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Transition-metal-doped B%r, g.ag Cuy MO, (M =Fe, Co, Ni, and Zpsamples were synthesized. X-ray
diffraction analysis showed that thesd 8lements had different solubility in gr, gl a ;CuQ, . The limits of
solid solution formation were a¢=0.5 for the Fe systenx=1.0 for the Co system, and=0.1 for the Ni and
Zn systems. The effect of thesel 3netal substitutions for Cu on the incommensurate modulation structure in
Bi,Sn glag ,CuQ, was examined by means of electron diffraction. The experimental results showed that all the
substitutions of Fe, Co, Ni, and Zn for Cu decreased the modulation periodicity. It decreased franmat.32
x=0to 3.9% atx=0.5 for the Fe system, 3.8B2tx=1.0 for the Co system, 4.B4atx=0.1 for the Ni system,
and 4.1® atx=0.1 for the Zn system, respectively. In addition, the structure distortion characteristic related to
the change in the incommensurate modulation was examined with Raman scattering. The experimental data
showed that the vibration properties of the oxygen atoms in both Bi-O and Sr-O bondings also changed with
the decrease in the modulation periodicity. This behavior can be considered a consequence of structural
relaxation caused by the enhancement of the degree of crystal misfit.

I. INTRODUCTION particular geometry introduced by bismuth, but not as the

It is known that the structure of a series of Bi-based su> 9" of modglatlon. -
erconductors BBLCa, ;Cu0 n=1, 2, and 3(n In our previous work, we found the crystal misfit model

P 2n-1 2ntat o Lo much more successful in interpreting the modulation-vector

=1, 2201;n=2, 2212;n=3, 2223, can be described as an . . : . )
alternate stacking of BO, layers and Cu-containing perov- change induced by doping with either different or the same
2 valence elements!! The earliest crystal misfit model was

skite components along the direction: The double BiO ut forth by Gai, Subramanian, and Sleigfihis model in-

layers do not consist of perfect two-dimensional sheets, bL@icates that the superstructural modulation of Bi cuprates

contain an alternative distribution of Bi-concentrated bandscomes from the crystal misfit along theaxis between the

and Bi-deficient bands. This type of arrangement of Bi atoms.; .
. . i,0, layers and perovskite blocks. The presence of extra
forms the superstructural modulation. The superlattice has .
xygen atoms in the BD, layers can be regarded as a con-

orthorhombic symmetry in the 2212 and 2223 phases, buge uence caused by the crystal misfit. In the groneble con-
monaoclinic in the 2201 phase. In order to clarify the origin of q y y ) g

. . > .~ ference in 1994, Amelinckx and Van Tendeloo also pointed
the superstructural modulation, numerous investigations

have been made and several models have been propos% t that the fundamental reason for the modulation seems to

inlv includina (1) th tra- dée (2 tal € lattice misfit between the perovskite block and the bis-
m;’ilfri]tyn:r(;%grl‘l? %?(’) )ordeer(iari(grao? gg\e;gcr;]r?cié%((él)) rfarngZr muth oxide layers? To further examine the validity of the

substitution of Bi by(Ca, Sy or Cu’ and(5) changes in the crystal misfit model, we studied the modulation structure of

