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Abstracr SKcr~,z and SKpl fluorescence x-ray emission speetraof YBa2[CuO,-,(NiS),I30~-~ 
(x = 0.01; 0.03) are investigated. According to analysis of their energy position and fine smc- 
ture one can conclude [hat sulphur atoms enter the lanice of Y 123 compounds and form oxyanion 
groups. The oxidation slate of S atoms in these compounds depends on their concentration and 
varies from 4+ to 6+. ~. 

1. Introduction 

Superconducting cuprates containing oxyanions of carbon, phosphorus, sulphur and some 
other elements have been synthesized recently [ld]. According to structural studies, light 
elements substitute copper atoms in chains of Y I23 crystal smcture and form oxyanion 
groups. Owing to such substitution, it is possible to change the concentration of carriers in 
CuOz layers. Moreover, the introduction of the oxyanions is favorable for preparation of 
YSr2Cu3CI-s under ambient pressure [5] (this compound usually can be synthesized only 
at high pressure [7]). 

In our previous papers [S-101 we have studied x-ray emission spectra of 
impurity S atoms for three series of S-doped Y123 compounds. It is found for 
YBaz[Cu01,(NiS),104-s (x = 0.01; 0.03) compounds prepared by ceramic technology 
from a mixture of Y203, BaO, CuO and NiS and annealed in 0 2  at 600 "C that sulphur 
atoms have 6+ valency and form sulphate groups [SI. For another set of compounds, 
YBa~Cu306,S,, which were synthesized by solid-phase reaction of the initial Y123 and 
pure sulphur with subsequent low-temperature annealing in a vacuum-sealed tube under 
T = 300 "C it is observed that sulphur can substitute oxygen atoms for y < 0.5 and 
form isolated sulphate groups for 0.5 < y c 2.0 [S, 91. For the third series of S-doped 
Y123 compounds, [Yo.~~Sro.l~]Sr~Cu2.78(S04)o.220~.12, which were prepared by ceramic 
technology from highly purified Y2O3, SrC03, Y2(SO&.SH20 and CuO and finally cooled 
slowly (24 h) in 0 2  from 930 "C, it is concluded that S atoms enter Y123 compounds in 
the oxyanion form, and 0.2 vol.% of CuS is present as an additional phase [lo]. 

In the present paper we continue the characterization of the local electron structure and 
valence state of impurity atoms of S-doped Y123 compounds by means of x-ray emission 
spectroscopy. A new series of YBa2[(CuO)l,(NiS)~]304_~ (x = 0.01; 0.03) compounds 
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was prepared for these measurements using low-temperature annealing at T = 350 "C in 
air and 0 2 .  
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Energy of intensity maxima (eV) 

Compound SKcl A B C 

Y IU:(NiS)o,ol 2308.7 - - - 
Y123:(NiS)o,,a 2308.9 2466.7 2462.9 2452.5 
Y123(NiS)o,ol(pOz) 2308.7 2466.6 2462.9 2452.5 
Y123(NiS)o,o3(pOz) 2308.9 2467.0 2462.9 24S2.5 
yZ(Sod3 2308.9 2467.3 2453.5 
CUSOl 2308.9 2467.0 
cus 2307.8 
NazSO, 2308.65 

S KBI 

2. Experimental details 

The samples were prepared using ceramic technology from highly purified Yz03, BaO, 
CuO and NiS as described in 1111. Two series of samples of the same composition; 
YBaz[(CuO)l_,~iS)~J304-~ (x = 0.01; 0.03) were synthesized in air and 0 2  at T = 
350 "C. S k j , 2  (1s-2p transition) and S Kp1 (1s-3p transition) x-ray emission spectra 
(XES) were measured with help of a Johan-type vacuum x-ray tube spectrometer with a 
position-sensitive detector [12]. A quartz crystal (1071) was used as a crystal analyser and 
curved to R = 1.3 m. The instrumental distortion was estimated to be AI3 = 0.25 eV 
and energy was measured with accuracy rt0.05 eV. The spectra were excited by photon 
radiation; the x-ray tube was operated under V = 50 keV, Z = 50 mA. S K q 2  XES were 
accumulated up to 2000 impulses in maxima of intensity and the signahoise ratio was 
40. S K ~ I  XES were accumulated up to 700-1000 impulses in maxima of intensity and the 
signalhoise ratio was three. 

3. Results and discussion 

The local electronic structure and chemical bonding of impurity sulphur atoms in NiS- 
doped Y 123 compounds were studied using the x-ray-emission-spectroscopy method. This 
technique was recently efficiently used for analysis of substitution effects of other light 
elements (P. B and F) in high-Tc superconductors [IO, 13-16]. 

