 K due to the crystal field effect on rare earth ions. We have succeeded to reproduce their magnetic properties by the
calculation taking the crystal field effect into account using the operator equivalent method.
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. Introduction

Lanthanum copper oxysulfide (LaO)CuS is a nonmagnetic
-type semiconductor. It belongs to the tetragonalP4/nmm
roup [1,2]. O and Cu ions are surrounded tetrahedrally
y La and S ions, respectively. The physical properties of
LaO)CuS have been previously investigated by our research
roup [3–7]. Ueda et al. reported (LaO)CuS is transpar-
nt at visible wavelengths region and that (LnO)CuS (Ln:
e, Pr, Nd) were paramagnetic and the effective magnetic
omentsµeff were estimated to be 2.1µB, 3.1µB and 3.3µB

or (CeO)CuS, (PrO)CuS and (NdO)CuS, respectively[8,9].
owever, details of magnetic properties have not been clear
et. In the present study, we have synthesized (LaO)CuS,
PrO)CuS and (NdO)CuS, measured the electrical resistivity
nd the magnetization of (LnO)CuS (Ln: La, Pr, Nd), and
xplained the magnetic properties of latter two compounds
y the calculation taking account of the crystal field effect
sing the operator equivalent method.

∗ Corresponding author. Tel.: +81 3 3259 0891; fax: +81 3 3293 8269.

2. Experimental

(LnO)CuS (Ln: La, Pr, Nd) were obtained by the so
state reaction. The starting materials were Ln2O3, Ln2S3,
Cu, and S for (LaO)CuS and (NdO)CuS. For (PrO)CuS
used Pr, Pr2S3, and CuO as the starting materials inst
of using air sensitive Pr2O3. Those starting materials we
mixed and pressed into bars. They were sealed in a
uated silica tube (∼1.5× 10−5 Torr) and heated at 1173
((LaO)CuS, (PrO)CuS) or 1323 K ((NdO)CuS). In the c
of (PrO)CuS, the bars were reheated at the same tem
ture and hours with intermediate grinding. The powder X
diffraction measurement was performed at room temp
ture with Cu K� radiation. The temperature dependence
the electrical resistivity were measured from 160 to 30
by a standard four-probe method. Magnetic measurem
were carried out using a SQUID in a temperature ra
4 <T < 300 K with a magnetic field of 1 T. All samples we
found to be almost of single phase. Lattice parameters re
by Rietveld analysis[10] werea = 3.9930 nm,c = 8.5158 nm
for (LaO)CuS,a = 3.9409 nm,c = 8.4390 nm for (PrO)Cu
E-mail address: takano@phys.cst.nihon-u.ac.jp (Y. Takano). anda = 3.9220 nm,c = 8.4345 nm for (NdO)CuS.
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Fig. 1. The temperature dependence of the electrical resistivity of
(LnO)CuS.

3. Results and discussion

3.1. Electrical properties

Fig. 1 shows the temperature dependence of the electri-
cal resistivity of (LnO)CuS. They are semiconductive. The
absolute values of the electrical resistivity at room temper-
ature are 2.9× 105 � cm for (LaO)CuS, 3.8× 104 � cm for
(PrO)CuS, and 2.0× 105 � cm for (NdO)CuS, respectively.

3.2. Magnetic properties

Fig. 2 shows the temperature dependence of the magne-
tization. (LaO)CuS shows a diamagnetic behavior. On the
other hand, (PrO)CuS and (NdO)CuS show paramagnetic
behavior. The temperature dependence of the inverse mag-
netic susceptibility of them is shown inFig. 3. These values
decrease linearly above 100 K, following Curie Weiss law,
and the effective magnetic momentµeff are estimated to be
3.5µB and 3.7µB for (PrO)CuS and (NdO)CuS, respectively.
They are slightly larger than those previously reported[9]
and almost agree with the trivalent free ion values. However,
at lower temperature below 100 K, the temperature depen-
dence deviates from Curie Wiess law. It is considered to be
due to the crystal electric field effect. Then, we have tried
t stal
fi

F ic field
o

Fig. 3. The temperature dependence of the inverse magnetic susceptibility:
(a) (PrO)CuS and (b) (NdO)CuS. Open circles are experimental values and
solid lines are calculated ones.

3.3. Calculation of the magnetization using the operator
equivalent method

The single ion Hamiltonian acting on the ground state
multiplet of R3+ ion is expressed as the sum of the Zeeman
term and the crystal field term

H̃ = H̃Zeeman+ H̃cry. (1)

The Zeeman term is expressed as follows:

H̃Zeeman= gµB

∑

i=x,y,z

J̃iHi, (2)

whereg andµB are Land́e factor and Bohr magneton, respec-
tively. The crystal field term is expressed

H̃cry =
∑

m,n

Bm
n Õm

n , (3)

where Bm
n and Õm

n are crystal field (CF) parameters and
Stevens’ operator equivalents, respectively[11]. The sum-
mation form andn is performed over (n, m)=(2, 0), (4, 0), (4,
4), (6, 0), (6, 4), because the crystal structure of (LnO)CuS
is tetragonal. Diagonalization of Hamiltonian, Eq.(1), gives
the eigenvalues and eigenfunctions, and the magnetization is
calculated using them.

The CF parametersBm
n are given by

B

w e
w
g n of
t n, the
o calculate their magnetization taking account of the cry
eld effects.

ig. 2. Temperature dependence of the magnetization with a magnet
f 1 T.
m
n = Am

n

〈
rn

〉
θn, (4)

here〈rn〉 andθn arenth moment of the radial part of th
ave functions and Stevens’ parameters, respectively.Am

n is
eometrical factor, which is determined by the distributio

he electric charges surrounding one rare earth ion. The
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Table 1
Crystal field parametersBm

n of (PrO)CuS and (NdO)CuS

Pr (K) Nd (K)

B0
2 0.0 0.0

B0
4 1.24× 10−1 −4.18× 10−2

B4
4 −5.36× 10−1 1.81× 10−1

B0
6 1.55× 10−3 1.22× 10−3

B4
6 1.81× 10−2 1.42× 10−2

Fig. 4. Crystal field splittings of the ground stateJ multiplets of Pr and Nd
ions using crystal field parameters which give best fit: (a) (PrO)CuS and (b)
(NdO)CuS. Numbers in decimals indicates the degree of degeneracy.

values of the CF parameters were tentatively estimated by the
point charge calculation at first. All ions within a radius of
250 nm are taken into account. Numerical calculation using
the CF parameters obtained by the point charge calcula-
tion failed to reproduce the experimental values, because the
obtained value ofB0

2 is too large. However, the ratiosB4
4/B

0
4

andB4
6/B

0
6 are close to those of cubic symmetry. Then, CF

parameters were treated as adjustable parameters and we va
ied them, keeping the above ratios constant andB0

2 zero. The
values of the CF parameters which give the best fit are shown
in Table 1. The results of the calculation of the inverse mag-
netic susceptibility are also shown inFig. 3. The crystal field
splittings of the ground stateJ multiplets of (PrO)CuS and

(NdO)CuS are shown inFig. 4. For (PrO)CuS, the lowest
energy level is singlet and the magnetic susceptibility at 0 K
is finite. On the other hand, for (NdO)CuS, the inverse mag-
netic susceptibility approaches zero at 0 K as the Kramers
doublet remains.

4. Conclusion

In (LnO)CuS (Ln: La, Pr, Nd), Ln ions are trivalent. The
temperature dependence of the magnetic susceptibility of
(PrO)CuS and (NdO)CuS were well explained by the crys-
tal field effect calculated by using the operator equivalent
method.
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