orientation of Bi lone pairé.Among these models the extra the transition-metal- (Fe, Co, Ni, and Zp doped
oxygen model has been most widely accepted. It indicateBi2Sh 8-80CuQ, series. The addition of La in the
that the periodic intercalation of extra oxygen atoms in theBi2Sh gl :Cu; - MO, series was to suppress the presence
Bi,O, layers is responsible for the modulation and the extredf the second phaseOur experiment results showed that all
oxygen is brought by the partial substitution ofBiinstead the substitutions of Fe, Co, Ni, and Zn for Cu reduced the
of Bi®*. The model is basically successful in explaining themodulation periodicity. For the Fe- and Co-doped systems,
variations of modulation periodicity caused by the substitu-Yanagisawa and co-workers have attempted to use the extra
tion with different valence catiorfsput failed in explaining oxygen model to explain the observed variations of the
the change of modulation caused by the substitution wittmodulation**> However, our Raman scattering investigation
same valence catiofisin addition, Pham and co-workers on the BiSh glag LCuy M0, (M=Fe, Co, Ni, and Zp
reported that samples with different oxygen contents haderies showed that it was inappropriate to use the extra oxy-
modulated structures with the same modulation periodifity. gen model to explain the change in the modulation structure
They suggested that the presence of extra oxygen in theaused by the Fe and Co dopings. But the crystal misfit
Bi,O, layers could only be regarded as a consequence of thmodel gives a better interpretation.
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TABLE |I. Structure parameters of B8r, gag Ciy,Co0, . TABLE II. Structure parameters of Bbr; d ay ,Cu; _(FgO, .
The error in the lattice parameters is about 2/1000.
Fe contentx aA) b (A) cA) qy/b
Co contenix aA) b (A) c A qy/b
0.2 5.385 5.376 24.170 4.20
0 5.376 5.372 24.536 4.32 0.3 5.396 5.384 23.917 4.12
0.2 5.395 5.378 24.196 4.28 0.4 5.416 5.395 23.828 4.09
0.4 5.414 5.399 24.015 4.25 0.5 5.432 5.413 23.704 3.95
0.6 5.416 5.403 23.695 4.18
0.8 5.436 5.425 23.383 4.02
1.0 5.458 5.435 23.306 3.82

Zn-doped systems, the results shown in Tables Il and IV
show that both Ni and Zn substitutions also increase the
lattice parametera andb and reduce the lattice parameter

II. EXPERIMENTAL METHODS

Samples of BiSr; gLa, ,Cu; - M, O, (M=Fe, Co, Ni, and _ _
Zn) were prepared by a conventional solid-state reaction B. ED analysis of the B}Sr; glag Cu;—xM4Oy
method using high-purity powders of &;, SrCQ;, La,0s, (M=Fe, Co, Ni, and Zr) samples
F&,03, Co,0;, NiO, ZnO, and CuO. First, the appropriate T4 getermine the evolution of the superstructural modu-
mixture of these powders was well ground and preheated 3htion upon increasing the doping content within the

810-850 °C in air for 36 h with an intermediate grinding. n: : ;
The loose powder was reground and pressed into disr}?lerl_gLao_ZCulxMXOy series, we measured the modulation

. . veriodicity along theb direction, gy, for the samples with
shaped pellets. The pellets were sintered in the temperatuaffff rent dooing level ing the ED pattern alofap1}-
range of 885—-930 °C in flowing oxygen. The repeated grind- erent doping I€vels using the pattern alo
ings and sinterings were necessary to ensure uniform distrfOne axis. Thg optalned results are glso listed in Tables |-IV.
bution of dopants. Finally, the samples were quenched in aif! the substitutions of Fe, Co, Ni, and Zn reduced the