In the present experiment, the x-ray transitions into sulphur Is initial vacancies created 
by photon irradiation were examined. It is known that x-ray emission spectra are sensitive 
only to states with angular-momentum quantum numbers separated by one from those of the 
initial core-vacancy states according to dipole selection rules. Thus, for radiative transitions 
into the initial S Is core level a measure of the p-type local density of states is obtained. 

We have studied two types of x-ray transition: 1s-2p and Is-3p which are accompanied 
by generation of S KC11.2 and S K ~ I  x-ray emission spectra, respectively. S KOrj.2 XES 
corresponds to transition between two core levels and its chemical shift is sensitive to 
oxidation state (see [17]). In the second case the intensity distribution of S K ~ I  XES gives 
direct information about the S 3p local-density-of-states distribution in the valence band and 
about the hybridization of S 3p states of emitting atoms with electron states of other atoms 
which a e  situated in the first coordination sphere of emitting atoms. 
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Figure 1. S Karl,* XES of Y123:(NiS), ( x  = 0.01; 0.03) annealed in air and 02. The spectra of 
reference compounds (CuS, Y2(SO&) are given for comparison. 

The results of the measurements of x-ray emission spectra are presented in figures 1-3 
and table 1. . 
3.1. S K c ~ I , ~  XEIi 

According to data presented in figure 1 and table 1, the energy difference of S K q , z  XES 
between CuS (S2+)  and YZ(SO~)~(S~+)  is about 1.1 eV. This chemical shift of S K q , 2  XES 
is usually used for determination of the oxidation state of S atoms in different compounds 
[17]. The energy position of S K c q , ~  XES of Y123:(NiS)o.03 is equal to that of Y2(S04)3 
and CuS04. This means that S atoms in these compounds have 6+ valency. The simple 
shape of the S K q . 2  XES doublet of Y123:(NiS), compounds gives evidence of the absence 
of any contribution~of other S-containing phases (for instance, sulphides). It is necessary to 
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Figure 2. S K f l ~  XES of Y123:(NiS), ( x  = 0.01: 0.03): dependence on composition and 
annealing conditions. In the lower part of this figure the correction of the S KplspectNm of 
Yl23:(NiS)",oj(p02) for the contribution of the Ba L,93 line is shown. 

point out that a low-energy shift of S K q z  XES (about 0.2 eV) takes place with decreasing 
x content from 0.03 to 0.01. A similar shift is observed between Y:(S04)3(S6+) and Na2 
S03(S4+) [17] (see table 1). Hence the decrease of sulphur content in the compounds under 
investigation is accompanied by change of oxidation state of sulphur atoms from 6+ to 4+. 
No influence of atmosphere of annealing of the samples is found on characteristics of S 
K L Y ~ , ~  XES. 

3.2. S K P I  XES 

S Kp1 X E S  of Y123:(NiS), (x  = 0.01; 0.03) are presented in figure 2. Three peaks A, B and 
C are fixed in these spectra. The B subband does not belong to S K ~ I  XES, but results from 
superposition of Ba XES (2s-3p transition) in the second order of reflection from the Ba 
component of Y123 compounds. In the S Kpl X E S  spectra which are given in figure 2, Ba 
L,93 XES is strongly suppressed by using the high energy resolution of the position-sensitive 
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Figure3. S K ~ I  XES of Y123:(NiS)o.o3 and its comparison with spectra of reference compounds 
(CuSOd, Yz(so4)3, CuS and YzS3). 

detector (about 40%) and the multicannel analyser. It is necessary to point out that the B 
subband is absent from S Kpl XES of the S-doped YSr2Cu307--6 compound (bariumless 
Y123) [IO]. S K ~ I  x-ray emission spectra of Y123:(NiS), which are given in figures 2 and 
3 are corrected for the contribution of the Ba Lj33 line. The contribution of the Ba Lp3 line 
in each case was determined by means of the coincidence of the low-energy tails of the Ba 
Lj33 line and the S Kj31 spectrum. The procedure of such treatment is shown in figure 2 for 
Y123:(NiS)0.03 bo,). 

The results of comparison of S Kj31 of Y123:(NiS)o,o3 with spectra of reference samples 
(CuSO4, Y~(S04)3, CuS and Y2S3) are shown in figure 3. It is seen that S XES of 
Y123:(NiS)0.03 is very similar to that of the sulphates CuSO4, and Y2(so4)3. It has a 
fine structure typical for sulphates: a narrow intense high-energy subband (A) and a low- 
intensity C subband. According to results of MO LCAO calculations of electron structure of 
oxyanions (see e.g. [18, 19]), these subbands are ‘genetically’ connected with 0 2p and 0 
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2s states, respectively, and are revealed in S K,¶I XES due to hybridization with S 3p states. 
On the other hand, S Kpl XES of Y123:(NiS)o.o~ is quite different with respect to that of 
CuS and YzS3. No contribution is fixed from these phases to S K ~ I  XES of Y123:(NiS), 
which confirms the conclusion given on the basis of analysis of S K u I . ~  XES. 