An x-ray diffraction (XRD) analysis was carried out with modulation perlodlc_lty_vylthln the limits of solid solution.
a Rigaku-D/maxyA diffractometer using monochromatic 1he modulation periodicity decreased from 43 x=0 to
high-intensity CuKa radiation at room temperature. Elec- 3-9% atx=0.5 for the Fe system, 3.82tx=1.0 for the Co
tron diffraction (ED) patterns were obtained using an H-800 System, 4.28 at x=0.1 for the Ni system, and 4.b8at
transmission electron microscopEEM), and the specimens X=0.1 for the Zn system. Though Fe, Co, Ni, and Zn dop-
for TEM observations were prepared by the crushingings reduced the modulation periodicity of the Bi-2201
method. Raman spectra were measured on a Spex-1403 Rehase, they did not change the symmetry of the superlattice.
man spectrophotometer using a backscattering techniqué&igure 1 displays the most representative ED patterns of the
The 5145-A line from an argon-ion laser was used as arre and Co systems. It shows that the modulation still remains
excitation light source. All measurements were made at roormonoclinic incommensurate at the limit of the solid solution.
temperature, and each spectrum shown was taken with refg-or the Fe and Co systems, a previous study made by Yanag-
cusing on at least two different spots to assure reproducibiisawaet al."® revealed that the superstructure modulation not
ity. only reduced in periodicity upon increasing the doping con-
tent, but also transited from monoclinic incommensurate to
IIl. EXPERIMENTAL RESULTS orthorhombic commensurate near the limits of the solid so-
lution. It is obvious that the difference between our results
and the reported ones comes from the difference in the
modulation characteristic of the undoped parent compound.
To screen for the second phases or structure changes, aFigure 2 shows the dependence of the modulation period-
powder XRD analysis was carried out for each dopedcity (q,) on the lattice parameterb for the
sample. The experimental data showed that tee@ments  Bi,Sr, d a, ,Cu; MO, (M=Fe, Co, Ni, and Zpseries. In
Fe, Co, Ni, and Zn were all soluble in the four doped systems, a decreasgjrexhibits a different
Bi,Sr glag Ly M, O, . But the solid solubility differed manner with an increase of the paraméteihe decrease in
with each type of doping. The limits of solid solution forma- the modulation periodicity caused by the Fe doping is the
tion were atx=0.5 with the Fe-doped systemr=1.0 with  most pronounced among the four doped systems.
the Co-doped system, amxd=0.1 with both the Ni- and Zn-
doped systems. From XRD data, the lattice parameters for .
each doped sample were calculated using a least-squares re-TABLE Nl Structure parameters of B5 o-a Lt —xNiOy -
finement. Tables I-IV give the obtained results. For the Feyi contentx
and Co-doped series, Tables | and Il show that the lattice

A. XRD analysis of the BpSr; g.ag ,Cu; _xM,Oy
(M =Fe, Co, Ni, and Zn samples

a(A) b (A) c A gu/b

parametersa and b increase with increasing, while the  0.02 5.379 5.373 24.530
parameterc decreases accordingly. This type of change in0.04 5.382 5.375 24,522
the lattice parameters with doping concentration in the F&.06 5.384 5.378 24.485 4.28
and Co systems was slightly different from the results re.08 5.387 5.380 24.403
ported by Tarascoet al,'* which might be due to the dif- 0.10 5.396 5.390 24.389 4.24

ference in the sample preparing conditions. For the Ni- and
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TABLE IV. Structure parameters of Bbr, gl ay ,Cly ,Zn, Oy .
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Zn contentx aA) b (A) c A qy/b 441
0.02 5.378 5.373 24.515 "‘~_\ -
0.04 5.384 5.376 24.493 \35\7\1\_\ x
0.06 5.386 5.377 24.394 4.24 a2} O e
0.08 5.389 5.379 24.380 \\' N
0.10 5.399 5.389 24.334 4.18 'gf N \
\
I ¢
40 .
C. Raman scattering analysis of the BiSr, g.ag ,Cu;_,M,Oy I A
(M =Fe, Co, Ni, and Zn samples : AN
x\

In order to examine the structure distortion associated 3.8¢ A
with the change in the superstructural modulation, Raman
scattering analyses were carried out for each group of doped
samples. Figures(B) and 3c) show the Raman spectra of .

the BiLSr glay Luy_M,0) (M=Fe, x=0.1, 0.2, 0.3, 0.4, 5,36 538 540 5.42 544
and 0.5;M=Co, x=0.2, 0.4, 0.6, and 0)8samples in the
frequency range of 215-800 ¢ For the samples with
lower dopant conclentration, two stronger Raman modes at
~450 and 615 cm™ were clearly observed within this fre- . ) . _ .
quency range. In the light of the assignment of the phonorlfr:t(;cgnpir;?;:tib&;ihﬁe?és&'i%?cil&xgﬁsy;% :Fce(,)Co, N
Raman modes of the Bi-2201 phase in Refs. 15 and 16, the ' ’ ' ’ '

phonon modes observed in the Raman spectra of the

: _ |, in the undoped £8r,CuQ, system, a weak shoulder
Bi,Sr, dLay .Cuy M, 0O, (M=Fe and Cp samples could be genera - 2 : ;
aszsiglhse(io"zrhai ié, the 450- and 615-Crfines cporresponded, peak around ,6160 ct appeared at the higher-frequency side
respectively, to thé, mode of vibration of @, atoms along of the 630-cm ™ mode. Cardona and co-workers ascribed the

the ¢ axis anql to theA; mode of vibration of @ atoms giesz?qczt%f;:(:; ?hseh%dﬁ;p:glfst?; hFee\fll;rr?;logoo_;?eezxtra
along thea axis (Og, and Q; refer to the oxygen atoms in Y9 | thouah A 2 13y h. Id K at th % h
the SrO and BiO, layers, respective)y For the samples with samples, though no o V'OTL:]‘S_S oulder peax at the nigher-
higher doping levelgx>0.2), the ~450- and 615-cm! lines frequency side of the 615-cmline was detected, the broad-

reduced in intensity and increased in linewidth obviouslyenlng of Raman mode around 645 chtould also be con-

with increasing dopant concentration in both Fe- and coSidered to be from the vibration of the extra oxygen atoms in

; . : the BiL,O, layers.
doped systems. At the same time, the 615-tiine shifted o2z
toward the lower-frequency side. There is no doubt that thi Figures 4a) and 4b) show the Raman spectra of the

type of change in the Raman mode came from the structur izskrl-%l‘lao-é%ul—xMX%y t(M :Nithang Zn samplttes. ?tLe-t
distortion connected with the change in the modulation strucg]ar 3 € dinerence sweer:j Teh a.rtr;an. Spec rg of € VOVO
ture. A detailed discussion is given below. From the com- oped systems was observed. The vibration mode o the
parison of the Raman spectra of the Fe and Co systems, ygoms only exhibited a slight broadening in the Ni-doped
found that broadening in the Raman spectra caused by the ggmple, while in the Zn-doped system thg; phonon mode

doping was more serious than that caused by the Co dOIOiIgoadened severely upon increasing Zn content. However,

at the same dopant concentration. In addition, another not ne vibration mer of the & atoms I_ocated a{~63_0 cm
worthy point for the Raman specttahown in Fig. 3 was did not show obvious change with Ni and Zn dopings. In the

that the line shape of the Raman peak-0815 cm * was Raman spectra of the Ni- and Zn-doped systems, a weaker

: : ; i ith the frequency of 315 cit was simultaneously ob-
asymmetric and a weaker broadening at the higher frequem#ﬁe Wi ; _ o
side of this line was observed for each doped sample. | erved besides the 460- and 630-crmodes. This line was

generally assigned to the vibration mode of thg &oms
along thea axis!’ This 315-cm! line basically remained
unchanged with increasing Ni content, but weakened more
and more with increasing Zn content. This suggests that the
Zn doping has a stronger influence on the vibration charac-
teristic of the apical oxygen atoms in the SrO layers than the
Ni doping.

Lattice parameter b (A)

FIG. 2. Dependence of the modulation periodicity,, on the

IV. DISCUSSION

A. Explanation for the change in the modulation structure
caused by Fe, Co, Ni, and Zn substitutions for Cu

For the B} ,Sr o ,La,CuQ, system, our previous work

FIG. 1. (a) [001] ED pattern of the BiSr, gl ay Cuy sFey 50y
indicates that the I substitution for St decreases the

sample,(b) [001] ED pattern of the BiSr, g a, ,CoQ, sample.
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(8) Bi2iSns.da:Cu0y BizSt1sLao2CuiFeOy [(©) BizSr1.sLa02CuxCoxOy
(b) '

x=1.0

g FIG. 3. Raman spectra in
E Bi,Sn glag ,Cu MO, (M=Fe and Cg the
inset shows the Raman spectra in
Bi, 1Sr ¢ xLaCuQ, (taken from Ref. 1§
215 345 a5 605 73 26 345 3 605 735