It is necessary to point out that C and A subbands of S K,¶I XES of Y123:(NiS)o.oa 
are shifted to the low-energy side with respect to those of CuSO4 and Yz(S04)3. One can 
suppose that this shift is due to non-equivalency of oxygen atoms in so-called sulphate 
groups which are formed under substitution of copper atoms in chains by sulphur atoms 
inY123:(NiS), compounds. This assumption is supported by data of [6] according to which 
S-doped YSr&1307-~ has a fourfold increase of the supercell unit with respect to undoped 
Y123 and S atoms have slightly distorted tetrahedral surroundings. Two pairs of oxygen 
ions forming this tetrahedron occupy the non-equivalent positions. S atoms are nearest to 
these oxygen atoms and the next copper atoms in the chains are situated at a distance of 
about 3.0 A. 
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4. Conclusion 

We have analysed the substitution effects in YB~~[(CUO)I-~(N~S)~]~O~~ ( x  = 0.01; 0.03) 
with the help of x-ray emission speceoscopy. It is found that sulphur atoms have oxygen 
surroundings in NiS-doped Y123 close to those of sulphates. There is only one possibility 
for placement of S atoms into the Y123 lattice for realization of such a situation: to substitute 
copper atoms in chains. It is concluded that the oxidation state of S atoms is changed in 
dependence on x and varies from 4t to 6t for x = 0.01 and 0.03, respectively. 

References 

[I] Miyazaki Y. Yamane H, Ohnishi N, Kajitani T, Hini K, Morii Y, Funahashi S and Hirai T 1992 Physicrr C 

[Z] Kinoshita K and Yamada T 1992 Nolure 357 312 
[3] Domenges B, Hervieu M and Rweau B 1993 Phydca C 207 65 
[4] Maignan A, Hervieu M, Michel C and Raveau B 1993 Phyzicn C 208 116 
[5] Slater P R. Greaves C, Slaski M and Muirhead C M 1993 Phyrico C 208 193 
161 Slater P R, Greaves C SIaski M and Muirhead C M 1993 Physic= C 213 14 
[7] Okai B 1990 Japan. J. Appi. Phy.  29 L2180 
[SI Ymoshenko Yu M. Trofimova V A, Elokhina L V. K u m e v  E Z Butorin S, Cloots R, Ausloos M, Albino 

[9] Ymoshenko Yu M, Trofimova V A. Uokhina L V, Kurmaev E 2, Butorin S, Cloots R and Ausloos M 1993 

[lo] Ymmhenko Yu M, Tmhmova V A. Kurmaev E Z Slater P R and Greaves C 1994 Physicn C 224 317 
[ll] Albino Aguiar J, Ferreira J M, De Melo M T e l  01 1992 J. Map. Map. More,. 104-107 547 
1121 Dolgih V E, Cherkmhenko V M. Kurmaev E Z, Goganov D A, Ovchinnikov E K and Ymoshenko Yu M 

1131 Kurmaev E 2, Shamin S N, Slater P Rand Greaves C 1994 Physic= C 227 309 
[I41 Fedorenko V V, Galakhov V R, Elokhina L V. Finkelstein L D, Naish V E, Kurmaev E Z, Butorin S M, 

Nordgren E I, vagi A K, Rao U R K and Iyer R M 1994 Physica C 221 71 
[15] Butorin S M, Galakhov V R, Kurmaev E 2. CheshniIs& S M. Lebedev S A and Kukovitzkii E F 1993 Phys. 

Rev. B 47 9035 ~~ 

[I61 Kurmaev E 2. Fedorenko V V. Elokhina L V, Finkelstein L D and Popova T B 1994 Physica C 226 58 
[I71 Narbult K I 1974 Irv. Russ. Acod Sci., Ser. Fir. 38 548 
[IS] Karlson G and h n e  R 1971 Phys. Scr. 4 119 
1191 Kawai I, Uda E and Uda M 1992 Proc. 2nd Ini. Conj on Compuier Applicotions io  Marerials ondMoleculnr 

198 7 

Aguiar J and Lobatchevskaya N I I993 J. Phys. Chem. Solids 54 I211 

Physic. C 211 29 

1984 NucL Iminrm Merho& 224 117 

Sciences and Engineering (CAMSE 92) (Yokahnma 1992) 