Raman shift (cm™)

modulation periodicity. Raman scattering analy&isshows  periodicity caused by the Fe and Co substitutions for'€u.
that the vibration mode of the extra oxygen atoms in theThey thought that partial substitution of Cor C/#* with
Bi,O, layers intensifies strikingly with increasing La content F€** or Co®* brings extra oxygen atoms in order to keep
and two peaks at 613 and 646 chran be resolved clearly electric neutrality and that the extra oxygen atoms are also
with x=1.0, as shown in the inset of Fig. 3. This suggestsaccepted by the BD, layers, thus resulting in the decrease
that the BjO, layers accept the extra oxygen introduced byin the modulation periodicity. However, the analysis of Ra-
the L&" substitution for St and that the decrease in the man spectra of the Fe- and Co-doped samples as shown in
modulation periodicity might be related to the increase of tha-ig. 3 does not seem to support their explanation. If the extra
extra oxygen in the BD, layers. oxygen atoms introduced by Fe or Co replacement for Cu are
Yanagisawa and co-workers attempted to use the extrsurely incorporated to the BD, layers, the vibration feature
oxygen model to explain the reduction in the modulationof the extra oxygen atoms in the B, layers is supposed to

(@) BiSrislaoCon-NixOy 628 (0 BiSniLaosCuZmOy o5
460
I
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| |
I |
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A ! | FIG. 4. Raman spectra in
I | Bi,Sn glag LCup M, 0, (M=Ni and Zn).
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exhibit an obvious change with Fe or Co substitution. It cancrease in the modulation periodicity. At the same time the
be expected that the vibration mode of the extra oxygen atvibration mode of the @ atoms also exhibits broadening
oms should enhance in intensity with increasing dopant conwith a decrease in intensity. Such a varying behavior of the
centration. But, in contrast, the most prominent feature obvibration modes of the § and Q;; atoms can also be inter-
served in the Raman spectra in Fig. 3 is that the relativgyreted in terms of the crystal misfit model.

intensity of the vibration mode of the oxygen atoms in the ©noda and Satd point out that the modulation wave in
Bi,O; layers(including the extra oxygen atoms correspond-the Bj-2201 phase causes expansion of each layer, i.e., dis-
ing to the 645-cm” mode and the oxygen atoms correspond-pjacements of Bi, Sr, and Cu in the chains which run along

ing to the 615-cm* mode decreases remarkably with Fe or {ho ¢ axis. Since the substitutions of Fe, Co, Ni, and Zn for

Co doping, while the linewidth of this mode increases aCcy enhance the degree of the crystal misfit between the

lcotrddlr;rg]]{y. t;hls !gpllles :ha\l/t/ittnetﬁ "T’:no re>(<:tra O)l()y%fnti'n:]efrcr""'BizOz layers and perovskite blocks, in accordance with the
ate 0 the BJO, layers € e or %o substitution 10 gument of Onoda and Sato, it can be believed that the

Cu. Hence the decrease in the modulation periodicity CaUSEGructure relaxation caused by the enhancement of the degree

by the Fe or Co doping cannot be explained by the extraf crystal misfit is certain to enhance the relative displace-

oxygen model. On the other hand, one knows that the Ni of . i g
Y9 ents of Bi, Sr, and Cu, thus intensifying the local structure

Zn substitution for Cu does not change the oxygen content af ) ) . X
the BiLSKdlay,Cly_M,O, system. The extra oxygen distortion. Therefore, it can be expected that the linewidth of
. . —xVix“¥y '

model also cannot give a more rational interpretation for théN€ Raman peaks of theg0and Q; atoms increases gradu-

reduction in the modulation periodicity caused by the Ni or&/ly With Fe, Co, Ni, and Zn substitutions for Cu and the
Zn doping, as well as for the difference in the change in thdnt€nsity of the Raman peaks decreases correspondingly.

modulation periodicity between the Fe- and Co-doped sys'_l'his point is consistent with the experimental result obtained

tems as shown in Fig. 2. in the Fe- and Co-doped systems. Nevertheless, in the Ni-

The above analysis shows that the extra oxygen model i@nd Zn-doped systems the change in the 615°cRaman
deficient in interpreting the changes in both modulation and@de is not obvious due to the poorer solubility of Ni and
vibration properties of the g atoms caused by the Fe or Co Zn. On the other hand, the decrease in the vibration fre-
doping. We have already pointed out that the misfit model iJUency of the @ atoms observed in the Fe- and Co-doped
much more effective in interpreting the modulation changeSyStems Is also likely to be related to the structural relaxation

induced by doping with different elements. Therefore, we®f the layers. _
apply the crystal misfit model to examine the change in the Based on the above analysis, we can say that the degree of

modulation caused by Fe, Co, Ni, and Zn dopings. The crysthe crystal disorder in the SrO and,Bj, layers, i.e., local

tal misfit model indicates that the superstructural modulatiorptUcture distortion, enhances with the decrease in the modu-
of Bi cuprates comes from the crystal misfit along thaxis lation periodicity. Since the Fe doping decreases the modu-

between the BO, layers and the perovskite blocks. The de- lation periodicity more s.trikir!gly than the Co doping at the
gree of crystal misfit mainly depends on the size of the perSame dopant concentration, it can be deduced that the degree
ovskite block(primarily the length of théb axi9); the larger of the local structure distortion caused by the Fe doping

the b parameter, the lower the degree of crystal"ftXRD should be higher than that caused by the Co doping. The
analysis has shown that in the,Br, gLa, ,.Cty M, O, (M evidence for this postulation can be found from the Raman
. . —xVix~y

—Fe, Co, Ni, and Zpseries, Fe, Co, Ni, and Zn substitutions SPECtra shown in Figs.(B) and 3c). That is, the Fe doping
for Cu increase the length of theaxis. This means that the Makes the vibration modes of the;@nd Q;; atoms broaden

degree of the crystal misfit between the rocksalt units of thd"0re éminently than the Co doping at the same dopant con-

Bi,0, layers and perovskite blocks enhances with the occuSentration. The difference in the vibration property of thg O

pation of Fe, Co, Ni, or Zn in the Cu sites. The distorted®{oms between the Ni- and Zn-doped systems also provides
Bi,O, layers are certain to be rearranged in the situation ofOnfirmation for this explanation.

the enhancement in the degree of crystal misfit, thus result-

ing in the decrease in the modulation periodicity. This point

agrees well with the experiment result. Nevertheless, it is V. CONCLUSION

worthwhile to note that though the Fe and Co dopings have a We have studied the modulation structure of the

similar effect on the lattice parametbr the Fe doping de- Bi,Sr, dLag CUy M, O, (M=Fe, Co, Ni, and Znseries, as
. . —xVixy ' ) ) )

creases the m_odulat|on perlodlcny more mark_edly than th%vell as the structure distortion associated with the change in
Co doping. This suggests ‘_hf%t lattice paramétés not the_ . the incommensurate modulation by means of XRD, ED, and
only structure factor determining the degree of crystal m'Sf't'Raman scattering. Our experimental data reveal that all the
substitutions of Fe, Co, Ni, and Zn for Cu decrease the
modulation periodicity. The Fe substitution decreases the
modulation periodicity more remarkably than the Co, Ni, and
Zn substitutions at the same dopant concentration. The pho-
Raman scattering analysis has shown that the vibrationon vibration properties of the and Q;; atoms depend on
properties of both @ and Q; atoms vary with the charac- the characteristic of the incommensurate modulation. The
teristic of the superstructural modulation. In the Fe- and Cotwo Raman modes not only reduce in intensity, but also
doped systems, it can be seen clearly that the vibration moderoaden gradually with a decrease in the modulation period-
of the Q;; atoms not only broadens with a decrease in intenicity. At the same time, the g) Raman peak also shifts to the
sity, but also shifts to the lower-frequency side with a de-lower-frequency side. This suggests that the local structure

B. Dependence of the vibration properties of the oxygen atoms
in the SrO and Bi,O, layers
on the modulation characteristic
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distortion in the SrO and BD, layers intensifies with a de- superstructural modulation in Bi cuprates comes from the
crease in the modulation periodicity. All these experimentcrystal misfit between the BD, layers and perovskite blocks
results cannot find an explanation from the extra oxygerand that the intercalation of the extra oxygen in the(Bi
model, but can be best understood by the crystal misfit. As &yers can only be considered a consequence caused by the
result, we strongly support the argument that the origin of therystal misfit.
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